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1 MICROTUBULES AND MICROTUBULE ORGANIZING CENTERS

1 Microtubules and Microtubule organizing centers

1.1 Structure and dynamics

The eukaryotic cytoskeleton consists of three major components: microtubules, actin filaments and
intermediate filaments. Microtubules (MTs) are among the ubiquitous cytoskeleton components.
In all eukaryotes, they play a major role in various vital cell processes such as cell division, cell
morphology and polarity, intracellular transport of cargo and organelles. Structurally, microtubules
are of alpha (a) and beta (b) tubulin monomers, which associate into heterodimers (Nogales et al.,
1999). Each monomer binds a guanine nucleotide which is non-exchangeable for the alpha tubulin,
and exchangeable for the beta tubulin (Nogales et al., 1998). These heterodimers will then further
associate longitudinally into long protofilaments (Bergen et al., 1980) and 13 protofilaments will
assemble laterally to form a 24nm wide cylinder. Within each cylinder, longitudinal contacts
between tubulin subunits form the protofilament and lateral contacts between protofilaments form
the circumference of the microtubule (Kollman et al., 2011).

Figure 1: Microtubule dynamics.
Microtubules are highly dynamic structures. Upon an exchange of GDP against GTP, the GTP-
bound heterodimer (dark red b-tubulin) undergoes a round of polymerization at the growing ‘+’
end of microtubules (rescue phase). During or soon after its incorporation, the b-tubulin hydrolyzes
its bound GTP into GDP. This induces the depolymerization of GDP-bound heterodimers from
the ‘+’ end at a very rapid state (catastrophe phase). Figure from Jaglin and Chelly, 2009

Microtubules are highly dynamic and reorganize rapidly upon stimuli (Figure 1). Due to their
composition, microtubules are intrinsically polarized, with a highly dynamic plus end at which
b-tubulin is found, and a more stable minus end, ending on a-tubulin (Bergen et al., 1980), usually
anchored at nucleation sites. Microtubule dynamics are guided by the hydrolysis of GTP bound
to the b-tubulin monomer. During microtubule polymerization the interaction between alpha and
beta tubulin triggers GTP hydrolysis (Nogales et al., 1998). Unlike the GTP-bound form, the
GDP-bound one is unstable which confers an instability to the protofilament. Thus, in growing
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1 MICROTUBULES AND MICROTUBULE ORGANIZING CENTERS

microtubules, the rate of GTP hydrolysis is slower that the rate at which GTP-bound dimers are
added to the growing end. Loss of this so called “GTP cap” results in rapid depolymerisation (a
transition called catastrophe), whereas presence of the “cap” results in rapid growth (a transition
called rescue) (Nogales and Wang, 2006).

Microtubule nucleation occurs spontaneously in vitro when subunit concentration is high enough
(Weisenberg, 1972). This spontaneous growth begins with a slow assembly phase, during which a
small number of tubulin dimers oligomerize into a nucleus structure, followed by a rapid elongation
phase of dimers’ longitudinal addition (Kollman et al., 2011). Microtubule nucleation-facilitating
factors allow the cell to bypass the slow initial phase, by providing a formed nucleus for longitudinal
association with a/b-tubulin dimers (Figure 2).

Figure 2: Microtubule nucleation.
Spontaneous microtubule growth in vitro occurs in two stages: a relatively slow phase through
unstable early assembly intermediates, and a rapid elongation phase. In early steps, the assembly
energetics favor disassembly over assembly but, after a sufficiently large oligomer is formed by a
variable number of steps (denoted here by N), assembly is energetically favoured and elongation
proceeds rapidly. Whether disassembly or assembly is favoured by the assembly energetics is
indicated by a bold arrow. In vivo, preformed nuclei allow microtubule growth to bypass the slow
phase, providing spatial and temporal control over new microtubule growth. In bulk assembly
assays, the presence of a nucleator causes rapid microtubule polymerization, bypassing the lag
phase observed during spontaneous growth. Figure from Kollman et al., 2011.

Dynamics of microtubules are additionally dependent on the cytoplasmic pool of a/b-tubulin

2



1 MICROTUBULES AND MICROTUBULE ORGANIZING CENTERS

heterodimers. Like many other proteins, tubulins acquire their correct three dimensional struc-
ture by a folding process facilitated by protein complexes named chaperones (Gao et al., 1993).
Molecular chaperones are a large family of cytosolic proteins, which hydrolyse ATP and use the
produced energy to facilitate tubulin folding and dimerization. Upon exiting the ribosome, tubulins
will interact with the chaperonin containing TCP1 (tailless complex polypeptide 1) complex (CCT)
(Gao et al., 1993; McCallum et al., 2000), five additional tubulin specific co-chaperones (TBC A-E)
(Tian et al., 1996, 1997) and ADP ribosylation factor-like protein 2 (ARL2) (Bhamidipati et al.,
2000). These interactions will mediate complex step-wise reactions, resulting in the release of the
GTP-bound tubulin heterodimer competent for microtubule polymerization (Figure 3).

Figure 3: Schematic representation of tubulin folding and dimerization.
Upon exiting the ribosome, a and b-tubulin will first interact with CCT (cytosolic chaperonin) promoting their
proper folding. Subsequent interactions with TBCs (tubulin specific co-factors) will bring monomers together, trigger
hydrolysis of b-tubulin-bound GTP and release the native heterodimer. Figure from Szolajska and Chroboczek, 2011.

Microtubules complete a great variety of functions and are essential for a plethora of intracellular
processes. Therefore, microtubules need to constantly adapt to the diversity of roles they play.
Cells have developed mechanisms to finely regulate MTs properties, structure and dynamics. First,
multiple genes code for tubulins and their time and cell-specific expression and integration into
microtubule filaments is one way to achieve functional diversity. Another one is post-translational
modifications of tubulin subunits. Moreover, MTs constantly interact with a vast array of proteins,
modulating further their properties. Finally, microtubule nucleation does not occur spontaneously,
but is mediated by microtubule organizing centers, regulating time and space-organization of the
microtubule cytoskeleton. Each of these mechanisms will be detailed in the following sections.

3



1 MICROTUBULES AND MICROTUBULE ORGANIZING CENTERS

1.2 The tubulin super-family

The tubulin superfamily comprises three major tubulins: a and b-tubulins (constituents of the
MT lattice) and g-tubulin (part of microtubule-nucleating centers), but also several minor tubulin
proteins like d, e, z and h, whose functions are less known and which will not be discussed in this
work.

Alpha, beta and gamma-tubulins are highly conserved in eukaryotes and all share a similar
overall structure consisting of three major domains: an N-terminal nucleotide-binding domain; an
intermediate domain and a C-terminal domain which interacts with microtubule-binding proteins
(Nogales et al., 1999).

Alpha and beta tubulin, both highly conserved throughout evolution, show 40% amino acid
identity. On a genetic level, there are currently 8 genes coding for a-tubulin and 8 genes for b-
tubulin in mice (Figure 4). In human, there are 10 a-tubulin and 9 b-tubulin genes (Figure 4).
The presence of several pseudogenes in the human genome has also been documented, but will
not be discussed here. Eucaryotic cells express simultaneously multiple tubulin isotypes. Some of
these isoforms, like TUBA1C and TUBB4B seem to be ubiquitously expressed while others have
a tissue-specific expression pattern, like TUBB3 which is expressed in neurons. This heterogeneity
of tubulins, generated by isotypes diversity, creates a “tubulin code”. This “tubulin code” can
on one hand, confer different biochemical properties to tubulin filaments, and on the other, affect
post-translational modifications and interactions with microtubule-associated proteins (reviewed in
Gadadhar et al., 2017; Chakraborti et al., 2016), thereby regulating dynamics and interactions of
microtubules on a tissue, cell and sub-cellular level.

Neurons are one example of cells in which the genetic diversity of tubulins is especially high.
The majority of tubulin isoforms are expressed in differentiated neurons. Furthermore, tubulin
isoform are differentially expressed during neurogenesis, neuronal migration and maturation sug-
gesting different composition and roles for microtubules during these steps (Tischfield and Engle,
2010). Recent studies of isoform-specific properties have shown that different tubulins can confer
changes in microtubule dynamics (Pamula et al., 2016; Vemu et al., 2017). In his way, the neuron
specific isoform TUBB3 is preferably incorporated at the minus-end of microtubules where it has
a destabilizing effect by increasing catastrophe rates.

Gamma-tubulins share approximately 30% amino acid sequence identity with alpha and beta
tubulins. In mammalian cells, g-tubulin is often encoded by two genes, Tubg1 and Tubg2, strikingly
similar both in their mRNA and amino acid sequences. In humans, an additional splice variant
of TUBG2 has been discovered (Ohashi et al., 2016). This splice variant appears to be specific to
primates and interestingly does not assemble in classical g-tubulin complexes.

Mammalian g-tubulin genes are found in tandem on the same chromosome (chromosome 17
in humans). At the amino acid sequence level human gamma-tubulin 1 and gamma-tubulin 2
show 97.3% identity between them (Wise et al., 2000) and respectively 98.9% and 97.6% identity
with the corresponding mouse isoforms (Yuba-Kubo et al. 2005). QPCR studies have suggested
that in humans, both genes are ubiquitously expressed in various tissues, although at different

4



1 MICROTUBULES AND MICROTUBULE ORGANIZING CENTERS

levels (Wise et al., 2000), however later studies have pointed out a difference between mRNA and
protein expression patterns for TUBG2 (Ohashi et al., 2016). TUBG1 has since been shown to
be the predominant isoform in both fetal and mature human neurons (Dráberová et al., 2017).
TUBG2 expression in neurons is gradually enriched during their differentiation. In mice, Tubg1
is thought to be ubiquitously expressed while expression of Tubg2 appears to be restricted to the
brain (Yuba-Kubo et al., 2005). Both g-tubulin isoforms are incorporated in g-tubulin complexes,
are concentrated at the centrosome and are competent of microtubule nucleation (Moudjou et al.,
1996; Ohashi et al., 2016; Vinopal et al., 2012). The reason for the existence of two similar isoforms
has is not yet completely understood and the level of their functional redundancies remain to be
further investigated.

Figure 4: The tubulin gene super-family.
Table adapted from Genenames.com/genefamilies.
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1 MICROTUBULES AND MICROTUBULE ORGANIZING CENTERS

1.3 Post-translational modifications

Posttranslational modifications (PTMs) are the second mechanism cells employ to confer specific
properties to microtubules by regulating their dynamics and function (Garnham and Roll-Mecak,
2012; Song and Brady, 2015) (Figure 5). Microtubules are subjected to a tremendous amount of
post-translational modifications, the majority which occur at the C-terminus of tubulin subunits
which is exposed at the microtubule surface and is therefore accessible. Similarly to the expression
of tubulin isotypes, PTMs are particularly abundant in neurons.

Figure 5: Post-translational modifications of tubulins
Representation of different post-translational modifications on alpha (green) and beta (blue) tubu-
lins. Unstructured C-terminal tails are shown in red. Figure from Garnham and Roll-Mecak,
2012.

Alpha tubulin if most often subjected to detyrosination and tyrosination on its C-teminal ty-
rosine residue, considered to regulate microtubule dynamics, even though this remains highly dis-
cussed. Detyrosynated tubulin is enriched in stable microtubules, exhibiting a slower turnover,
while tyrosynated tubulin is found mainly in dynamic microtubules that turn over rapidly (Web-
ster et al., 1987). Additional modification of detyrosynated tubulin, consisting in the removal of
the penultimate glutamate, forms D2-tubulin, and gives rise microtubules that cannot be further
tyrosynated (Janke and Kneussel, 2010). Detyrosination and D2-tubulin are the major PTMs oc-
curring in neurons, found on microtubules in axons and dendrites, but not in the growth cone where
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microtubules are predominantly tyrosynated (Gadadhar et al., 2017). Recently, a new D3-tubulin
modification was shown to occur by further deglutamylation of D2-tubulin in neuronal tissues (Ail-
laud et al., 2016). This isoform is suggested to participate in microtubule dynamics regulation and
to be particularly important during neuronal development.

Furthermore, acetylation of alpha tubulin is enriched in stable microtubules and is therefore used
as a marker for low dynamics. However, whether microtubules become stable subsequent to acety-
lation or whether their stability causes acetylation still remains debated (Janke and Montagnac,
2017). Acetylation has also been suggested to increase kinesin-based transport and in particular
kinesin-1 activity in neurons (Reed et al., 2006). Interestingly, unlike other PTMs which occur on
the outer surface of MTs, acetylation occurs on their lumen (L’Hernault and Rosenbaum, 1985)
raising the question of how the catalyzing enzyme accesses the acetylation site. Deacetylation, on
the other hand, is shown to correlate with microtubule depolymerization and was initially suggested
to occurs on tubulin dimers released from filaments (Perdiz et al., 2011). Subsequent studies have
however contradicted this hypothesis and implied that deacetylation rather occurs on polymerized
microtubules (Hubbert et al., 2002; Matsuyama et al., 2002). Acetylation is found on all neuronal
microtubules in both axons and dendrites and has been shown to play an important role in neuronal
migration and axon branching during development. The a-tubulin acetyltransferase MEC-17 has
been reported to be strongly expressed in the developing cortex. Acute knockdown of MEC-17
causes defects in neuronal migration and multipolar to bipolar transitions of newborn neurons (Li
et al., 2012). Moreover, loss of Mec-17 in mice, leads to axon overbranching and overgrowth (Wei
et al., 2017).

Polyamination of microtubule is another a marker for stability and polyaminated tubulins are
often found in axons of neurons. Polyamination is thus highly implicated in neuronal structure and
axonal growth during neuronal development and maturation (Song et al., 2013).

Polyglutamylation and polyglycylation are another example of post-translational modifications
of tubulins. Polyglutamylated tubulins are found primary in cilia and centrioles (Abal et al., 2005;
Gaertig and Wloga, 2008). Polyglycylation occurs exclusively in ciliary tubulins, suggesting a role
in ciliary assembly (Gaertig and Wloga, 2008; Sloboda, 2009). Additionally, polyglutamylation is
very strongly enriched in neurons and increases progressively during differenciation (Audebert et
al., 1994). This PTM is considered to be highly important for the proper neuronal functiona and,
interestingly, dysregulated polyglutamylation was shown to be involved in neurodegeneration (Thi
Vu et al., 2017).

Finally, other modifications also have been reported but are less frequent and will therefore not
be discussed in this work. Such modification include for example phosphorylation, glycosylation,
glycation and palmitoylation (reviewed in Song and Brady, 2015).

1.4 Microtubule-associated proteins

Organization and dynamics of microtubules are additionally tightly regulated by a number of
microtubule-associated proteins (MAPs) (Figure 6). The following list is non-exhaustive but names
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some of the major MAPs found in a variety of cell types.

• Classic MAPs

Classic MAPs proteins can be divided in two major families: The MAPs-1 family, comprising three
members: MAP1A, MAP1B and MAP1S; and the MAP2 family, comprising MAP2A, MAP2B and
Tau (MAPT). MAP2 family proteins are found exclusively in neural tissues in mammals, where
they stabilize microtubule and accelerate their growth. Inhibition of these proteins has in some
cases been linked to disrupted neurogenesis and neurite outgrowth.

• Plus-end MAPs

Plus-end tracking proteins, or plus-end MAPs are among the most conserved components of the
cytoskeleton and participate in the control of polymerization/depolymerization balance. Examples
of such proteins are the EB (end binding), CLASP protein families, XMAP215. EB1 and EB3 pro-
teins inhibit nucleation and promote catastrophe thereby destabilizing microtubules (Tirnauer and
Bierer, 2000). Inversely, XMAP215 (a processive microtubule polymerase) and the anti-catastrophe
factor TPX2 promote nucleation (Popov et al., 2002; Schatz et al., 2003; Wieczorek et al., 2015).
Proteins of the CLASP family have also been shown to stabilize microtubule plus tips (Akhmanova
et al., 2001). By localizing at the plus end of microtubules, all these proteins constitute an excellent
tool for studies of microtubule dynamics. Fused to a fluorescent protein they allow the “tracking”
of the microtubule tip by video-microscopy.

• Severing proteins

Katanin, spastin and fidgetin form the family of microtubules severing proteins. They are AAA
(ATPases Associated with diverse cellular Activities) ATPases, able to induce an ATP-dependent
internal break in a microtubule (Roll-mecak and Mcnally, 2010). Severing proteins have been
shown to play a role in the release of nucleated microtubules from nucleating points (Nakamura
and Hashimoto, 2009). During interphase, severing proteins localize at cilia and in dendrites and
axons of neurons. During mitosis, they localize at the centrosome and play a major role in the
microtubule-driven arrangement of chromosomes (Zhang et al., 2007). Additionally, katanin is an
important regulator of the assembly and disassembly of cilia and flagella (Sharma et al., 2007) and
both spastin and katanin play a role in axonal growth and branch formation in neurons. Loss of
function of spastin is associated with disrupted axonal and dendritic outgrowth (Jinushi-Nakao et
al., 2007; Wood et al., 2006).

• Kinesins

Kinesins are microtubule motor proteins that use the energy of ATP hydrolysis to transport cargo
along microtubules. The kinesin protein family comprises 45 genes and 15 sub-families (Hirokawa et
al. 2009). Out of these 45 genes, 38 are expressed in neuronal cells (Miki et al., 2003). The majority
of kinesins transport cargo toward the microtubules plus end, although there are some family
members that move towards the minus end. Most kinesins contain two major functional domains:
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a motor domain where ATP hydrolysis takes place; and a cargo domain (Lawrence et al., 2004).
Even though the main function of kinesins is intracellular transport, they have also been implicated
in the control of microtubule dynamics (Desai et al., 1999). According to their effect on microtubule
dynamics, three classes of kinesins can be defined: those promoting microtubule polymerization,
those inducing microtubule depolymerization and those limiting microtubule dynamic (Vicente and
Wordeman, 2015).

Figure 6: Microtubule associated proteins.
Numerous microtubule-associated proteins (MAPs) influence microtubule behavior. EB proteins,
XMAP215, CLASP proteins, regulate plus-tip dynamics and are collectively known as microtubule
plus-end tracking proteins. Microtubule motors kinesins and dynein are responsible for intracellular
transport of various cargoes. Microtubule-severing proteins induce breaks along the length of the
filament to impact microtubule organization within the cell. Figure from Muroyama and Lechler,
2017.

• Dynein

There are majorly two types of dynein: cytoplasmic dynein and axonemal dynein, found at cilia and
flagella. Cytoplasmic dynein is a microtubule motor and member of the AAA proteins. In contrast
to kinesins, which transport cargo both towards the plus and the minus end of microtubules, dynein
transport is exclusively minus end-directed. Each dynein motor is in fact an assembly of multiple
polypeptide subunits, typically 12, making it much larger that kinesins. A typical cytoplasmic
dynein complex contains two copies of the dynein heavy chain and several intermediate, light
intermediate and light chains (reviewed in Allan, 2011). The motor region is present in the heavy
chains, while cargo binding is mediated by the intermediate chains. The major cytoplasmic form is
dynein 1 (DYNC1H1), which is ubiquitously expressed, while the minor form, dynein 2 (DYNC2H1)
is expressed primary in cilia and flagella (Vallee et al., 2012).

Dynein motor activity is highly regulated by two factors: the Lis1-Ndel1 complex and dynactin
(Vallee et al., 2012). Dynactin binds to dynein forming the dynein-dynactin complex, increasing
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the processivity of dynein (King and Schroer, 1999). Lis1 binds directly the dynein motor domain
inhibiting its function and stalling it on microtubules (Gutierrez and McKenney, 2017). The balance
between Lis1 and dynactin actions is thus considered to fine-tune dynein motility.

Intracellular transport is crucial for neurons whose axons extend over long distances. Cyto-
plasmic dynein and kinesins transport various cargoes, such as organelles, cell signaling molecules
and neurotransmitters and different receptors (reviwed in Kapitein and Hoogenraad, 2015). In
dendrites, where microtubules have mixed polarity, transport is predominantly mediated by cyto-
plasmic dynein. Transport in axons relies heavily on the plus-end motor kinesin-1, since MTs in
axons are uniformly oriented with their minus-end towards the cell soma (Nakata and Hirokawa,
2003).

1.5 Microtubule organizing centers

In order to be able to remodel their microtubule network in space and time, cells have special-
ized microtubule nucleators. These nucleators are concentrated at microtubule organizing centers
(MTOCs). The main MTOC in animal cells is the centrosome (Bornens, 2012), in fungi-the spindle
pole bodies, while plants do not have centrosomes and their microtubules are mainly nucleated from
cortical arrays, the preprophase band and the phragmoplast (Hamada, 2014; Schmit, 2002).

Figure 7: Structure of the centrosome.
A pair of centrioles is shown, each with nine-fold symmetry owing to the nine triplet microtubules.
Each centriole has pericentriolar material that nucleates microtubules around the ends closest to
one another. Only the maternal centriole has two sets of extra appendages, distal and subdistal;
the latter seems to anchor microtubules. A series of interconnecting fibres, different from the
pericentriolar material (PCM), links the closest ends of the two centrioles. Figure from Doxsey,
2001.

The centrosome is a small organelle without membrane, composed of two centrioles (mother and
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daughter), inter-connected by intercentriolar linkage and surrounded by the pericentriolar matrix
(PCM) (Kellogg et al., 1994) (Figure 7). The centrioles are two cylinders organized in perpendicular
configuration and consist at their core of nine microtubule triplets. The two centrioles differ in
structure (Paintrand et al., 1992). The mother centriole carries two set of appendages: distal and
sub-distal, bearing a specific set of proteins such as Cenexin/Odf2 (Outer dense fiber 2) (Lange
and Gull, 1995; Nakagawa et al., 2001) and Ninein (Piel et al., 2000), conferring it the ability to
recruit PCM. The daughter centriole lacks appendages. Centrioles also serve as basal bodies for
cilia and flagella. The PCM is the site of microtubule nucleation and anchoring (Doxsey, 2001).

1.5.1 Gamma-tubulin and gamma-tubulin complexes

A major component of microtubule nucleation sites is g-tubulin. It is considered as the core
component of MTOCs. Gamma-tubulin was first identified in 1989 by Oakley and Oakley in
Aspergillus nidulans (Oakley and Oakley, 1989), in which it is encoded by the mipA gene. Together
with GCPs (g-tubulin complex protein), it forms two well characterized complexes: the gamma-
tubulin small complex (gTuSC) and the gamma-tubulin ring complex (gTuRC) (Oegema et al.,
1999) (Figure 8). The small complex is a tetramer consisting of a gamma-tubulin dimer associated
with one molecule of each GCP2 and GCP3 (Knop and Schiebel, 1997; Kollman et al., 2008).
Gamma-tubulin ring complex is a ring shaped multi-protein complex, first characterized in 1995
in mitotic Xenopus egg extract, found both in the cytoplasm and at the centrosome (Zheng et al.,
1995). Authors find out that the complex contains at least seven unidentified proteins and the
structure of the complex is an open ring that could provide a template for microtubule nucleation.
gTuRCs are 2.2 MDa multi-protein complexes composed of at least six different proteins, with
molecular asses ranging from 70 to 210 kDa and present in single or multiple copies in the complex
(Kollman et al. 2005). The overall architecture of the gTuRCs is conserved between distant
organisms such as plants, yeast, and human, but in some lower organisms (e.g. Saccharomyces
cerevisiae), gTuRCs can have a reduced number of subunits (Kollman et al. 2005). Multiple gTuSCs
associate with other proteins (GCP4, GCP5 and GCP6) to forms gTuRCs which are recruited to
microtubule organizing centers (MTOCs) where they serve as template for microtubule nucleation
(Knop and Schiebel, 1997; Kollman et al., 2011). Within gTuRCs, g-tubulins make lateral contacts
with each other and thus form a ring-shaped template for microtubule nucleation by longitudinal
interactions with alpha and beta tubulin heterodimer (Moritz et al., 2000).
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Figure 8: Microtubule nucleation by gTuRCs.
The g-tubulin small complex (gTuSC) is the conserved, essential core of the microtubule nucleating
machinery, and it is found in nearly all eukaryotes. The gTuSC has two copies of g-tubulin and
one each of g-tubulin complex protein 2 (GCP2) and GCP3 (a). In many eukaryotes, multiple
gTuSCs assemble with GCP4, GCP5 and GCP6 into the g-tubulin ring complex (gTuRC) (b).
The most widely accepted model for the mechanism of gTuRC-based nucleation, the ‘template
model’, suggests that the gTuRC acts as a template, presenting a ring of g-tubulins that make
longitudinal contacts with a-tubulin–b-tubulin (ab-tubulin) (c). Figure from Kollman et al., 2011.

All GCPs share structural similarities with five bundles of alpha helices forming two independent
domains separated by a central “hinge”. A Grip1 domain is present at their N-terminal, allowing
interaction with other GCPs within gamma-tubulin complexes (Kollman et al., 2011). The C-
terminus corresponds to a Grip2 domain implicated in direct interactions with gamma-tubulin
(Figure 9). C-terminal domains are exchangeable between GCPs, since they all perform the same
function. The N-terminal domains determine the identity of the GCPs and contain additional
insertions contributing to their individual functions (Farache et al., 2016).

Gamma-tubulin binds GTP and GDP in a similar fashion to beta tubulin but the exact role
of this property remains to be discovered. The nucleotide state of g-tubulin does not imply any
large-scale conformational changes within the gTuSC (Kollman et al., 2008). Similarly, Aldaz
et al., 2005 have crystallized g-tubulin bound to both GTP and GDP with no difference in its
conformation, but suggest that the GTPase activity might regulate g-tubulin affinity for a-tubulin
binding, potentially providing a mechanism for microtubule release from centrosomes.
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Figure 9: Conserved structure of GCPs.
Schematic alignment of the primary structures of the five GCPs (Left). The grip motifs are boxed
in dark gray, the N-terminal domains are in blue with the specific regions in light blue, the C-
terminal domains are in red. Ribbon representation of the atomic structure of human GCP4 with
the N-terminal domain delineated in blue and the C-terminal domain in red (Right). Figure from
Farache et al., 2016.

1.5.2 gTuRCs interactors within the PCM and beyond

gTuRCs are present fully formed in the cytosol and it has been shown that only 1% of gTuRCs are
found in their active form in MTOCs. Thus, tethering to microtubule nucleation sites of gTuRCs
and further activation are regulated by a variety of additional proteins (Petry and Vale, 2015)
(Figure 10, Figure 13). The following, non exhaustive list, describes some of the major interactors
of gTuRCs.

• Pericentrin

Pericentrin is a large coiled-coil protein which is the major organizer of the PCM (Delaval and
Doxsey, 2010). It is recruited to the centrosome through its PACT domain, a conserved C-terminal
domain, which interacts with calmodulin (Gillingham and Munro, 2000). Pericentrin has addition-
ally been shown to interact with protein kinase A and cytoplasmic dynein (Purohit et al., 1999).
While the C-terminal domain is a centrosome targeting domain, the N-terminal of Pericentrin binds
to gTuRCs through interaction with GCP2 and/or GCP3 (Takahashi et al., 2002).

• CDK5RAP2

CDK5RAP2 (also CEP125) interacts with gTuRCs through its N-terminal CM1 (centrosomin) do-
main while its C-terminal CM2 domain interacts with pericentrin. There is a large pool of cytoplas-
mic CDK5RAP2 complexed to gTuRCs, suggesting that the protein first associates to cytoplasmic
gTuRCs and then targets them to the centrosome. In addition, loss of CDK5RAP2 function de-
localizes gamma-tubulin from the centrosome and alters centrosome microtubule nucleation (Fong
et al., 2008). Furthermore, the CM1 domain of CDK5RAP1 additionally stimulates microtubule-
nucleating activity of gTuRCs, referred to as the gTuRCs–mediated nucleation activator (g-TuNA),
possibly by inducing a conformational change within gTuRCs resulting in their activation (Choi et
al., 2010). In vitro, CDK5RAP2 is shown to increase gTuRCs –mediated microtubule nucleation
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by 7 fold (Choi et al., 2010). CDK5RAP2 itself is recruited to the centrosome through an inter-
action of its C-terminal domain with the dynalin light chain 8 (DLC8) of the minus-end directed
microtubule motor protein dynein (Jia et al., 2013). The dynein-dynactin complex is thus shown
to mediate CDK5RAP2 transport from the cytosol to the centrosome.

CDK5RAP2 recruitment to the centrosome is dependent on pericentrin but not vice versa (Fong
et al., 2008). Additionally, pericentrin is able to recruit g-tubulin to the centrosome even in the
absence of CDK5RAP2 (Lawo et al., 2012), suggesting that pericentrin can bind both gTuRCs and
CDK5RAP2.

• GCP-WD/NEDD1

GCP-WD (or NEDD1- neural precursor cell expressed developmentally down-regulated gene-1 in
mice) also binds gTuRCs and is essential for their recruitment to the centrosome but dispensable
for their assembly (Haren et al., 2006). NEDD1 interacts with gTuRCs through its C-terminal
domain (Haren et al., 2006; Lüders et al., 2006), while its N-terminal WD40 domain localizes at
the centrosome and at spindle poles during mitosis. NEDD1 has been reported to bind directly
to g-tubulin without the requirement of any additional GCPs (Manning et al., 2010). NEDD1
silencing leads to loss of gTuRCs from the centrosome both in interphase and mitosis (Haren
et al., 2006). Additionally, loss of GCP-WD blocks microtubule nucleation and disrupts spindle
assembly (Lüders et al., 2006). NEDD1 is recruited to the centrosome by Cep192. During mitosis,
GCP-WD is phosphorylated at a Cdk consensus phosphorylation site, which is required for g-
tubulin localization at the mitotic spindle but not at the centrosome (Lüders et al., 2006). Binding
of NEDD1 does not however have a microtubule nucleation activating function in contrast to
CDK5RAP2.

• MOZART1/MOZART2

MOZART (mitotic-spindle organizing proteins associated with a ring of gamma-tubulin) 1 and 2
are small proteins, shown to participate in gTuRC recruitment to the centrosome during mito-
sis and interphase respectively (Hutchins et al., 2010a; Teixidó-Travesa et al., 2010). MOZART1
(Mtz1/GCP9) interacts with GCP3, GCP5 and GCP6, as well as with CDK5RAP2 and the direct
interaction with CDK5RAP2 requires the integrity of its CM1 domain (Lin et al., 2016). A recent
study has suggested that MOZART1 plays a role of “oligomerization chaperone”, promoting gTuSC
oligomerization within ring nucleating complexes (Lin et al., 2016). Knockdown of MOZART1 re-
duced gTuRC recruitment to the centrosome and leads to monopolar mitotic spindles (Hutchins et
al., 2010). MOZART2 (Mtz1/GCP7/8) interacts with GCP2 and RNAi knockdown of MOZART2
does not induce any mitotic defects, but interferes with microtubule nucleation at interphase sug-
gesting a specific role of this protein during interphase (Teixidó-Travesa et al., 2010).

• Ninein

Ninein is localized at the sub-distal appendages of the mother centriole through its C-terminus.
The N-terminal domain of ninein interacts with gTuRCs and this interaction is responsible for
centrosomal docking of the complex during interphase (Delgehyr et al., 2005).
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• NME7

NME7 (nucleoside-diphosphate kinase) is a mild modulator of gTuRC nucleation activity. NME7
is found at most sites of microtubule nucleation during interphase and at the mitotic spindle during
mitosis (Hutchins et al., 2010a; Teixidó-Travesa et al., 2010). In vitro, CDK5RAP2 is shown to
increase gTuRCs –mediated microtubule nucleation by 2.5 fold, however, the absence of NME7
does not disrupt centrosomal localization of gTuRCs (reviewed in Petry and Vale, 2015).

Figure 10: Direct gTuRC interactors.
Adapted from Petry and Vale, 2015

1.6 Microtubule nucleation at the centrosome

Throughout the cell cycle, the centrosomal PCM varies in composition and microtubule nucleating
activity. PCM components are dynamically exchanged between the cytosol and the centrosome.
Microtubule nucleation is lowest at the G1-phase, then it progressively increases and peaks during
mitosis.

Mitosis requires extensive maturation of the centrosome and increased recruitment of PCM
components, relying on various mitotic kinases, MAPs and microtubule nucleation complexes. Ad-
ditionally, during the S-phase, the centrioles split then each of them duplicates in order to form the
centrosome of the daughter cells. The former daughter centriole is converted into mother centrole
and becomes competent for PCM recruitment and microtubule anchoring. The majority of mitotic
spindle microtubules are not directly anchored to the centrosome but their minus ends are rather
assembled into spindle poles, an assembly orchestrated by various MAPs and in particular dynein
and kinesin-14 minus-end motors (Maiato and Logarinho, 2014).

Two of the major factors for mitotic centrosomal maturation are the kinases PLK1 (Polo-like
kinase) and Aurora A (Lane and Nigg, 1996). PLK1 participates in g-tubulin recruitment to the
mitotic centrosome and PLK-RNAi disrupts microtubule nucleation at the centrosome and proper
centrosomal duplication (Haren et al., 2009). Moreover, inhibition of PLK1 disrupts centrosomal
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localization of both pericentrin and CDK5RAP2, pointing out to more than one potential targets of
PLK1 (Mennella et al., 2014). PLK phosphorylates pericentrin and Cep192, triggering subsequent
recruitment of g-tubulin and Cep192 to the centrosome (Lee and Rhee, 2011), and also regulates
centrosomal targeting of NEDD1 and subsequently of gTuRCS (Haren et al., 2009b). Addition-
ally, PLK1 phosphorylates ninein-like protein, triggering its displacement from the centrosome and
disrupting its interaction with gamma-tubulin (Casenghi et al., 2003).

The serine-threonine kinase Aurora A is another major player in centrosome maturation. Aurora
A is considered to act upstream of PLK1 and activation of PLK1 by phosphorylation at Thr210 by
Aurora A leads to activation of Cdk1 kinase and mitotic entry (Seki et al., 2008). During mitosis,
Aurora A also triggers g-tubulin recruitment to the centrosome (Terada et al., 2003).

There is a strong interdependency between pericentrin, CDK5RAP2 and NEDD1 for their
centrosomal recruitment during mitosis. Depletion of CDK5RAP2 results in reduced centrosomal
NEDD1, pericentrin and g-tubulin, similarly, even though less severe than PLK1 inhibition (Haren
et al., 2009). CDK5RAP2-depleted cells additionally present with less centrosomal pericentrin.
Depletion of pericentrin inhibits centrosomal localization of CDK5RAP2 and decreases the levels
of centrosomal NEDD1 and g-tubulin (Gomez-Ferreria et al., 2007; Haren et al., 2009; Zhu et al.,
2008). Finally, depletion of NEDD1 leads to loss of centrosomal gamma-tubulin and NEDD1, a
slight decrease in centrosomal CDK5RAP2 and has no major effect on pericentrin (Haren et al.,
2009; Lüders et al., 2006). These results highlight the interdependency between the three PCM
components for their centrosomal localization, suggesting multiple interconnected pathways for g-
tubulin recruitment at mitotic centrosomes. However, NEDD1 seems to be the crucial factor for
centrosomal localization of g-tubulin during cell division.

The PCM also anchors microtubules at the centrosome during interphase. However, microtubule
nucleation and turnover during interphase are highly reduced compared to mitosis (Webster et al.,
1987). During interphase, centrosome-nucleated microtubules play a major role in intracellular
transport and in the transport and positioning of various organelles such as the nucleus and the
Golgi apparatus. Positioning of organelles and intracellular transport subsequently play a role in
determining cell polarity (Bornens, 2012).

In newborn neurons, like in the majority of other cell types, the centrosome is the main MTOC
and g-tubulin is enriched at this organelle. Whether its role as microtubule nucleator is crucial for
neuronal development has however been debated. Centrosomal and microtubule functions during
cortical development will be discussed in detail further in this work.

In terminally differentiated neurons microtubule arrays are however predominantly non cen-
trosomal in both axons and dendrites (Bartolini and Gundersen, 2006; Hoogenraad and Bradke,
2009; Sánchez-Huertas et al., 2016). These non-centrosomal microtubules are considered to be
generated either by release from centrosomes or by nucleation at non-centrosomal sites. In early
studies, release of prenucleated centrosomal microtubules was considered to be the predominant
mechanism (Ahmad and Baas, 1995; Baas, 1996). Microtubules would first be nucleated at the
centrosome, then released by the severing proteins katanin and spastin and subsequently translo-
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cated within axons and dendrites by microtubules motor proteins (Baas et al., 2005; Hartman et
al., 1998; He et al., 2005; Wang and Brown, 2002). This process has however never been directly
observed by videomicroscopy. More recent studies have shown that microtubules are additionally
directly nucleated at non-centrosomal sites and the centrosome has been shown to be dispensable
for microtubule generation in neurons. Studies in differentiated hippocampal neurons with ab-
lated centrosome show that microtubules are still being nucleated in the absence of this organelle
(Stiess et al., 2010). Moreover, during neuronal maturation of hippocampal cultures, centrosomal
g-tubulin signal progressively decreases but g-tubulin continues to assemble into gTuRCs suggesting
an additional, non centrosomal role for these complexes (Sánchez-Huertas et al., 2016). Gamma-
tubulin has in fact been shown to localize to axons and dendrites of mature neurons confirming
that microtubules are likely to be generated locally within these structures (Nguyen et al., 2014).
Together these studies show that with the maturation of neurons, the microtubule nucleation ac-
tivity of the centrosome is lost in favor of non-centrosomal microtubule nucleation, suggesting a
shift in g-tubulin complexes localization from the centrosome to other sites. Intracellular sites and
mechanisms for this non-centrosomal nucleation will be described in the following section.

1.7 Non-centrosomal microtubule nucleation

Even though in animal cells, g-tubulin microtubule nucleation occurs mainly at the centrosome,
such activity has been reported to occur at other sites such as the nuclear envelope, the plasma
membrane, the Golgi apparatus, chromatin and the pre-existing microtubules. In fact, 80% of total
g-tubulin is in a cytosolic form (and a fraction of this cytosolic gamma-tubulin is associated with
microtubules) and from the remaining 20% only half is associated to the centrosome (Mondjou
1996). This cellular distribution of g-tubulin does not correspond to an exclusive centrosomal role
and suggests functions outside of this organelle.

1.7.1 Golgi apparatus

The Golgi apparatus is the second major MTOC in mammalian cells. Microtubules are both an-
chored at nucleated at the Golgi membrane independently of the centrosome, and nucleation of
Golgi-based microtubules is dependent on g-tubulin and requires gTuRCs (Chabin-Brion et al.,
2001) (Figure 11). Similarly to the centrosome, microtubule nucleation at the Golgi relies on
multi-protein complexes. In contrast to centrosomal microtubules, Golgi-nucleated ones are more
acetylated and have their distal end stabilized by additional cytosolic components (Chabin-Brion
et al., 2001), in particular by CLASPs (CLASP1 and CLASP2), stabilizing proteins which bind
the plus end of microtubules. CLASPs are recruited to Golgi microtubules through interaction
with GCC185, a TGN-associated protein (Efimov et al., 2009). Additionally, Golgi-nucleated mi-
crotubules and are not radially but rather tangentially organized (Chabin-Brion et al., 2001; Zhu
and Kaverina, 2013).

A major role in Golgi-dependent microtubule nucleation is played by AKAP450 (A-kinase an-
choring protein of 450 kDa, or AKAP9/CG-Nap), a large centrosomal and Golgi protein similar
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to pericentrin, with a C-terminal PACT domain and strongly enriched at the cis-Golgi. AKAP450
is recruited to the cis-Golgi through interaction with GM130, a protein from the Golgi matrix
(Hurtado et al., 2011). The exact protein machinery implicating AKAP450 remains to be further
investigated however in the absence of AKAP450, no nucleation is observed at the Golgi appara-
tus (Wu et al., 2016). It has been proposed that AKAP450 binds directly to CGP2 and GCP3
through its N-terminal domain (Takahashi et al., 2002). It has also been proposed that AKAP450
mediates recruitment of g-tubulin to Golgi MTOCs by indirectly interacting with gTuRCs through
CDK5RAP2 (Choi et al., 2010). AKAP450 also mediates recruitment of additional proteins neces-
sary for microtubule nucleation (Wu et al., 2016).

Up to date, in neurons, Golgi-mediated microtubule nucleation has been reported in Drosophila
dendrites and has been shown to be dependent on g-tubulin and AKAP450 (Ori-McKenney et al.,
2012). A more recent work confirms localization of g-tubulin in axons and dendrites (Nguyen et al.,
2014). Golgi outposts however, were not always found to colocalize with g-tubulin, suggesting an
additional mechanism for MT nucleation within dendrites and axons. Further studies in mammalian
neurons will be required to shed light on this process.

Figure 11: The Golgi apparatus as MTOC.
Multi-protein complexes are present at both the cis-face of the GA. These complexes contain
AKAP450, CDK5RAP2, myomegalin and MT-anchoring proteins such as p150Glued. They are
specifically recruited to the cis-GA through the interaction between GM130 and the N-terminal
domain of AKAP450. AKAP450 and CDK5Rap2 recruit g-TuRCs and promote MT nucleation.
Myomegalin and p150Glued might provide MT stabilization activities.

1.7.2 Nuclear envelope

Microtubule nucleation at the nuclear envelope has been best characterized in skeletal muscle cells
(Tassin et al., 1985). In differentiated skeletal muscle cells, the nuclear envelope is able to act as
MTOC and both anchor and nucleate microtubules, a process relying on g-tubulin, pericentrin and
ninein (reviewed in Perty and Vale, 2015). However, the exact mechanism of this phenomenon
remain to be further investigated.
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1.7.3 Chromatin and kinetochores

During mitosis, microtubule nucleation is highly enriched at the chromatin. This process depends
on NEDD1 (Luders et al., 2006) and is regulated by phosphorylation of NEDD1 by Aurora A,
and is considered to play a role in the activation of a number of spindle pole assembly factors.
Microtubule nucleation at the chromatin is once again dependent on the recruitment of gTuRCs,
thought to me mediated at least partly by nuclear pore components (Mishra et al. 2010, Yokoyama
et al. 2014).

1.7.4 Preexisting microtubules

Microtubules can also be nucleated directly from pre-existing microtubules. Recruitment of gTuRCs
to microtubules is mediated by a large protein complex named AUGMIN (Goshima et al., 2008)
and a recent study has shown that AUGMIN alone can directly bridge gTuRCs to preexisting
microtubules (Song et al., 2018) (Figure 12).

In human cells Augmin consists of 8 subunits, called HAUS 1-8 (Homologous to Augmin sub-
units) forming Y-shaped complex that can adopt multiple conformations (Hsia et al., 2014). The
subunit HAUS-8 binds to microtubules, while HAUS-6 binds to NEDD1, which in turn binds to
gTuRCs (Uehara et al., 2009). Within the Augmin holocomplex, the 8 subunits are arranged in
two subcomplexes, one comprising HAUS-6 7 and 8 (denoted Tetramer-II or T-II) and a second
comprising HAUS-1, 3, 4 and 5 (denoted Tetramer-III or T-III) (Song et al., 2018). HAUS-2 is
considered to play a connecting role between the two subcomplexes. T-II is necessary for MT bind-
ing, whereas T-III interacts with gTuRCs. However, binding to gTuRCs occurs only when T-III
is integral, suggesting that the folded tetramer provides the functional binding site. It is therefore
hypothesized that complete T-III alone can directly bind to gTuRCs, while HAUS-6 might be lo-
cated in the vicinity of T-III and additionally bond to gTuRCs via NEDD1 (Song et al., 2018).
Additionally, Augmin’s function would be to target gTuRCs to microtubules but no to enhance
their nucleation capacity (Song et al., 2018).

The Augmin complex was first identified in mitotic cells, where it is shown to play a role in the
attachment of MTs to kinetochores and chromosome alignment and is crucial for proper spindle
formation. Since newly nucleated microtubules grow in parallel of pre-existing mother microtubules
therefore preserving the overall polarity, this type of nucleation allows for rapid amplification of
microtubule number with the same polarity (Petry and Vale, 2015), essential for example during
spindle formation (Uehara et al., 2009). Furthermore, the importance of Augmin-mediated micro-
tubule nucleation has been demonstrated in post-mitotic neurons. During neuronal maturation,
the centrosome loses its microtubule-nucleating capacity and the microtubule network organization
in post-mitotic neurons is highly dependent on non-centrosomal microtubule nucleation mediated
by Augmin (Sánchez-Huertas et al., 2016). In post-mitotic neurons Augmin is suggested to interact
directly with the gTuRC component GCP3, an interaction occurring directly and independently of
NEDD1 (Sánchez-Huertas et al., 2016).
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Figure 12: Augmin-dependent microtubule nucleation from preexisting microtubules.
Two models for the Augmin /gTuRC-dependent MT generation. Left panel : Human augmin was
identified as 8-subunit (Ccdc5 (HAUS1), Cep27 (HAUS2), hDgt3 (HAUS3), C14orf94 (HAUS4),
hDgt5 (HAUS5), hDgt6 (HAUS6), UCHL5IP (HAUS7), and Hice1 (HAUS8)) complexes. Hice1 is
known to bind to MTs directly in vitro. Hice1-hDgt6 interaction was detected in the yeast 2-hybrid
assay, whereas NEDD1-containing g-TuRC was efficiently coprecipitated with the C-terminal frag-
ment of hDgt6. Figures from Uehara et al., 2009; Right panel: A model for augmin-mediated
localization of gTuRC to MT for branching MT nucleation. The Y-shaped Augmin complex com-
prising two functional tetramers, T-II binds microtubules, while T-III bind directly directly to
gTuRC and branches it to microtubules. Figure from Song et al., 2018.

Figure 13: gTuRCs interactions at different MTOCs.
Summary of direct and indirect interactors of the gTuRC at different MTOCs. Figure from Petry

and Vale, 2015.
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2 Cortical development

2.1 Cortex and cortical development - overview

The cortex is the outermost layer of the mammalian brain. It contains a high density of neurons
and synapses and it is the coordinating centre for higher cognitive functions such as attention,
perception, emotion, memory, learning and language. The cortex can be divided in two (left
and right) hemispheres, communicating and connected by a large bundle of fibres, the corpus
callosum. With evolution, the cortex has increased in volume and has acquired a folded structure
with surface convolutions, providing it with greater surface. Functionally, the cortex can be divided
in areas, controlling different cognitive motor or sensory functions. Structurally, the cortex can be
divided in two parts: the neocortex and the allocortex. The neocortex has a six-layered structure,
characterized by different neuronal populations and distinct connectivity patterns. The allocortex,
comprising the olfactory system and the hippocampus, has fewer layers and takes up a much
smaller area. Two major neuronal populations form the cortex: the pyramidal projection neurons,
representing 80% of cortical neurons, essentially excitatory and glutamatergic; and the interneurons,
representing a total of 20%, essentially inhibitory and GABAergic.

During embryonic development, and most specifically during the neurulation step, the neural
plate will transform into the neural tube which will later give rise to the central nervous sys-
tem comprising the brain and the spinal cord (Larsen, 2001). In humans, the central nervous
system begins to form when the embryo end of the neural tube will enlarge, fold and give rise
to three primary vesicles: the prosencephalon (forebrain), the mesencephalon (midbrain) and the
rhombencephalon (hindbrain). These vesicles will further divide into a total of five sub-regions: the
prosencephalon will form the telencephalon and the diencephalon; the rhombencephalon will form
the metencephalon and the myelencephalon; the mesencephalon does not divide further (Figure
14-C). The rest of the neural tube will give rise to the spinal cord.

The development of the cortex organizes around three major highly regulated processes: the
proliferation of progenitor cells, the migration of post-mitotic neurons and their further maturation
(Figure 14-D). Two main proliferative zones will generate the majority of the cortical neuronal
cells: the dorsal ventricular zone, where projection pyramidal neurons are born, and the medial
and caudal ganglionic eminences where cortical interneurons are generated. Projection neurons will
then migrate radially along radial glial fibers (Rakic, 1988), while interneurons will migrate tangen-
tially over longer distances and independently of radial glial cells (Anderson et al., 1997). Finally,
according to their final position in the cortical plate, neurons will acquire distinct morphological
properties, will further differentiate and begin to form the connectivity of the future cortex. Each
of these three steps will be presented in further detail in the following sections.
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Figure 14: Cortex and cortical development.
A. Representation of the human cortex with its major functional areas (upper panel) and structures
(lower panel). B. Representation of the six layers of the human cortex. Image from Judaš et
al., 2010. C. Overview of the major steps of cortical development, proliferation, migration and
maturation. Figure from Kawabe and Brose, 2011.
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2.2 Neurogenesis

In the telencephalon, two main proliferative regions will generate the majority of cortical neurons:
the pallium, which corresponds to the neuroepithelium lining the ventricles and which will give rise
to pyramidal neurons; and the subpallium which corresponds to the proliferative zones in the lateral
and medial ganglionic eminences and which will give rise to interneurons (Figure 15). Neurogenesis
begins little after the closing of the neural tube at Embryonic day 9 (E9) in mice and at 4th
gestational week (GW) in humans. This process involves several different types of progenitor cells,
presenting each specific characteristics and regulation mechanisms, which will be described in the
following paragraphs.

Figure 15: Anatomical organization of the developing forebrain.
(A) Sagittal representation of the brain of an E12.5 mouse showing the main subdivisions of the
forebrain, the diencephalon and the telencephalon. In the telencephalon, the pallium is depicted in
lighter gray than the subpallium. (B) Transversal section through the telencephalon of an E12.5
mouse, indicating some of its main subdivisions. LGE, lateral ganglionic eminence; MGE, medial
ganglionic eminence; POA, anterior preoptic area. Figure from Marin and Rubenstein, 2003.

2.2.1 Progenitor cell types

• Neuroepithelium

During early embryonic development, the neural tube consists of a single layer epithelium formed
by the neuroepithelial cells (NECs). NECs are progenitor cells that self-renew by proliferative
divisions. They present with an apico-basal polarity and are anchored at the ventricular surface
through tight and adherent junctions, while integrins attach them to the pial surface (Huttner and
Brand, 1997; Wodarz and Huttner, 2003; Zhadanov et al., 1999). During the cell cycle, nuclei of
NECs oscillate between the apical and the basal surface conferring the neuroepithelium a pseudo-
stratified appearance (Figure 16-A).

• Radial glial progenitors

At the onset of neurogenesis (at around embryonic day 10 in mice; and around E33 in humans), the
neuroepithelium will transform into a tissue with multiple cell layers and NECs will transform into
radial glial cells (RGs) that will begin to generate the neurons forming the cortex (Aaku-Saraste
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et al., 1997; Anthony et al., 2004). The layer lining the ventricle will become the ventricular zone.
During this transformation, NECs will lose their epithelial properties, lose their tight junctions,
downregulate Golgi-derived apical trafficking and begin the expression of astroglial hallmarks such
as the glutamate-aspartate transporter (GLAST), brain lipid binding protein (BLBP), glial fib-
rillary acidic protein (GFAP), nestin, vimentin, paired box 6 protein (Pax6) (Götz and Huttner,
2005; Kriegstein and Götz, 2003). RGs represent a more fate-restricted progenitor cell type that
NECs.

Like NECs, RGs present an interkinetic oscillation through the cell cycle, their nucleus positions
at the apical surface during mitosis and migrates to the basal surface during S phase (Figure 16-A).
Due to this characteristic, RGs, together with NECs are also called apical progenitors. In addition
to their role as progenitor cells, RGs will serve as support for the migration of newborn neurons.
To this aim they will extend a long fiber that attaches to the pial surface, and these fibers will
serve as guiding rails for neuronal migration (Rakic, 1972).

During early development (E10-E14 in mice), RGs will undergo multiple mitosis cycles in order
to increase the pool of progenitors. They will divide symmetrically giving rise to two daughter RG
cells. Later on (E14-E16), RGs will switch to asymmetric divisions giving rise to one daughter RG
and one post-mitotic cell (Figure 16-B), either a neuron or an even more fate-restricted intermediate
progenitor (IP) (Noctor et al., 2004).

• Intermediate progenitors

IPs divide symmetrically, giving rise to two post-mitotic neurons. In contrast to RGs, during mitosis
nuclei of IPs will position at the basal surface (Noctor et al., 2004), a characteristic conferring them
the name of basal progenitors (BPs) (Figure 16-A). Concomitantly to the migration of their nucleus
to the pial surface, IPs will retract their extension from the apical surface. In this fashion, IPs will
form the sub-ventricular zone, a mitotic-cell layer adjacent to the ventricular zone formed by the
RGs (Haubensak et al., 2004).

IPs express several specific markers such as Tbr2 (Englund et al., 2005) , Cux1, Cux2 (Nieto
et al., 2004) and the non-coding RNA SVET1 (Tarabykin et al., 2001). The extinction of Pax6
expression at the progressive accumulation of Tbr2 characterize the transition from RG to IP
(Englund et al., 2005).

• Basal radial progenitors

Basal radial glia (bRGs) or outer radial glia possess one long basal process, attached to the pial
surface (Hansen et al., 2010). Like RGs they express the proliferative marker Pax6 but do not
express Tbr2 like intermediate progenitors. However, bRGs lack an apical process and are therefore
not attached to the ventricular surface (Hansen et al., 2010). They are abundant in primates, where
they are considered to contribute to the development of gyri and sulci, but have also been described
gyrencephalic species such as the ferret and even in lissencephalic mice (Fietz et al., 2010; Wang et
al., 2011). In species, where bRGs are present, the SVZ is greater in size and specializes into inner
SVZ (ISVZ) and outer SVZ (OSVZ).
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Figure 16: Features of progenitor cells and modes of cell division.
A. Features of neuroepithelial cells, radial glial cells and intermediate progenitors. In neuroepithelial
cells, interkinetic nuclear migration spans the entire apical–basal axis of the cell, with the nucleus
migrating to the basal side during G1 phase, being at the basal side during S phase, migrating back
to the apical side during G2 phase, and mitosis occurring at the apical surface. Neuroepithelial cells
are attached both at the apical and at the basal surface. In radial glial cells, the basally directed
interkinetic nuclear migration does not extend all the way to the basal side (that is, through the
neuronal layer to their pial end-feet), but is confined to the portion of the cell between the apical
surface and the basal boundary of the ventricular zone or the subventricular zone (not shown).
RGs remain attached to the apical surface and extend a long fiber attached to the pial surface
that will guide neurons during their migration. In basal progenitors, the nucleus migrates from the
apical surface to the basal boundary of the ventricular zone (dashed line) or subventricular zone
(not shown) for S phase and mitosis, and this is concomitant with the retraction of the cell from
the apical surface. Figure from Götz and Huttner, 2005. B. Symmetrical and asymetrical modes of
division. Symmetric division yields two progenitor cells (PG), whereas asymmetric division yields
one progenitor daughter and one differentiating daughter cell (neuron). Figure from Paridaen and
Huttner, 2014.
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BRGs play a role in the radial fiber scaffold by adding radial fibers and increasing it (Borrell
and Götz, 2014) (Figure 17). Additionally, bRGs contribute to cortical neurogenesis. They can
undergo both proliferative symmetric and self-renewing asymmetric divisions to generate neuronal
progenitor cells that proliferate further (Hansen et al., 2010). In asymmetric divisions, the daughter
cells often proliferates further before differentiation expanding the OSVZ progenitor pool.

Figure 17: Divergence of radial fibers and cerebral cortex expansion.
a) Lissencephalic species have few bRGCs (green), and the radial migration of neurons (blue)
mostly follows the parallel trajectories of radial fibers from aRG (red). (b) Gyrencephalic species
have many bRGCs, which increases the number of radial fibers starting at basal positions, hence
causing the divergence of the entire scaffold. This creates new routes for the radial migration
of neurons, favoring their lateral dispersion (dashed pink lines) and the expansion of the cortical
surface area. Figure from Borrel and Gotz, 2014.

2.2.2 Microtubules and centrosome in neurogenesis

The generation of the correct amount neurons relies on the size of the initial pool of progenitors,
which can be regulated by a correct balance between proliferation and differentiation indeed, but
also by the rate of proliferation and the survival of progenitors. This balance between proliferative
and asymmetric divisions of progenitor cells, is controlled by the cooperative actions of several
mechanisms, including apico-basal polarity of progenitors, spindle orientation during division, cen-
trosome inheritance by daughter cells and interkinetic nuclear migration. Additionally, extracellular
cues integrated by progenitor cells through the structure of the primary cilium regulate their mode
of division. Disruptions in these mechanisms have been shown to desequilibrate the balance of
proliferative/differentiative divisions, leading to neurodevelopmental disorders. A strong implica-
tion of the centrosome in neurogenesis has been highlighted by the identification of mutations in
centrosomal components in subjects with autosomal recessive microcephaly, a congenital disorder
characterized by significantly reduced brain size (reviewed in Gilmore and Walsh, 2013). The
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list of genetic loci identified in primary microcephaly is constantly increasing and contains up-to
date 17 loci, named MCPH1-17 (Duerinckx and Abramowicz, 2018). Genes at these loci are for
example MCPH1 (microcephalin), CDK5RAP2, CENPJ, STIL (SCL-interrupting locus protein),
WDR62 (WD repeat domain 62), CEP152, CEP135, CEP152, CEP57, ASPM (Abnormal Spindle
like microcephaly-associated) (Desikan et al., 2017; Gilmore and Walsh, 2013). All of these mi-
crocephaly genes have been implicated in different steps of progenitor division that will be further
detailed in the following paragraphs.

• Cleavage plane orientation-regulation of symmetric versus asymmetric divisions

During early development, apical progenitors will mainly undergo symmetric divisions maintaining
the progenitor pool. One mechanism implicated in the control of symmetric versus asymmetric divi-
sions is believed to be the cleavage plane, dependent upon spindle orientation and polarity proteins
(Lancaster and Knoblich, 2012). In the mammalian cortex vertical cleavage plane perpendicular to
the ventricular surface has been associated with early symmetric divisions in progenitor cells (Lan-
caster and Knoblich, 2012). During later stages of development, spindle orientation appears to be
less determining for daughter cell (Kosodo et al., 2004). However, horizontal cleavage planes, paral-
lel to the ventricular surface, appear to play a role in the generation of intermediate progenitors and
outer radial glia (LaMonica et al., 2013; Postiglione et al., 2011). Cleavage plane is thought to play
a role in centrosomal inheritance and fate-determination of daughter cells. During the cell cycle,
the centrosome replicates in a semi-conservative manner giving rise to one centrosome containing
the older mother centriole (mother centrosome) and one containing the newly maturated mother
centriole (daughter centrosome). Centrosomes with differently aged centrioles exhibit different bio-
physical properties such as microtubule anchorage and ciliogenesis capacities (Wang et al., 2009).
The centrosome containing the older mother centriole thus presents with stronger microtubule an-
choring activity that would facilitate its anchoring at a specific site, which could contribute to
proper mitotic spindle orientation. In assymetric division, the daughter cell inheriting the mother
centrosome tends to remain proliferative, while the one inheriting the daughter centrosome would
initiate differentiation and quit the VZ (Wang et al., 2009; Yamashita et al., 2007).

The orientation of the mitotic spindle and cleavage planes are regulated on one hand by the
centrosome, and on the other, by astral microtubules and interacting proteins. The integrity of
the centrosome and spindle poles therefore appears to be crucial for the proper orientation of the
mitotic spindle. Disruption of centrosomal components such as CDK5RAP2 and Centromere Pro-
tein J (Cenpj) has been shown to lead to misorientation of the spindle pole in neuronal progenitors
(Bond et al., 2005). Deletion of Cdk5rap2 in mice leads to loss of centrioles, detachment of RGs
from the ventricular zone and their subsequent apoptosis (Insolera et al., 2014). Additionally,
knockdown of CDK5RAP2 alters centrosome adhesion and leads to centriole splitting (Graser et
al., 2007). Loss of the Cenpj orthologue in Drosophila results in loss of centrioles and disruption
in asymmetric divisions, even though this does not abolish the development of flies (Basto et al.,
2006). MCPH1 and WDR62 have also been shown to localize at bipolar spindle poles and partic-
ipate in their stabilization and proper alignment (Bogoyevitch et al., 2012; Gruber et al., 2011).
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Deficient activation of MCPH1 alters the spindle alignment resulting in abnormal cell cycle and
premature mitotic entry (Gruber et al., 2011). Depletion of WDR62 results in abnormal centroso-
mal inheritance by daughter cells and reduced proliferation rates en mouse embryos (Bogoyevitch
et al., 2012). Additionally, phosphorylation of WDR62 by Aurora A has been shown to be crucial
for chromosome alignment and spindle organization (Lim et al., 2016). Together, these data show
that abnormal organization, integrity and adhesion of the centrosome affect neurogenesis and cause
cortical malformations. Interestingly, another mechanism implicated in these pathologies appears
to be abnormal amplification of the centrosome (discussed in Marthiens and Basto, 2014). Plk4,
a functional homologue of the human PLK1, localises at centrioles and is a key regulator their
duplication in mammals (Habedanck et al., 2005). Overexpression of Plk4 leads to centrosome
amplification, delay in mitosis and subsequent cell death of the resulting aneuploid cell in both flies
and mice (Marthiens et al., 2013). Similarly, truncating mutations in STIL, a centriole duplication
factor associated autosomal recessive primary microcephaly, cause centrosome amplification (Ar-
quint and Nigg, 2014). Thus, increased centrosomal number and apoptosis could provide another
explanaition for the pathophysiology of microcephaly disorders.

Regulation of microtubule dynamics and stability is the second crucial component for proper
spindle positioning. For example, doublecortin (DCX), a microtubule-associated protein expressed
by neuronal precursors and immature neurons, which regulates microtubule dynamics, has been
shown to mediate the correct spindle orientation (Pramparo et al., 2010). Astral microtubules
are nucleated from MTOCs and anchor the mitotic spindle to the cell cortex via dynein and
the LGN/Gai/NuMa complex (Leucine-glycine-asparagine repeat protein/GDP-bound inhibitory
a-subunits of heterodimeric G proteins/Nuclear and mitotic apparatus protein) (Peyre et al., 2011).
Orientation of the mitotic spindle is then driven by cortical forces exerted on astral microtubules
(Thery et al., 2007) though the dynein-dynactin/Lis1/Nde1 complex (Feng and Walsh, 2004;
Nguyen-Ngoc et al., 2007; Siller and Doe, 2008), pulling the spindle into position. At the cell
cortex, astral microtubules interact with subcortical F-actin and myosin-II filaments (Sandquist et
al., 2011).

• Interkinetic nuclear migration

Oscillation of the nucleus between the apical and the basal surface during the cell cycle is a hallmark
of apical progenitors. Nuclei will move away from the apical surface during G1 phase, then complete
the S phase at the basal lamina only to return back to the ventricle lamina during G2 phase where
they undergo mitosis (Figure 19). Throughout the cell cycle, however, the centrosome of APs
remains at the apical membrane where it participates in the structure of the primary cilium. This
implies that the nucleus is directed away from the centrosome during G1 and S phases and then
returns in its proximity during G2 phase (Taverna and Huttner, 2010).

The exact molecular mechanisms regulating interkinetic nuclear migration (INM) remain how-
ever not fully understood. It has been shown that the cytoskeletal machinery plays an important
role in it. Microtubules have been pointed out as an essential structure for INM, which is abolished
in their absence (Messier and Auclair, 1973). Thus, despite the lack of physical proximity between
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the nucleus and the centrosome during the initial phases of mitosis, centrosome-nucleated micro-
tubules participate in the apico-basal movement of the nucleus. The nucleus is in fact transported
along microtubules as a cargo, a mechanism mediated by cytoplasmic dynein-dynactin complex
and kinesin-family members (Baye and Link, 2008).

Figure 18: Regulation of spindle orientation.
Spindle orientation in symmetric versus asymmetric divisions is regulated by centrosomal protein
and spindle orientation complexes in vertical and oblique divisions of vertebrate APs. Figure from
Paridaen and Huttner, 2014.

Microtubules in APs have their minus ends anchored at the centrosome (Reinsch and Karsenti,
1994), kinesins will promote basal-oriented movement, while the dynein-dynactin complex will drive
the nucleus back to the apical surface before cell division. In line of this ideas, RNAi specific for
cytoplasmic dynein was shown to inhibit apically-directed INM, while inhibition of the KIF1A
kinesin disrupted basally-directed movement of the nucleus (Tsai et al., 2010).

Disruption of apical INM with dynein RNAi inhibited mitotic entry of RGs (Tsai et al., 2010).
Inhibition of basal INM by Kif1a RNAi, on the other hand, did not affect cell cycle progression
of RGs even though it significantly reduced neurogenic divisions (Carabalona et al., 2016). These
results point to a role of INM in the balance between symmetric and asymmetric divisions, but the
exact purpose of this movement remains unexplained.

Coupling of the nucleus to the dynein-dynactin complex is mediated by LIS1 and Nde1, which
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are also regulators of dynein activity (McKenney et al., 2010; Wynshaw-Boris and Gambello, 2001).
LIS1 downregulation abolishes INM of neuroepithelial cells (Gambello et al., 2003; Tsai et al., 2005).
Similarly, shRNA of NDE1 in embryonic rat brains blocks apical nuclear migration leading to cell
cycle arrest and accumulation of RG somas at the ventricular surface (Doobin et al., 2016).

At the nuclear membrane, the SUN-domain proteins Sun1 and Sun2 together with the KASH-
domain proteins Syne-1/Nesprin-1 and Syne-2/Nesprin-2 will provide anchor in the nucleus for
the cytoplasmic dynein-dynactin complex, linking the nucleus to the microtubule transportation
machinery (Zhang et al., 2009).

• Primary cilium

Primary nonmotile cilium, a slender microtubule protuberance, is a sensory organelle located at
the apical region of NE and RG cells, but also present in neurons. By projecting into the ven-
tricular lumen, this organelle functions as an antenna and allows progenitor cells to detect various
extracellular signals from the cerebro-spinal liquid (Lehtinen et al., 2011). Primary cilia play a
modulatory role in the neurodevelopmental signaling pathways such as Shh and Wnt (Han et al.,
2008). Cilia are formed during interphase and consist of a nine doublet microtubule backbone,
called the axoneme, surrounded by the ciliary membrane. The axoneme is formed from the basal
body structure derived from the mother centriole (Abou Alaiwi et al., 2009). Anterograde and
retrograde transport of particles within the axoneme extend and maintain the cilium and are medi-
ated by intraflagellar transport (IFT) protein complexes (Kozminski et al., 1993). IFT-A complex
together with dynein motors transport cargo towards the basal body. IFT-B complex together
with kinesin-2 (Kif3 motor complex) are responsible for transport from the base towards the tip.
(Figure 20).

During cortical development, primary cilia are crucial for progenitor proliferation but also for
migration and differentiation of neuroblasts. The primary cilium has been shown to play a major
role in the establishment of apico-basal polarity in apical progenitors. The deletion of ARL13b,
a cilia-enriched small GTP-ase, led to loss of cilia and reversal in the apico-basal polarity of pro-
genitors and aberrant neuronal positioning (Higginbotham et al., 2013). Mutations in the kinesin
KIF2A, shown to localize at primary cilia and to play a major role in ciliogenesis, have been linked
to deregulated ciliogenesis and increased number of neuronal progenitors (Broix et al., 2017). Fur-
thermore, loss of Kif3a, another major component of primary cilia, alters cell cycle kinetics and
leads to abnormal expansion of neuronal progenitors (Wilson et al., 2012). Inversely, retarded cil-
ium disassembly, caused by mutations in the centrosomal-P4.1-associated protein (CPAP), triggers
premature differentiation of progenitors and leads to reduced progenitor pool (Gabriel et al., 2016).
In this context, it appears that the cilium plays a crucial role in the balance between proliferative
and neurogenic divisions and in the maintenance of the progenitor pool.
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Figure 19: Model of interkinetic nuclear migration and coordination with the cell cycle.
Upper panel : A. Directed nuclear migration is a balanced between the relative activity of plus-
end (dark blue) and minus-end (orange) oriented microtubule motor proteins. B. Model showing
proteins known to function during nuclear anchoring and nuclear migration in various contexts.
SUN-domain proteins (red); KASH-domain proteins (green); Dynein-dynactin (orange). Nucleus
(blue) is shown with the nuclear lamina (grey). ONM, outer nuclear membrane; INM, inner nuclear
membrane; NPC, Nucleopore complex. Figure from Baye and Link, 2008.
Lower panel : Schematic representation of INM in embryonic rodent brain. The bidirectional
nuclear movement is driven by Kif1a and cytoplasmic dynein. Following mitosis at the ventricular
surface, the RGP nucleus is shown driven basally during G1 by Kif1a (purple) speculated to act from
the nuclear envelope during G1. After S-phase, the G2 nucleus is driven apically by cytoplasmic
dynein (red). The two sequential pathways of dynein recruitment to the nuclear envelope are also
shown in red. Near-unidirection microtubules serve as tracks for directed nuclear migration (blue
arrows;+ sign indicates the orientation of most microtubule plus ends in the VZ region of RGPs).
Figure from Dantas et al., 2016.

Cilia have been further implicated in connectivity formation and dendrite outgrowth in pro-
jection cortical neurons (Arellano et al., 2012). In migrating interneurons, a short primary cilium
mediates integration of Shh signaling and guides interneuron reorientation from tangential migra-
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tory streams toward the cortical plate (Baudoin et al., 2012).
Alterations in the structure of primary cilia due to genetic mutations in ciliary components

are associated to a complex group of pathologies named ciliopathies. Ciliopathies represent a wide
spectrum of rare diseases affecting multiple organs and tissues in which the cilium is essential
(Hildebrandt et al., 2011; Lancaster and Gleeson, 2009). In the brain, disrupted cilia have been
linked to neurodevelopmental disorders linked to cognitive deficits and intellectual disability but also
with neuropsychiatric disorder such as autism spectrum disorder and schizophrenia (Hildebrandt
et al., 2011; Lancaster and Gleeson, 2009; Louvi and Grove, 2011).

Figure 20: Structure of the primary cilium.
Kinesin 2 (with its major component Kif3a) transports cargo in an anterograde direction toward the
tip of the cilium, while dynein heavy chain 2 (Dychc2) travels in the retrograde direction toward the
base of the cilium. Membrane cargo, like rhodopsin, is first loaded into a vesicle and transported
to the basal body from the Golgi by dynein 1. Vesicles then fuse with the cilia membrane and
membrane bound cargo is transported along the ciliary length by Kif3a and dynein 2. Inset:
schematic of a primary cilium cross-section revealing 9+0 architecture. Figure from Lancaster and
Gleeson, 2009.
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2.3 Neuronal migration

After their generation in the proliferative ventricular and subventricular zones, newborn neurons
will reach their final position within the cortical wall by neuronal migration. Neuroblasts originating
from the dorsal VZ and SVZ will migrate radially (Rakic, 1972), while those originating from the
medial and caudal ganglionic eminences will migrate tangentially (Anderson et al., 1997) (Figure
21). The formation of the six-layered structure of the cortex will be achieved in an “inside-out”
fashion and the deepest layers are the first to be formed (Marin and Rubenstein, 2003). Earlier born
neurons will occupy inner layers, while neurons born later will migrate past them and progressively
from the outer layers.

The first cohort of migrating neurons will quit the proliferative zones at around E11 in mice
and form the preplate. This first cohort is constituted by the Cajal-Retzius cells (CR), described
first by Ramon y Cajal in 1890 and by Gustav Retzius in 1893. CRs are the first neurons to appear
in the telencephalon, generated between E10 and E12 in mice. They will occupy the outer most
layer of the developing cortex. It is considered that CR have mainly a regulatory function during
cortical development. They participate in the control of neuronal migration and lamination by
secreting extracellular signaling molecules such as the large glycoprotein reelin (RELN) (Derer et
al., 2001; Marin-Padilla, 1998). Reelin will act as a signal for migrating neurons, guiding them
to their final position in the cortical wall and promoting their detachment from radial glial cells.
With development, the majority of CR will disappear both in mice and in human (Chowdhury et
al., 2010; Soda et al., 2003) consistent with a mainly regulatory role.

At around E13, a second wave of migrating neurons will split the preplate into the superficial
marginal zone, occupied by the CRs, and the subplate. With the peak of migration (E13-E16)
subsequent waves of migrating neurons will form the different layers of the cortex (Hatten, 1999).
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Figure 21: Migration in the mammalian cortex
Relative timelines of conserved cortical development hallmarks in human, primate and mouse (left
panel). Schematic representation of the developing rodent cortex (right panel). The central ner-
vous system is mainly composed of two types of neurons: inhibitory interneurons and excitatory
projection neurons. They originate in the medial ganglionic eminence in the ventral telencephalon
and in the dorsal telencephalon in the ventricular zone of the cortex, respectively. Post-mitotic
interneurons have to migrate upwards following a path that is tangential to the surface of the
cortex. Post-mitotic projection neurons migrate radially to reach their final location and further
settle within the cortical thickness following an inside-out pattern. The younger neurons settle in
lower layers, whereas the latter neurons integrate in higher layers. Insets depict migrating cells at
a higher magnification. Figure from Jaglin and Chelly, 2009.

2.3.1 Radial migration

During early stages on cortical development, projection neurons migrate away from the ventricular
surface by somal translocation (or nuclear translocation). At these early stages the developing
cortex is still thin and migration distances are short. Neurons will extend a process with branched
ends and anchor it to the pial surface. The process will then shorten, pulling up the cell body in
its direction (Book and Morest, 1990; Nadarajah et al., 2001).

Later on, a more complex way of migration takes place for pyramidal neurons, as the future
neocortex thickens, the radial glia- guided locomotion (Noctor et al., 2004; Tabata et al., 2009).
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In this mode of migration, unique to higher vertebrates, radial glial cells serve as guiding rails
for migrating neurons (Kriegstein and Noctor, 2004). Each RG has a long process that spans
the cortical wall and is anchored at the pial membrane. Migrating neurons will extend a short
unbranched leading process and adhere to these fibres (Figure 22). Light on mechanisms of glial
guided neuronal migration were first shed by studies in cerebellar granule cells (Edmondson and
Hatten, 1987; Komuro and Rakic, 1995). These studies have shown that during locomotion, neurons
will pass through several distinct phases as they move towards their final destination.

During the initial phase of radial migration, new-born neurons will detach from the VZ and
move to the SVZ and the lower IZ, where they will remain for a period of 24h. During this period
neuroblasts will adopt a characteristic multipolar morphology, extending and retracting processes
in all directions, exploring their microenvironment for environmental cues that will guide them to
the cortical plate (Noctor et al., 2004; Valiente and Marín, 2010). One process will continue to
extend and will form the leading process, while another one will form the trailing process which
will further develop into the axon. After stabilization of the leading process, neurons will adopt a
bipolar morphology and start migrating along the fibers of RGs (Nadarajah et al., 2001; Noctor
et al., 2004). During this stage, locomotion is achieved by a translocation of the nucleus into the
leading process followed by a translocation of the soma (termed nucleokinesis). During this process,
the centrosome in neurons first positions ahead of the nucleus within the leading process and then
nucleates microtubules that extend backward to the nucleus and form a perinuclear cage (Rivas
and Hatten, 1995) and forward within the leading process. This microtubule cage that couples the
nucleus to the centrosome and the leading process is considered to be one of the driving forces for
nucleokinesis. Finally, the trailing process of the neuron is retracted. The two step cycle of leading
neurite extension and nucleokinesis will be repeated until the neuron reaches the upper-most part
of the cortical plate (Morris et al., 1998; Tsai and Gleeson, 2005). Once neurones have attained
their target position within the cortical plate, just below the marginal zone, they will attach their
leading process to the pial surface, detach from radial glial fibers and undergo a terminal somal
translocation completing the process of migration (Nadarajah et al., 2001). This last step is critical
for neurons to overpass their predecessors and ensures the establishment of the inside-out lamination
of the cortical plate.

2.3.2 Tangential migration

Neurons originating from the subpallium will embark on one of two tangential routes. Neuroblasts
from the medial ganglionic eminences (MGE) will migrate to the neocortex and the hippocampus.
Neuroblasts from the lateral ganglionic eminences (LGE) will migrate to the olfactory bulb consti-
tuting the rostral migratory stream (Kriegstein and Noctor, 2004; Marin and Rubenstein, 2003).
Similarly to pyramidal neurons, interneurons that migrate tangentially, exhibit a two phase move-
ment with extension of the leading neurite and subsequent nucleokinesis, however without using
the glial scaffold as guiding rails.

In migrating interneurons, the extension of the leading process is followed by forward movement
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of the centrosome and additional cytoplasmic organelles (Golgi apparatus, mitochondria and rough
endoplasmic reticulum) in it, which thus forms a swelling (Bellion, 2005). The movement of the
centrosome is associated with the splitting of centrioles and the elongation in a linear conformation
of the Golgi apparatus. Once distanced from the nucleus, the Golgi folds up again and centrioles
reassemble.

Figure 22: Representation of radial migration.
The post-mitotic neuron (in dark blue) migrates (dark blue arrows) through a series of morpho-
logical stages toward the CP: (1) migration to the IZ; (2) stationary multipolar neuron state; (3)
migrating bipolar neuron; and (4) same stage showing axon elongation. Structures shown are not
to scale: Centrosomes in red; nucleus in light blue. VZ: ventricular zone; SVZ: subventricular zone;
IZ: intermediate zone; CP: cortical plate. Figure from Dantas et al., 2016.

2.3.3 Migration in the hippocampus

The hippocampus is a structure in the temporal lobe of the brain of vertebrates, below the cerebral
cortex from whose sensory areas it receives direct and indirect inputs. The hippocampal formation
comprises the dentate gyrus, the hippocampus proper and the subiculum, presubiculum and para-
subiculum (grouped under the term subicular complex). The dentate gyrus has a characteristic U
shape and is the most inner part of the hippocampal formation. The hippocampus proper has four
anatomical regions (cornu ammonis): CA1, CA2, CA3 and CA4 of which CA1 and CA3 are the
largest and most easily identified (Figure 23). Horizontally, these regions are divided into several
layers: stratum oriens, stratum pyramidale (the proper pyramidal layer), stratum radiatum and
stratum lacunosum-moleculare (exclusive to the CA3 region).
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Figure 23: Structure of the hippocampus.
Schematic representation of mouse hippocampus: (A) Sagittal view and (B) coronal view. Image
from Pépin et al., 2017.

Neuronal migration of pyramidal neurons in the hippocampus is partially similar to the one
in the neocortex. Neuroblasts are born in the germinal ventricular zone of the hippocampal pri-
mordium at around E14.5 in mice (Angevine, 1965) and will the migrate radially along radial glia.
Instead of six, the hippocampus has one relatively homogenous cell layer, the stratum pyramidale
(Li and Pleasure, 2014). After their generation in the VZ, hippocampal neuros will migrate through
the SVZ in a multipolar migration mode (Nakahira and Yuasa, 2005). Neurons will sojourn for
about 4 days in the subventricular and intermediate zones. In the IZ, they will adopt a bipolar
morphology and initiate glial guided locomotion through the hippocampal plate (Kitazawa et al.,
2014). Finally, near the marginal zone they will detach from glial fibers and undergo a terminal
somal translocation. Even though overall neuronal migration in the hippocampus and in the neo-
cortex appear similar, recent videomicroscopy studies have pointed out several major differences
such as migration rate, migration mode and alignment pattern (Hayashi et al., 2015). Migration
speed is much higher for neocortical than for hippocampal neurons and therefore migration rates of
hippocampal neurons (4-5 days) are slower than those of neocortical neurons (1-2 days). This is sug-
gested to be linked to the higher number of Cajal-Retzius cells and therefore higher concentrations
of reelin in the hippocampal marginal zone (Nakahira and Yuasa, 2005).

Furthermore, during glial guided locomotion in the CA1 region, migrating neurons continually
extend and retract leading processes. One leading process attaches to a radial glial fiber and the
cell soma will move within it, trigerring forward displacement of the neuron. After this step, a
new leading process will extend and attach to another radial glial fiber, again followed by the
movement of the cell soma. Repetition of this process drives migration of pyramidal neurons in
the CA1 region of the hippocampus. In contrast to neocortical migration, hippocampal neurons
will change the guiding radial glial fiber and move in a zig-zag manner, termed “climbing mode” of
migration (Kitazawa et al., 2014) (Figure 24). Finally, in the hippocampal CA1 stratum pyramidale,
neurons with different birthdates are mixed. More precisely, migrating hippocampal neurons are
progressively organized into discrete horizontal, but not vertical inside-out, clusters (Xu et al.,
2014). This is hypothesized to be due to fact that the stratum pyramidale is expending horizontally
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Figure 24: Migration in the hippocampus.
A schematic representation of the migratory behavior of neocortical and hippocampal cells. SEP
cells accumulate in the hippocampal MAZ, where they transform into spindle-shaped cells with
multiple processes. As they migrated through the SP, they retain several processes that are in
contact with radial fibers. Their cell bodies do not have extensive contact with radial fibers.
The cell bodies ofthe migrating cells translocate several times and change their scaffolds from the
original radial fibers to other radial fibers until they reached the top of SP. SO, Stratum oriens;
SP, Stratum pyramidale; SR, Stratum radiatum; MAZ, multipolar cell accumulation zone. Figure
from Kitazawa et al., 2014.

rather that vertically during development and is not as nearly as thick as the cortical plate (Hayashi
et al., 2015).

For pyramidal neurons of the CA3 region, neurogenesis occurs earlier that for the CA1 region
(Bayer, 1980). After generation, however, neurons from the CA3 region will spend a longer period
in a multipolar state within the IZ, than neurons from the CA1 (Nakahira and Yuasa, 2005). At
E18.5 in mice, CA3 pyramidal neurons will still present a multipolar morphology, however, the
exact reason for this prolonged multipolar state still remains undetermined. Lastly, CA3 neurons
are considered to exhibit different migration modes according to their birthdate with earlier-born
neurons migrating radially and later-born neurons migrating tangentially (Hayashi et al., 2015).

2.3.4 Microtubules and centrosome in neuronal migration

During migration, extracellular guiding cues are interpreted through receptors and their integration
relies on Rho-type small GTP-ases which will trigger various intracellular cascades (Luo, 2000).
Neurons will receive various extracellular cues from diverse origins. As previously discussed, Cajal-
Retzius cells in the marginal zone will secrete reelin, which will bind to receptor complex VLDLR
(very low-density lipoprotein receptor)/LRP8 (low-density lipoprotein related receptor 8, formerly

38



2 CORTICAL DEVELOPMENT

APOER2) (D’Arcangelo et al., 1995; Hiesberger et al., 1999). The Reelin signal is then transmitted
via the intracellular signaling adaptor DAB1 and activates signaling cascades involving nectins, af-
filins, Fyn and cadherins (Arnaud et al., 2003). These signaling pathways will ultimately converge
onto the cytoskeleton, modulating its organization and coordinating nuclear movement and cell
shape and adhesion (Beffert et al., 2004; Franco et al., 2011; Jiang and Nardelli, 2016) (Figure 25).
Both microtubules and actin filaments are believed to operate synergistically to promote the im-
portant morphological changes that radial and tangential migrating neurons undergo, even though
the exact mechanisms are not yet entirely clear (Cooper, 2013; Ayala et al., 2007; Higginbotham
and Gleeson, 2007). Actin polymerization directs the formation of growth cones and generates
pulling forces during nucleokinesis. Microtubules will mediate stability and structure of growing
neurites on one hand, and link the centrosome to the nucleus during nucleokinesis, on the other
hand. A fine regulation of microtubule dynamics is therefore crucial for neuronal migration and
several microtubule associated proteins have been identified as major regulators of this process
(Vallee et al., 2009). In the following paragraphs, details of the cellular and molecular mechanisms
of neuronal migration will be focused mainly on the microtubule cytoskeleton.

• Multipolar to bipolar transition

Morphological transitions in developing neurons are highly dependent on microtubules for intracel-
lular transport to specific sites, mechanical forces and local signaling. During the multipolar phase,
neurons will extend multiple leading processes. Extension can proceed from the extremity of the
axon through formation of a growth cone, or from dendrites through formation of dendritic tips.
Extension of processes is driven by the protrusion forces of both the actin and the microtubule
cytoskeleton. After growth of the leading process is initiated, the centrosome positions within it,
where it is considered to play a stabilization role. Blocking of the centrosome positioning within
the growing neurite results in the destabilization of the latter and failure in neuronal migration
(Higginbotham et al., 2006).

Furthermore, the transition from multipolar to bipolar morphology has been shown to be dis-
rupted by downregulation or mutations of LIS1 and cytoplasmic dynein (Tsai et al., 2005). LIS1
(Lissencephaly-1 or Platelet Factor Acetylhydrolase non-catalytic isofom b1-PAFAH1B1) is a highly
conserved protein which interacts with dynein. LIS1 additionally interacts with NDEL1 (Feng et
al., 2000) and then complexes with cytoplasmic dynein to modulate dynein-mediated intracellular
transport (Reiner et al., 1993). Even though LIS1 is ubiquitously expressed, its levels are particu-
larly high in developing and mature neurons (15 to 30 time more than in other cell types), which is
hypothesized to stimulate specific dynein functions in these cells (Smith et al., 2000). High levels
of LIS1 would upregulate dynein function in neurons, crucial for processes like neuronal migration
and connectivity formation.

In addition to a role in multipolar-bipolar transition, the LIS1/dynein complex has been shown
to play a role in the elongation of the trailing process that will become the axon (Smith et al., 2000;
Tsai et al., 2005).

• Locomotion of bipolar neurons
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Following leading process extension and stabilization, the centrosome localizes ahead of the nucleus.
At this point microtubules appear to be nucleated exclusively from the centrosome creating a
centrosome-centered radial array (Tsai et al., 2007). Centrosome-nucleated microtubules will extend
backwards and form a cage-like structure around the nucleus, and also forward into the leading
process (Hatten et al., 1995) (Figure 25). This configuration of the microtubule cytoskeleton is
considered to link the forces generated at the leading process to the nucleus and thus underlie the
forward displacement of the neuron (Kuijpers and Hoogenraad, 2011).

Factors like LIS1, NDEL1, DCX and dynein have been identified as crucial for the centrosome-
nucleus coupling microtubules remodeling during nucleokinesis (Feng et al., 2000; Sasaki et al., 2000;
Tanaka et al., 2004; Vallee et al., 2009). Aditionally, microtubule integrity and structure as well
as the fine regulation of their dynamics have all been shown to be crucial for neuronal migration.
Mutations in tubulin subunits, but also in proteins interacting with microtubules, MAPs, and
folding factors have been linked to disrupted neuronal migration in cortical malformations (Desikan
et al., 2017).

In migrating neurons the LIS1/NDEL/dynein complex localizes at the centrosome and along
microtubules and has been shown to regulate both centrosome movement into the leading process
and subsequent nuclear translocation (Tsai and Gleeson, 2005; Vallee et al., 2009). Disruption of
LIS1 leads to defects in neuronal migration due to abnormal nucleokinesis in both radially and
tangentially migrating neurons (McManus et al., 2004; Tanaka et al., 2004). A model has been
proposed in which the Syne-1/2-SUN1/2 nuclear membrane proteins play a role in attaching the
nucleus to the cytoskeleton via LIS1 and cytoplasmic dynein, which will then drive the movement
of the nucleus along microtubules towards the centrosome (Zhang et al., 2009). It has been sug-
gested that together with this dynein mediated nucleus-pulling force, a force exerted by myosin-II
concentrated at the rear of the nucleus pushes the nucleus forward (Schaar and McConnell, 2005).
Thus dynein and myosin-II appear to cooperate during nucleokinesis.

The distribution of LIS1/NDEL1 complex and its interaction with cytoplasmic dynein are highly
regulated on various levels. NDEL1 contains specific phosphorylation sites targeted by CDK5 (a
serine-threonine kinase crucial for neuronal migration (Kwon and Tsai, 2000) and Aurora A and
is additionally regulated by posttranslational modifications (Mori et al., 2007; Niethammer et al.,
2000; Shmueli et al., 2010).

Doublecortin (DCX) is another protein required for proper neuronal migration. DCX is a
microtubule-associated protein which promotes microtubule stabilization, expressed specifically in
developing neurons. In migrating neurons, it localizes at the MT perinuclear cage (Gleeson et al.,
1999). Mutations in DCX, similarly to mutations in LIS1, have been linked to malformations of
the cerebral cortex due to disrupted neuronal migration (Dobyns and Truwit, 1995; Dobyns et
al., 1996). Furthermore, when Dcx is acutely inactivated in mice, the nucleus fails to follow the
centrosome within the leading process. This is explained by the uncoupling between the pulling
forces within the leading process and the nucleus (Corbo et al., 2002; Tanaka et al., 2004). DCX
and LIS1 display overlapping intracellular localization and have been shown to interact and bond
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cooperatively to microtubules (Caspi et al., 2000; Tanaka et al., 1999).

Finally, it should be noted that on some occasions the nucleus overtakes the centrosome dur-
ing locomotion. Live-cell imaging in migrating neurons from mouse cerebellar granule cells and
zebrafish rhombic-lip cells showed that the centrosome is not necessarily positioned ahead of the
nucleus (Distel et al., 2010; Umeshima et al., 2007). Similar phenomenon was also observed in
cortical projection neurons (Sakakibara et al., 2014). This lead to the hypothesis that the nuclear
translocation in the leading process might in some cases occur independently of the centrosome
suggesting the existence of additional centrosome-independent mechanisms. However, even though
the studies excluded the pulling effect of the centrosome as a major nucleokinesis driving force,
they highlighted that dynamic rearrangement of the nucleus-associated microtubules was crucial
for nuclear translocation within the leading process.

Figure 25: Steps in neuronal migration and molecules involved.
Extracellular cues, mediated by components of the extra-cellular matrix promote the various steps
involved in neuronal migration.a) Polarized extension of the leading process: RhoA inhibition by
PI3K enhances leading process outgrowth, microtubules plus ends (yellow) are recruited by cortical
actins (purple); in the intermediate segment of the leading process, microtubules are remodelled and
extended (purple arrow) upon Dab1 and Cdk5 signalling. b) Forward movement of the centrosome
(red rods) requires Par6/PKC and GSK3 activity. c) Nucleokinesis, which pulls the nucleus towards
the trailing process, and retraction of the cell rear process rely on the motor protein complex
(green) formed by dynein and interacting proteins, Lis1, Ndel1, Disc1 and Dcx, as well on myosin
II interactions with actin cytoskeleton in front and at the rear of the nucleus. Yellow arrows indicate
pulling forces at the cell front and rear. Figure from Jiang and Nardelli, 2016.
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2.4 Maturation and connectivity

During and after migration, neurons will maturate and extend axons and dendrites forming the
neural circuits of the cortex. As already discussed, the six layers of the cortex will be populated
by two major classes of neurons, projection glutamatergic neurons and GABA-ergic interneurons.
Interneurons will make local connections within the cortex, while glutamatergic neurons will send
their projections to both close by and distant targets.

According to their projection patterns, pyramidal neurons can be classified into three major
subtypes (Custo Greig et al., 2013) (Figure 26). Associative pyramidal neurons will extend their
axon within the same hemisphere. Commissural pyramidal neurons will project towards the con-
tralateral hemisphere through the corpus callosum (callosal projection neurons) or the anterior
commissure. Finally, corticofugal pyramidal neurons will project away from the cortex. It should
however be noted that neurons projecting to the same target-region can be found within differ-
ent layers, and additionally neurons from the same layer can project to multiple target and can
therefore be classified in more than one of the above mentioned categories.

In addition to their projection patterns, cortical pyramidal neurons can be classified according
to the array of the transcription factors they express (Molyneaux et al., 2007) (Figure 27). An
expanding set of markers with laminar and subtype-specific expression has been identified in recent
years. For example, markers like Cux1, Cux2 and Satb2 are specific for projection neurons residing
in the upper cortical layers II-IV (Alcamo et al., 2008; Molyneaux et al., 2007). Ctip2 and Tbr1
are hallmarks of projection neurons in the deeper cortical layers V and VI respectively (Arlotta et
al., 2005; Englund et al., 2005; Hevner et al., 2001).

Neurite formation is the first step towards the establishment of the cortical connectivity. After
their arrival at the layer of destination neurons will begin extending their axon towards the target
projection and will additionally extend apical dendrites towards the pial surface and basal dendrites
from their cell body. Various extracellular cues will orchestrate an array of intracellular signaling
pathways leading to neuritogenesis. Description of those signaling cascades will be omitted and the
following descriptions will mainly focus on the resulting cytoskeletal reorganizations.

• Neuronal polarity and axon specification

Axon specification occurs during neuronal polarization when the trailing process is formed. The
role of the centrosome during axon specification is a subject of extensive studies and controver-
sial results. Initially, it has been proposed that the centrosome will localize at the site of axon
outgrowth (de Anda et al., 2005; Bradke and Dotti, 1997). This would additionally coincide with
the localization of the Golgi apparatus. In this model, the centrosome will on one hand position
the Golgi and on the other stabilize microtubules at the base of the future axon, thus orchestrat-
ing the microtubule-dependent secretory transport and triggering polarization (Hoogenraad and
Bradke, 2009). However, more recent studies have suggested that axon specification is independent
of centrosome positioning (Distel et al., 2010; Nguyen et al., 2011).

• Elongation
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After specification, elongation of both axons and dendrites is directed by a structure named growth
cone, tipping their leading edge (Tessier-Lavigne and Goodman, 1996). The growth cone is a fan-
shaped structure with many long and thin spikes radiating forward. The fan-shaped sheets are called
lamellipodia and the spikes are called filopodia. The front part of the growth cone is responsible
for extracellular cue exploration and is enriched in actin (Yamada et al., 1971). The rear part
is characterized by extensive vesicular transport and is dense in microtubules. Microtubules will
allow the redistribution of membranes and organelles in the direction of growth. Upon stimulation
by extracellular guidance cues, microtubules will protrude into the front part of the growth cone
where they will exert a pushing force, which combined with the traction force of the actin filaments
will drive the forward extension of the neurite (Figure 27).

Even though microtubules and actin filaments are considered to be functionally linked in growth
cones, it has been shown that disruption of the actin cytoskeleton has only minor effect on neurite
elongation (Bentley and Toroian-Raymond, 1986; Marsh and Letourneau, 1984; Ruthel and Hol-
lenbeck, 2000). Microtubules, on the other hand are crucial for axonal growth (Letourneau et al.,
1987). In particular, transport along microtubules has been pointed out as central in the pushing
force at growth cones and disruption of microtubule interacting proteins such as plus-tip MAPs,
severing proteins or kinesins, results in defective neurite growth (Homma et al., 2003; Karabay et
al., 2004; Shi et al., 2004; Zhou et al., 2004).

• Branching

The final step of the formation of the neurite is its branching which will allow it to connect to
multiple postsynaptic targets. Branches are formed either by bifurcations of the growth cone, or
along the axonal shaft by formation of new branches (interstitial branching). In both cases, the
reorganization of the cytoskeleton at the base of the nascent branch will be of major importance
(Figure 28). Similarly, to growth cones, actin filaments will initially form a protrusion which will
then be invaded and consolidated by microtubules (Gallo, 2011). During this process, microtubules
in the axon shaft will undergo a local fragmentation at branch points, followed by repartitioning of
a portion of the microtubules into the branch (Yu et al., 1994).
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Figure 26: Diversity of projection neurons in the cortex.
Commissural projection neurons (A), project to the contralateral cortical hemisphere. Most cross
the midline through the corpus callosum (callosal projection neurons, CPN), while a smaller popu-
lation crosses through the anterior commissure. CPN reside primarily in layers II/III (~80%), with
fewer in layers V and VI (~20%), and extend axons to mirror-image locations in the same functional
area of the contralateral hemisphere, enabling bilateral integration of modality-specific information.
Associative projection neurons (B), present in all layers of the neocortex, project within a single
cortical hemisphere. This population includes short-distance intrahemispheric projection neurons,
which extend axons within a single cortical column or to nearby cortical columns (such as layer IV
granular neurons) and long-distance intrahemispheric projection neurons, which extend axons to
adjacent or distant cortical areas (such as forward and backward projection neurons). Corticofu-
gal projection neurons (CFuPN) (C), project away from cortex to subcortical targets and include
corticothalamic projection neurons (CThPN), which reside in layer VI, and subcerebral projection
neurons (SCPN), which reside in layer V. Figure from Custo Greig et al., 2013.
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Figure 27: Laminar- and subtype-specific genes in the mouse neocortex.
Schematic representation of cortical layers depicting the laminar-specific expression of 66 genes

within the neocortex. Dark blue and light blue indicate higher and lower relative levels of
expression, respectively. Genes for which laminar or subtype expression varies by area within the

neocortex are indicated by an asterisk. Figure from Molyneaux et al., 2007.
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Figure 28: Cytoskeletal changes during axon elongation and branching.
Representation of axon elongation and collateral branch formation in a cultured neuron. Axon
growth is a discontinuous process, and collateral branches often originate from sites where the
growth cone paused (gray dotted line), after it has resumed its progression. Other modalities of
branch formation can occur through the formation of filopodia and lamellipodia. Red box shows a
magnification of the main growth cone. Microtubules from the axon shaft spread into the central (C)
zone. Some microtubules pass through the transition (T) zone, containing F-actin arcs, to explore
filopodia from the peripheral (P) zone. Upon the proper stimulation by extracellular guidance cues
or growth-promoting cues, microtubules are stabilized and invade the P-zone where they provide
a pushing force, which, combined with the traction force from the actin treadmilling, provides the
force required for growth cone extension. Green box shows the cytoskeletal changes occurring during
collateral branch formation in the axon. Filopodia and lamellipodia are primarily F-actin–based
protrusions that get invaded by microtubules, then elongate upon microtubule bundling. Figure
from Lewis et al. 2013.
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3 Malformations of cortical development

Alterations in the fine regulation of one or more of the previously described steps of cortical devel-
opment can result in neurodevelopmental disorders, such as malformations of cortical development,
causing brain dysfunction, manifesting through developmental delay, neuropsychiatric problems
and impaired motor function. Malformations of cortical development (MCDs) are a class of con-
genital neurodevelopmental disorders affecting the size and the folding of the cerebral cortex, usu-
ally detected by magnetic resonance imaging (MRI). MCDs represent a frequent cause of epilepsy
and intellectual disability. There are many causes for MCDs ranging from environmental factors,
metabolic and immune disorders, infectious diseases to physical trauma. However, with the ad-
vances of molecular biology, more and more MCDs are shown to have genetic origins (Figure 29).
Identification of causative mutations in multiple genes has not only greatly advanced our knowledge
about the pathophysiological mechanisms of MCDs, but has also given us an understanding of the
processes involved in normal cortical development.

3.1 Classification

There is a great diversity of MCDs and efforts have been made to classify them according the
clinical presentation in affected subjects (Figure 30), pathophysiological mechanisms and genetics
(Barkovich et al., 2012). Based on the earliest disrupted neurodevelopmental process, MCDs can be
classified in three groups: 1) MCDs related to abnormal proliferation and/or apoptosis; 2) Neuronal
migration disorders and 3) Secondary malformations due to postmigrational alterations (Desikan
and Barkovich, 2016). It should however be noted that those categories are often overlapping and
often multiple developmental processes are simultaneously affected. The majority MCD subjects
present with a spectrum of phenotypic features rather than with one isolated anomaly. Additionally,
a genetic variant can cause more than one clinical manifestation, and the same clinical appearance
can be underlied by different pathogenic mechanisms. Thus, it is difficult to establish an exact
gene-phenotype correlation and a definite classification has therefore not yet been established and
the current one is continuously updated. The following paragraphs list some of the major MCD
classes and the main identified causative mutations.

3.1.1 MCDs related to abnormal cell proliferation and apoptosis

This group comprises disorders due to reduced or increased proliferation of progenitors in addition
or not to reduced or increased apoptosis.

• Microcephalies

Microcephaly is characterised by reduced brain volume and is defined by the clinical finding of
a head circumference more than 2 standard deviations below the age and sex-related population
means. Microcephalies are usually due to anomalies in the cell cycle, the mitotic spindle orien-
tation and DNA segregation which in turn result in decreased proliferation and lower numbers

47



3 MALFORMATIONS OF CORTICAL DEVELOPMENT

of new-born neurons. The majority of causative mutations affect genes implicated cellular struc-
tures and pathways involved in cell division. They affect cell cycle progression (MCPH1, CENPJ,
CDK5RAP2, WDR62 ) (Bond et al., 2005; Thornton and Woods, 2009); centrosome duplication and
maturation (CDK5RAP2, CENPJ, STIL, NDE1 ) (Alkuraya et al., 2011) and mitotic spindle for-
mation (WDR62, NDE1 ) (Faheem et al., 2013; Thornton and Woods, 2009). Other genes involved
in the proper formation of the mitotic spindle and astral microtubules are also linked to micro-
cephaly. Causative mutations often affect tubulin subunits (TUBA1A, TUBB2B, TUBB3, TUBB5 )
or microtubule-associated proteins (LIS1, DCX, DYNC1H1, KIF2A, KIF5C ) (Bahi-Buisson et al.,
2014; Poirier et al., 2010, 2013).

• Megalencephalies

Megalencephaly is defined by an increased brain volume and a head circumference more than 2
standard deviations above the population mean. It is usually caused by reduced apoptosis and/or
excessive proliferation (Barkovich et al., 2012). Partial megalencephaly affecting only one hemi-
sphere or a part of a hemisphere is called hemimegalencephaly. The underlying genetics and the
molecular etiology of the disorder are still not entirely understood. Several causative mutations
have been identified in proteins of the mTOR pathway involved among others in cell growth, pro-
liferation and survival, such as TSC1, TSC2, AKT, PIK3CA (Crino, 2009; Lee et al., 2012; Riviere
et al., 2012).

• Focal cortical dysplasia

Focal cortical dysplasia (FCD) comprises a heterogeneous group of cortical lesions encompassing
various alterations such as cortical lamination and architecture abnormalities, presence of hyper-
trophic neurons, of dysmorphic neurons and of immature neurons both in the white and grey matter
(Kabat and Król, 2012). The presence of these dysplastic abnormal neurons causes epilepsy and
FCD is considered to be the most common cause of medically refractory epilepsy. Genetic origins
remain not entirely understood but disruptions in the mTOR signalling pathways have been shown
to contribute to the physiopathology FCD (Desikan and Barkovich, 2016).

3.1.2 MCDs related to abnormal neuronal migration

• Lissencephalies

Lissencephaly is characterised by a reduction or absence of gyri associated with an abnormal layering
and thickening of the cortex. There are two main types of lissencephalies: type I or classical (related
to insufficient migration) and type II or Cobblestone (attributed to overmigration) (Desikan and
Barkovich, 2016).

Type I lissencephalies include agyria (complete absence of gyri), pachygyria (simplified gyra-
tion) and subcortical band heterotopia. These disorders have been shown to result mainly from
microtubule dysfunction and are highly associated with heterozygous missense mutations in tubulin
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subunit and MAP genes. Mutations in the tubulins TUBA1A, TUBB2B, TUBB3, in the motor
proteins KIF2A, KIF5C, DYNC1H1 and in other microtubule-regulating proteins (LIS1, DCX)
lead to impaired neuronal migration of disorganized radial glial scaffold (Bahi-Buisson et al., 2014;
Broix et al., 2018; Poirier et al., 2010, 2013; Romaniello et al., 2015). Resulting phenotypes are
often associated with white matter abnormalities such as absent or dysmorphic corpus callosum.

Subcortical band heterotopia, also known as double cortex syndrome, associates simplified gy-
ration with a heterotopic smooth band of grey matter in the superficial and middle portions of the
white matter. Subcortical band heterotopia was first described in patients with mutations in DCX
(Des Portes et al., 1998; Gleeson et al., 1998), but has since been linked to multiple mutations in
tubulin and MAP genes (Bahi-Buisson et al., 2014; Mutch et al., 2016).

Type II lissencephalies are characterized by a cortical surface with a granular aspect associated
to simplification of gyration. They are caused by disruption of the attachment of radial glial
fibers to the pial surface leading to an excessive migration of neurons in the arachnoid space. The
phenotype is often associated to demyelination, dysplastic cerebellum and brainstem hypoplasia
(Devisme et al., 2012). Patients also present with congenital muscular dystrophies and ocular
anomalies (Devisme et al., 2012). Causative recessive autosomal mutations have been identified
in six genes: POMT1, POMT2, POMGNT1, LARGE, FKTN and FKRP, all implicated in the o-
mannosylation of a-dystroglycan important for linkage of radial glia to the pial membrane (Barresi
and Campbell, 2006; Devisme et al., 2012).

• Heterotopias

Heterotopias are characterised by the presence of clusters of neurons in abnormal locations and can
vary greatly in location and size. The most common form is periventricular nodular heterotopia
(PNH). PNH is caused by the incapacity of neurons to initiate their migration which leads to
their accumulation in the vicinity of the ventricular zone. The most common genetic causes are
mutations in the filamin A gene (FLNA), an actin-binding protein, causing abnormal cytoskeleton
organisation and vesicular traffic (Fox et al., 1998; Parrini et al., 2006). Alterations in the mTOR
signaling pathway have also been implicated in PNH. A critical role in cortical development has
been demonstrated for the E3 ubiquitin ligase NEDD4L by the identification of several mutations
causing PNH, bilateral syndactyly, cleft plate and neurodevelopmental delay (Broix et al., 2016).

Other types of heterotopias include periventricular linear heterotopia presenting with smooth
layer of grey matter lining the ventricles, columnar heterotopia and large subcortical heterotopia.
Patients with heterotopias present with epileptic seizures originating from the heterotopic clusters.

3.1.3 MCDs related to abnormal postmigrational development

• Polymicrogyria

Polymicrogyria is a condition characterised by a cortex with too many but reduced in size gyri
(microgyri), associated to abnormal lamination (Leventer et al., 2010). Most patients present with
developmental delay, behavioural alterations, and epileptic seizures. Underlying pathophysiological
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Figure 29: Simplified illustration recapitulating major pathophysiological mechanisms involved
in cortical malformations.

Figure from Broix, 2016.

mechanisms are still poorly understood possibly because the condition seems to be multifactorial
and often associated to additional malformations such as microcephaly (Desikan and Barkovich,
2016). In this context, polymicrogyria was described as a feature in the phenotypic spectrum of
diseases caused by TUBB2B and TUBB3 (Bahi-Buisson et al., 2014; Jaglin et al., 2009).

• Schizencephaly

Schizencephaly is characterized by abnormal slits or clefts in the cortex which can occur one side
only or bilaterally. The pathology can lead to absence of large portions of the cerebral hemi-
spheres which are replaced by cerebro-spinal fluid. Patients with schizencephaly typically present
with delayed motor and cognitive development and epilepsy (Barkovich and Kjos, 1992). Initially,
mutations in the homebox EMX2 gene have been linked to schizencephaly (Brunelli et al., 1996;
Granata et al., 1997), but have later been pointed out as a rather uncommon cause (Hehr et al.,
2010; Ian et al.), highlighting that more work is needed to understand the etiology of this MCD.
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Figure 30: Malformations of cortical development.
Axial MRI images illustrating the wide range of morphologic characteristics of cortical malforma-
tions. Images from Desikan and Barkovich, 2016.
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3.2 Malformations of cortical development associated with variants in TUBG1

Pathogenic mutations in the g-tubulin gene TUBG1 have been described to cause cortical malfor-
mations. Up to date, 7 variants in TUBG1 have been described in a total of 11 patients, five of
which bear the same recurrent mutation (Brock et al., 2018; Poirier et al., 2013) (Figure 31).

A common phenotype shared by all the patients is reduced gyration, with 10 subjects pre-
senting with various degrees of pachygyria and one with agyria. Microcephaly was described for
6 patients. Moderate to severe ID, motor impairment and delayed speech and language develop-
ment were observed for all subjects for who data was available. Furthermore, 10 out of the 11
subjects presented with epilepsy (Figure 32). Mutations in TUBG1 were first identified in patients
with MCDs by whole exome sequencing (WES) in subjects with lissencephaly and polymicrogyria
(Poirier et al., 2013). After prior exclusion of known MCD genes, recurrent mutations in the same
gene were searched in unrelated patients with similar phenotypes. This led to the identification
of two mutations in TUBG1 : Tyr92Cys and Leu387Pro. Later on, targeting sequencing for vari-
ants in coding exons of TUBG1 lead to the identification of 5 additional mutations: Phe21Leu,
Asp239Tyr, Ile257Phe, Ser259Leu and Thr331Pro.

All 7 described variants are heterozygous missense mutations and all affected residues are pre-
dicted have a high degree of conservation and therefore potential deleterious effect. For seven of the
patients, the mode of inheritance was de novo; for two sibling patients, the mutation was inherited
from one of the parents carrying a germline mosaicism; and for two other patients, parental DNA
was unavailable. Interestingly, all 7 described mutations are either in the first or in the last exons of
the gene. Two of the mutations are located in exons 2 and 3, part of the N-terminal domain of the
protein. The five other mutations are located in the last 4 exons corresponding to the C-terminal
par of g-tubulin.

Given the small number of identified mutations, it remains hard to establish a correlation
between the position of the variant and the resulting phenotype or to conclude about the underlying
pathophysiological mechanism. According to the current template model of the gTuRC, g-tubulins
self-associate laterally through their N-terminus forming the ring structure, and form longitudinal
contacts at their C-terminus with the a/b-tubulin dimer (Greenberg et al., 2016; Kollman et al.,
2008). Interaction with GCPs has also been shown to be mediated by the C-terminal domain of
g-tubulin (Kollman et al., 2008). Within individual g-TuSCs, GCPs are predicted to interact with
g-tubulin through their C-terminal region comprising amino acids 515–536 and 617–632 (Guillet
et al., 2011). Corresponding interaction sites on g-tubulins are also predicted to be situated in
their C-terminal region and comprise amino acids 246–264, 315–319, 337, 341, 347–358, 379–383,
and 442–446 (Merdes et al., 2013) situated opposite to the nucleotide binding pocket. Two of the
identified mutations Ser259Leu and Ile257Phe are situated at this binding interphase between g-
tubulin and GCPs and it is therefore possible to hypothesize that they disrupt interactions within
g-TuSCs. The positions of the three additional mutations in the C-terminal domain of g-tubulin do
not correspond to the exact amino acids predicted to be in the binding pocket. However, two of the
mutations (Thr331Pro and Leu387Pro) result in substitution with proline, established as a potent
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breaker of both alpha-helical and beta-sheet structures (Li et al., 1996). It is therefore possible that
these two mutations disrupt local secondary structures thereby affecting the proper interactions
of the protein. At first glance, the Asp329Thr mutation does not seem highly deleterious for
secondary structure since both Asp and Thr amino acids are polar and uncharged. The mutation is,
nevertheless, situated at the surface of the protein and could therefore affect its proper interactions
(Brock et al., 2018). Two of the identified variants are situated at the N-terminal part of the protein
(Phe31Leu and Tyr92Cys), predicted to be mediating lateral contacts between g-tubulin from two
neighboring g-TuSCs, and could therefore destabilize these interactions.

Figure 31: Mutations in TUBG1 associated with cortical malformations.
Distribution of the identified variants in the TUBG1 gene. Linear (A) and 3D (B) representation
of the TUBG1 gene and protein showing the distribution of the described variants. The variant in
red in a represents the recurrent variant detected in four patients. Figure from Brock et al., 2018.
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Figure 32: Clinical features of patients with mutations on TUBG1.
Figure from Brock et al., 2018.54
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3.3 Animal models of MCDs

Two main approaches have been extensively used to study the pathophysiological mechanisms of
MCDs: 1) generation of mouse models and 2) In utero electroporation.

3.3.1 Injury-induced mouse models

Before the development of sophisticated molecular cloning techniques allowing the generation of
transgenic animals, rodent models of cortical malformations were generated by lesions or injuries
during embryonic development or at early post-natal stages.

Exposure of rat embryos at E17 to external radiation leads to diffuse cortical abnormalities in-
cluding microcephaly, altered lamination, corpus callosum agenesis and periventricular heterotopia,
resulting from neuronal migration disruption (Roper et al., 1995). Moreover, histology analysis has
further revealed neuronal heterotopias in the white matter just below the cortical plate and ad-
jacent to the hippocampus. The pyramidal layer in the CA1 field is altered and ectopic neurons
are found dispersed in the strata radiatum and oriens (Roper et al., 1995). Irradiated rats show
spontaneous seizure activity and learning and memory deficits (Shinji et al.; Zhou et al., 2011).

In the same fashion, placement of freezing probe on the skull on newborn (P0) rats produces
four-layered microgyria by destructing neurons and glial cells throughout the cortical plate (Rosen
et al., 1992).

Ethanol exposure either in-utero or postnatally was another tool for generation of rodents with
brain and cortical abnormalities (Chernoff, 1977; Diaz and Samson, 1980). Similarly, treatment
of pregnant rats with the alkylating agent methylazoxymethanol acetate (MAMAc) was shown to
(Jansen et al., 2015)result in microcephalies, disrupted intrinsic disorganization of the cortex and
hippocampal ectopias in the progeny (Dambska et al., 1982).

3.3.2 Transgenic mouse models

Transgenic animal models represent a powerful tool for the investigation of pathogenic mechanisms
of MCDs. Multiple mutations causing cortical malformation in humans have been engineered
in rodents or have been identified in spontaneously occurring mutant mice. Even though these
animal models do not entirely mimic the human pathology, their use has still greatly advanced
the understanding of physiology and pathophysiology of MCDs. The folowing paraphaphs list
only some of the currently available transgenic mouse models of MCDs, but many more have been
developed.

• Reeler mice

The reeler mouse, a spontaneously occurring mutant mouse, was first described in 1951 (Falconer,
1951) and is one of the oldest mouse models for the study of corticogenesis and neuronal migration.
In reeler mice, the cortical inside-out layering is inverted and neurons born late during development
occupy deep cortical layers (Imai et al., 2012). In addition, the cerebellum is severely hypoplas-
tic and heterotopias are present in the cortex and the hippocampus (Stanfield and Cowan, 1979).
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These anomalies are accompanied by motor behavioral deficits shown to originate from the cortex
(Nishibe et al., 2018). The reeler locus encodes the reelin protein secreted by the Cajal-Retzius
cells which serves as guidance cue for migrating neurons (D’Arcangelo et al., 1995). Reelin triggers
phosphorylation of Dab1 and abnormalities detected in Reelin and Dab1 mutant mice are indis-
tinguishable, confirming a common pathway (Yamamoto et al., 2009). The absence of reelin in
the reeeler mouse, as well as the absence of Dab1, cause abnormal migration in the neocortex, the
cerebellum and the hippocampus (D’Arcangelo and Curran, 1998; Honda et al., 2011).

• PTEN mice

An important model for focal cortical dysplasia are knock-out (KO) mice for the Pten (phos-
phatase and tensin homolog deleted on chromosome ten) gene, a major negative regulator of the
phosphatidylinositol-3 kinase (PI3K)/AKT pathway. Mutations in PTEN have been linked to
human cortical disorders including megalencephaly, focal cortical dysplasia, cognitive impairment
and epilepsy (Jansen et al., 2015). Several knock-out mice have been developed and they all share
the same primary features such as megalencephaly, hypertrophic neurons and abnormal cellular
proliferation in addition to severe epilepsy (Backman et al., 2001; Ljungberg et al., 2009; Sunnen
et al., 2011; Zhou et al., 2009). However, cellular anomalies in Pten KO mice are diffuse and do
not therefore strictly recapitulate the localized lesions observed in human subjects.

• TSC1/TSC2 mice

Another model for abnormalities in glial proliferation during early cortical development are rodents
with mutations in Tsc1 or Tsc2. These models have been created in attempt to mimic the autosomal
dominant genetic disorder Tuberous sclerosis complex (TSC), a disorder pathologically very similar
to focal cortical dysplasia and one of the major genetic causes for epilepsy (Chu-Shore et al., 2010;
Crino et al., 2006). Multiple mouse models with mutations in Tsc1 or Tsc2 have been developed
over the years (reviewed in Wong and Roper, 2016). Mice with heterozygous mutations do not
present with striking cortical abnormalities or seizures. However, conditional homozygous Tsc1 or
Tsc2 KO mice show severe pathological abnormalities and epileptic seizures.

• DCX mice

Dcx mice have been generated in the image of subjects with subcortical band heterotopia and
lissencephaly who have mutations in the DCX gene (Des Portes et al., 1998; Gleeson et al., 1998).
Dcx KO mice show no major cortical lamination defects, but present with a double pyramidal layer
in the CA3 are of the hippocampus (Corbo et al., 2002). Additionally, Dcx KOmice are hyperactive,
present with impaired learning and memory abilities and experience spontaneous convulsive seizures
arising from the hippocampal heterotopia (Corbo et al., 2002; Nosten-bertrand et al., 2008).

• LIS1 mice

Lis1 heterozygous KO mice have been generated with the aim to create a mouse model of human
lissencephaly (Fleck et al., 2000). However, since the rodent cortex is not naturally gyrencephalic,
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it is not possible to develop an accurate model of this human cortical disorder in mice. Homozygous
null mutations in Lis1 are not viable (Hirotsune et al., 1998). Heterozygous Lis1 KO mice are
viable, but presented a spectrum of brain abnormalities including enlarged ventricles, poor orga-
nization of cortical layers and an abnormal hippocampal architecture. The striking hippocampal
anomaly is characterized with a discontinuous and loosely packed pyramidal layer that appear split
it two throughout the CA1, CA2 and CA3 areas. This defect in hippocampal organization is as-
sociated with abnormal synaptic transmission (Fleck et al., 2000). Neuronal proliferation in the
hippocampus is not altered, but newborn neurons fail to migrate and form the typical compact
pyramidal layer of the hippocampus. Finally, Lis1 KO mice present with increased epileptic seizure
activity (Greenwood et al., 2009).

• Tubb mice

Several mice with mutations in tubulin genes have been generated (Belvindrah et al., 2017; Keays
et al., 2007; Stottmann et al., 2013; Tischfield et al., 2010; Wong and Roper, 2016).

Heterozygous Tubb2b KI-N247S mice are hyperactive and present with severe cognitive defects
(Stottmann et al., 2013, 2016). Although no cortical anomalies were reported, mice displayed
a disorganized pyramidal layer in the CA3 area of the hippocampus and deficits in hippocampal
synaptic plasticity (Stottmann et al., 2016). KI Tubb3 -R262C mice also present with normal cortical
architecture but show defects in axon guidance and thus abnormalities in the corpus callosum and
the anterior commissure structures (Tischfield et al., 2010).

Heterozygous Tuba1 -S140G mice present with and additional layer of pyramidal cells in the
stratum oriens extending from the CA1 to the CA3 region of the hippocampus (Keays et al., 2007).
Mild cortical lamination abnormalities were also reported for these mice with wave-like perturbation
in the layer IV. BrdU analysis further showed that cortical and hippocampal defects are due to
abnormal radial migration for neuronal populations born at E14.5 and later. Correlating with the
histological hippocampal abnormalities, mice presented with impaired working memory.

3.3.3 In-utero electroporation

The technique of in-utero electroporation (IUE) allows the study of a particular small population
of cells within the context of a WT brain. This approach consists in the introduction of a genetic
construction in the brain of the developing embryo (Tabata and Nakajima, 2001). Plasmid DNA
solution is injected into one of the lateral ventricle of the mouse embryo (Figure 33). Subsequent
application of electrical current results in transient area- and time-dependent transfection. Co-
transfection of marker genes, in most cases fluorescent reporter genes allows visualization and
mapping of transfected cells (Tabata and Nakajima, 2001). Injection is performed through the
uterine wall which allows the study to be carried out without removing the mouse embryos from
the uterus and therefore without interrupting the normal course of their development.

IUE is used to study both gain and loss of function phenotypes by electroporation of respec-
tively either cDNA or siRNA (small interfering RNA)/ shRNA (small hairpin RNA)/ morpholinos
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(Shimogori and Ogawa, 2008). Even though, IUE does not precisely mimic physiological conditions,
it has the advantage of being a rapid and simple technique while generation of genetically modified
animals requires much more time and labor. IUE therefore provides a tool for large-scale analysis
of the function of genes that is quicker and less expensive than transgenic mouse lines, and over the
years has provided valuable insights into cell autonomous changes resulting from the overexpression
or silencing of a gene of interest.

Figure 33: In-utero electroporation.
Schematic respresentation of the technique of in-utero electoporation. Timed-pregnant mouse at
E14.5 is anesthetized, placed on a heat plate and supplied with oxygen and isoflurane via a breathing
mask. Uterine horns are exposed. Then, using a pulled glass capillary, DNA solution (construction
of interest + reporter RFP gene) is microinjected in one of the lateral ventricles of each embryo.
The positive paddle of a forceps-like electrode pair is placed on the injected ventricle and the brain
is electroporated. Embryonic development is then maintained. At the pre-/post-natal stage of
interest, brains are dissected and sectioned for analysis. Electroporated progenitors give rise to
neurons expressing the transfected gene of interest and the reporter protein.
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4 Objectives

Since the discovery of the first MCD-related mutations in TUBG1, the exact mechanisms that
underlie the phenotype of pachygyria, intellectual disability and epilepsy observed in patients,
remain poorly understood. Acute knock-down of Tubg1 in mice cortices has been shown to disrupt
neuronal positioning, highlighting a role for this protein during cortical development (Poirier et al.,
2013). However up to date no studies have been initiated on the identified heterozygous mutations.

The main objective of this work was to shed light on the cellular and molecular mechanisms
that contribute to the physiopathology of TUBG1 mutations. To this aim, in-utero electroporation
approach was used to obtain an overview of the effects of variants on cortical development in mice.
Neuronal migration and neurogenesis were investigated and the results showed disrupted locomo-
tion of newborn neurons leading to their altered positioning within the cortical wall. Progenitor
proliferation, on the other hand, appeared to be unaffected.

To better understand these results, a series of cellular experiments were performed focusing on
centrosomal integrity, its position in locomoting neurons and on microtubule dynamics. Mutated
forms presented with normal subcellular localization and did not affect centrosomal integrity nor its
positioning ahead of the nucleus in migrating neuroblasts. Reduced capacity to integrate g-tubulin
homodimers and g-tubulin complexes was observed for the variants, however this did not affect the
total number of formed complexes. When microtubule dynamics were assessed, a decrease in the
rates of polymerization and depolymerization were observed for three of the variants, suggesting
that mutations might exert their pathogenicity by affecting directly microtubules rather than by
disrupting normal centrosomal function.

Finally, in order to model the disease in a physiological context, a knock-in mouse model was
developed for the first identified mutation. Cortical development in embryos and neuroanatom-
ical and behavioral features in adult mice were investigated. Results showed abnormal layering
during development, possibly underlied by faulty migration and positioning, correlating with the
in-utero electroporation data. Adult mice presented with generalized microcephaly and a striking
hippocampal heterotopia, correlating with impaired memory and learning and increased epileptic
susceptibility. These features phenocopy at least partially the phenotype described in MCD pa-
tients with TUBG1 mutations, making these KI mice a relevant model for further investigations of
cortical malformations.
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1 Artcle in revision: TUBG1 missense variants underlying corti-
cal malformations disrupt neuronal locomotion and microtubule
dynamics but not neurogenesis

Submitted to Nature communications
Current status: Awaiting resubmission after revision

Ivanova EL , Gilet J , Sulimenko V, Duchon A, Rudolf G, Runge K , Collins S, Asselin L, Broix
L, Drouot N, PTilly P, Nusbaum P, Vincent A, Magnant W, Birling MC, Pavlovic G, Godin JD,
Yalcin B, Herault Y, Dráber P, Chelly J, Hinckelmann MV.

Summary
De novo missense heterozygous variants in the gamma tubulin gene TUBG1 have been linked to

malformations of cortical development associated with intellectual disability and epilepsy. Here, we
investigated through in-utero electroporation and in-vivo studies, how four of these variants affect
cortical development. We show that TUBG1 mutants affect neuronal positioning within the cortical
wall, by a disruption in the locomotion of newly born neurons but without affecting proliferation of
progenitors. We further demonstrate that this locomotion anomaly is linked to reduced microtubule
dynamics, independently of the centrosome integrity and function. To better model these missense
mutations we developed a knock-in Tubg1Y92C/+ model and assessed consequences of the mutation
in comparison with those of haploinsuffuciency. While the heterozygous knock-out model did not
exhibit any phenotype, the mutant Tubg1Y92C/+showed neuroanatomical and behavioral defects
as well as an increased epileptic cortical activity. Thus, we show that Tubg1Y92C/+ mice partially
mimic the human phenotype and therefore represent a relevant model for further investigations of
the physiopathology of malformations of cortical development.
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 39 

ABSTRACT 40 

De novo missense heterozygous variants in the gamma tubulin gene TUBG1 have been linked to 41 

malformations of cortical development associated with intellectual disability and epilepsy. Here, 42 

we investigated through in-utero electroporation and in-vivo studies, how four of these variants 43 

affect cortical development. We show that TUBG1 mutants affect neuronal positioning within the 44 

cortical wall, by a disruption in the locomotion of newly born neurons but without affecting 45 

progenitors’ proliferation. We further demonstrate that this locomotion anomaly is linked to 46 

reduced microtubule dynamics, independently of the centrosome integrity and function. To better 47 

model these missense mutations, we developed a knock-in Tubg1Y92C/+ model and assessed 48 

consequences of the mutation in comparison with those of haploinsufficiency. While the 49 

heterozygous knock-out model did not exhibit any phenotype, the mutant Tubg1Y92C/+showed 50 

neuroanatomical and behavioral defects as well as an increased epileptic cortical activity. Thus, 51 

we show that Tubg1Y92C/+ mice partially mimic the human phenotype and therefore represent a 52 

relevant model for further investigations of the physiopathology of malformations of cortical 53 

development.  54 

 55 

Keywords: gamma tubulin, microtubule dynamics, centrosome, knock-in, knock-out, mouse 56 

model, malformations of cortical development, cortex, hippocampus, in-utero electroporation, 57 

neuronal migration, videomicroscopy 58 
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 61 

The proper formation of the six-layered structure of the mammalian cortex depends on three major 62 

highly regulated processes: the proliferation of progenitor cells, the migration of post-mitotic 63 

neurons and their further maturation. Two main proliferative zones will generate the majority of 64 

the cortical neuronal cells: the dorsal ventricular zone, where projection pyramidal neurons are 65 

born, and the medial and caudal ganglionic eminences where cortical interneurons are generated. 66 

Projection neurons will then migrate radially along radial glial fibers 1, while interneurons will 67 

migrate tangentially over longer distances and independently of radial glial cells 2. Alterations in 68 

these finely coordinated processes can lead to neurodevelopmental disorders such as 69 

Malformations of Cortical Development (MCDs), recognized as a frequent cause of epilepsy and 70 

intellectual delay 3. 71 

Over the past decades, genetic studies have allowed the identification of numerous causative 72 

mutations in subjects with MCDs and have greatly advanced our knowledge about the 73 

mechanisms and biological pathways involved in cortical formation as well as about the 74 

pathophysiological mechanisms of MCDs 4,5. These studies, among others, have outlined the 75 

importance of microtubules in every step of cortical development and mutations in tubulins and 76 

microtubule-associated proteins have been linked to a large spectrum of cortical malformations 77 

6,7, suggesting therefore that neurodevelopmental processes such as division, migration and 78 

neurite extension all require strictly regulated structuring and polarization of microtubules. 79 

Among the first described, variants in LIS1 (or PAFAH1B1, platelet-activating factors 80 

acetylhydrolase, isoform Ib) and DCX (Doublecortin), which both encode for microtubule-81 

associated proteins, have been identified in subjects with type I lissencephaly, presenting with 82 

abnormal gyral patterning and cortical lamination associated with mental retardation and 83 

refractory epilepsy 8–10. Since then, multiple variants in alpha and beta tubulin subunits have been 84 

described in patients with cortical dysgeneses 11–17. Furthermore, pathogenic variants in 85 

microtubule-associated proteins such as kinesins (KIF2A, KIF5C) and dynein (DYNC1H1) have 86 

been portrayed in a wide range of cortical abnormalities 18.  87 

Microtubule organizing centers (MTOCs) such as the centrosome are also highly implicated in the 88 

proper cerebral development, since multiple MCD-causing variants have been identified in 89 

proteins localizing at this organelle. Pathogenic variants in the pericentriolar and centrosomal 90 

proteins CDK5RAP2 (cyclin dependent kinase 5 regulatory associated protein 2), CENPJ 91 

(centrosome associated protein J), CEP135, WDR62, CEP152, ASDM and STIL have been 92 
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discovered in subjects with primary microcephaly 19–24. The majority of these variants disrupt 93 

neurogenesis by affecting the proper formation of the cell cycle machinery, the orientation of the 94 

mitotic spindle, or the centrosome duplication and maturation and lead  to significantly decreased 95 

brain size25. 96 

We have previously reported three missense variants in the gamma-tubulin (γ-tubulin) gene 97 

TUBG1, in subjects with posterior predominant pachygyria, corpus callosum abnormalities and 98 

microcephaly for two of the patients, associated with epilepsy and developmental delay 18. A 99 

recent study  reports four additional heterozygous pathogenic variants in TUBG1 in subjects with 100 

similar clinical features and posterior cortical malformations 26. In mammalian cells, gamma-101 

tubulin is highly conserved and often encoded by two genes, for human TUBG1 and TUBG2. At 102 

the amino acid sequence level human gamma-tubulin 1 and gamma-tubulin 2 show, respectively 103 

98.9% and 97.6% identity with the corresponding mouse isoforms 27. TUBG1 is thought to be 104 

ubiquitously expressed while expression of TUBG2 appears to be restricted to the brain 27,28. Both 105 

isoforms are concentrated at the centrosome 29–31, the major microtubule organizing center that 106 

controls nucleation of the microtubule network by anchoring their minus end 32,33. Gamma-tubulin 107 

is a component of two well characterized complexes (γ-TuCs): the gamma tubulin small complex 108 

(γTuSC) and the gamma tubulin ring complex (γTuRC) 34. The small complex consists of a 109 

gamma-tubulin dimer associated with one molecule of each GCP2 and GCP3. Multiple γTuSCs 110 

associate with other proteins (GCP4, GCP5 and GCP6) to form γTuRCs which are recruited to 111 

MTOCs where they serve as template for microtubule nucleation 35–37. Both gamma-tubulin 1 and 112 

gamma-tubulin 2 are found in γ-TuCs 31 and have been shown to be able to nucleate microtubules 113 

30. However, the degree of the functional redundancy of the two isoforms remains to be elucidated. 114 

Here, we investigated the consequences of four MCDs-related TUBG1 missense variants 115 

(Tyr92Cys, Ser259Leu, Thr331Pro and Leu387Pro) on cortical development by using in-utero 116 

electroporation and a knock-in Tubg1Y92C/+ mouse model. We show that TUBG1 variants affect 117 

neuronal positioning by disrupting neuronal migration but without a major effect on progenitor 118 

proliferation. Neurons expressing recombinant TUBG1 present a bipolar morphology and their 119 

centrosomes are correctly positioned, but fail to initiate glial-guided locomotion. Our results 120 

suggest that TUBG1 variants exert their pathogenicity by affecting microtubule dynamics rather 121 

that centrosomal nucleation ability. Additionally, we report cortical and hippocampal 122 

neuroanatomical anomalies in our Tubg1Y92C/+ mouse model, associated with behavioral 123 

alterations and susceptibility to epilepsy.  124 

 125 
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RESULTS 126 

 127 

TUBG1 pathogenic variants alter neuronal positioning 128 

Subjects with TUBG1 pathogenic variants present with abnormal cortical thickness and layering 129 

with pachygyria, which suggest a neuronal mispositioning arising from alterations that occur 130 

during cortical development. In line with this, Tubg1 mRNA levels in mouse embryonic cortices 131 

remain relatively constant throughout embryonic development (Suppl. Figure 1-A), suggesting a 132 

role for this protein in all stages of cortical formation. TUBG2 on the other hand presents with a 133 

different expression profile with weak mRNA concentrations during early embryonic stages and 134 

progressive increase starting from E16.5 (Suppl. Figure 1-B). We sought to investigate the effect 135 

of the pathogenic TUBG1 variants on neuronal positioning in vivo. To this aim we used in-utero 136 

electroporation to induce the overexpression of the four human TUBG1 variants (Figure 1-A) 137 

under the control of a CAG promoter, together with a pCAGGS-IRES-Tomato (RFP) reporter in 138 

progenitor cells in the ventricular zone. We confirmed the stable overexpression for the four 139 

mutations by immunohistochemistry in electroporated neurons and immunoblot in Neuro2a cells 140 

(Suppl. Figure 1-C, D). To analyze the effect of TUBG1 pathogenic variants on neuronal 141 

positioning, mice cortices were electroporated at E14.5 and the distribution of electroporated cells 142 

was analyzed after 4 days, at E18.5. In brain sections expressing the control empty vector, the 143 

majority of the electroporated neurons were positioned within the upper layers of the cortical plate 144 

(CP) (Figure 1-B, C). Overexpression of the human WT-TUBG1 showed a normal pattern of 145 

distribution, similar to the control. On the contrary, cells expressing either of the TUBG1 variants 146 

were mainly localized in the intermediate zone with almost no electroporated cells reaching the 147 

cortical plate (Figure 1-B, C). Arrested neurons express Cux1, a specific marker of upper cortical 148 

layers (2-4) (Figure 1-D). This suggests that mislocalized cells are committed to upper-layers 149 

cortical projection neurons. Default in positioning persists at post-natal stages as illustrated by 150 

Figure 1-E. In P8 cortices electroporated at E14.5 with the control empty vector, electroporated 151 

neurons were found almost exclusively in the upper cortical layers while for all four recombinant 152 

forms, a major proportion of the electroporated neurons was found in the white matter. 153 

Electroporated neurons in all conditions expressed Cux1. This indicates that the phenotype is not 154 

a transient phenomenon and is probably due to an arrest rather than a delay in neuronal migration. 155 

Given the similarity between TUBG1 and TUBG2 and their different expression profiles, we 156 

investigated a possible functional redundancy of the two isoforms during cortical development. 157 
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Overexpression of TUBG2 alone did not induce a particular phenotype in neuronal positioning 158 

(Suppl. Figure 1-E). We performed a series of complementation experiments by co-159 

electroporating the Tyr92Cys TUBG1 variant with increasing concentrations of either TUBG1 or 160 

TUBG2. Co-electroporation of either isoforms leads to a rescue in the neuronal positioning 161 

phenotype in a dose-dependent fashion, contingent upon TUBG1/TUBG2 concentration (Suppl. 162 

Figure 1-F, G). A complete restauration of the phenotype was obtained with twice as much TUBG1 163 

than TUBG1-Tyr92Cys. Nonetheless, rescue was only partial with TUBG2 and a large number of 164 

electroporated cells remained arrested within the IZ even when TUBG2 concentration was twice 165 

the one of the Tyr92Cys variant. These results show however that TUBG2 is able to at least 166 

partially substitute for TUBG1 during cortical development. 167 

Deregulation of post-mitotic processes is at the basis of abnormal neuronal positioning 168 

In order to better understand the processes underlying the positioning defects resulting from 169 

TUBG1 pathogenic variants, we studied the effects on progenitor cells on one hand, and on the 170 

other, on post-mitotic neurons. For this purpose, we first electroporated embryos at E14.5 and 171 

collected cortices at E16.5 to study different parameters at this embryonic stage. 172 

We first analyzed whether TUBG1 pathogenic variants affect progenitor proliferation. For this, we 173 

studied the expression of PH3 (Phosphorylation of histone 3), marker of highly condensed 174 

chromatin during mitosis, especially prophase and metaphase38 in proliferative cell in the VZ in 175 

order to determine their mitotic index (relative percentage of progenitors currently in mitosis). For 176 

three of the TUBG1 variants, no difference in the percentage of proliferating progenitors was 177 

observed. However, the Thr331Pro variant results indicated an increase in the number of VZ 178 

progenitors in mitosis (Suppl. Figure 2-A). In order to better understand whether this increase in 179 

proliferating cells is due to an increased number of cells entering mitosis or a decreased number 180 

of cells exiting the cell cycle, we performed a cell cycle exit assay allowing the quantification of 181 

the percentage of DNA-synthesizing cells during a desired period. For this, we electroporated at 182 

E14.5, then delivered a pulse of EdU (5-ethynyl-2′-deoxyuridine, a thymidine analog labeling 183 

progenitors replicating their DNA 39) one day later and finally immunostained for Ki67 (a cellular 184 

marker for proliferation) at E16.5 (Suppl. Figure 2-B, C). We focused our study on two of the 185 

variants, the Tyr92Cys presenting no proliferation alteration and Thr331Pro, presenting an 186 

increased mitotic index. We observed that the Thr331Pro variant induced a decrease in the 187 

number of progenitors exiting the cell cycle with a tendency of increasing the progenitors having 188 

undergone S-phase (Edu+), while no significant alterations were observed for the Tyr92Cys 189 

variant (Suppl. Figure 2-D, E, F). This suggests that the increase in mitotic index previously 190 
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observed for the Thr331Pro variant correlates with fewer progenitors exiting the cell cycle, thus a 191 

prolonged cell cycle. Also, to investigate if TUBG1 variants affect different populations of 192 

progenitor cells we electroporated mice cortices at E14.5 and performed Pax6/Tbr2 193 

immunolabelling 2 days later. We observed no alteration in the relative percentage of apical 194 

(Pax6+/Tbr2-) and basal (Pax6-/Tbr2+) progenitors, nor in the percentage of generated neurons 195 

(Pax6-/Tbr2-) for either of the four variants (Suppl. Figure 2-G), suggesting that TUBG1 variants 196 

do not affect the balance between proliferative and neurogenic division of progenitor cells. Finally, 197 

since abnormal organization of the glial scaffold could secondarily affect neuronal migration, we 198 

analyzed the structure of radial glial fibers by co-electroporating a construct expressing GFP 199 

under the control of a radial-glial specific BLBP 40 promoter, together with WT or recombinant 200 

TUBG1, allowing the visualization of the fibers. For all electroporated conditions, radial glial fibers 201 

appeared correctly formed and attached to the pial surface, suggesting no major abnormalities in 202 

glial scaffold (Suppl. Figure 2-H). Altogether, these data indicate no major effect of three out of 203 

the four studied variants on progenitor cells.  204 

In view of these results, we hypothesized that TUBG1 variants may exert their pathogenicity 205 

mainly by affecting post-mitotic processes during cortical development. In order to confirm this, 206 

we electroporated the WT or TUBG1 variants under the control of a neuron-specific promoter for 207 

Doublecortin (DCX) 41 at E14.5 together with a NeuroD-GFP reporter construct and studied the 208 

positioning of pyramidal neurons four days later. Brain sections electroporated with the control 209 

Empty vector or the TUBG1-WT showed the majority of electroporated cells were positioned in 210 

the upper layers of the cortex (Figure 2-A, B), similarly to our previous experiments using CAG-211 

driven TUBG1 expression. When expressed only in post-mitotic neurons, a large proportion of 212 

cells electroporated with TUBG1 pathogenic variants were again accumulated in the IZ, and this 213 

accumulation was more severe for the Tyr92Cys, Ser259Leu and Leu387Pro and less severe for 214 

Thr331Pro variant. Interestingly, for all four recombinant forms, many electroporated cells were 215 

also abnormally accumulated in the lower layers of the cortical plate (Figure 2-A, C). Only few 216 

electroporated cells reached the upper cortical layers. We again studied the persistence of the 217 

embryonic phenotype at early post-natal stages and saw that similarly to CAG-driven expression 218 

experiments, accumulation of electroporated cells within the lower cortical layers and the white 219 

matter is clearly visible at P3 (Suppl. Figure 3-A, B), suggesting that neuronal migration is 220 

disrupted rather than delayed. The similarity of the phenotypes observed for CAG and DCX-driven 221 

expression suggested that the alterations in neuronal positioning caused by TUBG1 variants are 222 

mainly due to defects in post-mitotic processes.  223 
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Given that pyramidal neurons in the hippocampus migrate radially through a process similar to 224 

that of neocortical projection neurons 42, we hypothesized that TUBG1 variants could also affect 225 

positioning in the hippocampus. To investigate this hypothesis, we used in utero electroporation 226 

to introduce the TUBG1-Tyr92Cys mutant under the control of a DCX promoter in the ammonic 227 

neuroepithelium at E14.5. Neurons electroporated with WT-TUBG1 were found exclusively within 228 

the pyramidal layer at P8 (Figure 2-D). Neurons electroporated with TUBG1-Tyr92Cys were 229 

however partially located within the stratum oriens. Staining with NeuN revealed that they were 230 

differentiated into pyramidal neurons. These results suggest that TUBG1 variants affect migrating 231 

pyramidal neurons both in the neocortex and the hippocampus.  232 

Disease-causing variants affect neuronal migration dynamics but not centrosomal 233 

positioning 234 

Our in-utero studies have shown that TUBG1 pathogenic variants disrupt neuronal positioning 235 

and have suggested alterations in post-mitotic processes during cortical development and lead 236 

us to study dynamics of post mitotic neuronal migration. Using time-lapse videomicroscopy we 237 

were able to record and follow the dynamics in morphology and locomotion of migrating neurons 238 

exiting the ventricular zone. To this aim, we electroporated neuronal precursors at E14.5 with WT 239 

or TUBG1 variants under the control of a neuron-specific DCX promoter and a neuroD-GFP 240 

reporter construct. Organotypic slices of these electroporated brains were then imaged for 10 241 

hours at E16+1DIV. We focused our studies on two of the TUBG1 variants, the Tyr92Cys and the 242 

Thr331Pro, presenting additional proliferation alterations. For both variants, we observed a 243 

strikingly reduced number of neurons in the locomotion phase (21% for Tyr92Cys and 26% for 244 

Thr311Pro) compared to control-empty vector and WT (79% and 65% respectively), with the 245 

majority of neurons remaining immobilized at the edge of the IZ (Figure 3-A, B). These arrested 246 

neurons however presented a bipolar morphology which was maintained throughout the 10 hours 247 

of recording, suggesting an absence of defective bipolar to multipolar transition. We then 248 

measured the speed and pausing for migrating neurons and observed that variants significantly 249 

reduce the average velocity of locomotion (Figure 3-C). Additionally, expression of the Tyr92Cys 250 

variant leads to an increased pausing and time spend in pause (Figure 3-D, E). Together, these 251 

results show that there is a population of immobilized neurons that although adopting the correct 252 

bipolar morphology, fail to initiate their bipolar glial-guided locomotion. On the other hand, 253 

migrating neurons migrate at slower rates and do not attain their final destination. 254 

Given the importance of TUBG1 in the organization of the centrosome, as well as the importance 255 

of this cellular organelle for neuronal migration, we examined centrosome dynamics in both 256 
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migrating and non-migrating neurons in mice cortices, using time-lapse videomicroscopy. For this, 257 

we co-electroporated either control or Tyr92Cys variant, together with the PACT-mKO1 construct 258 

allowing labelling of the centrosome (Figure 3-F). In the majority of migrating neurons, both in the 259 

control (76.2%) and recombinant TUBG1 (77.9%) condition, the centrosome is positioned ahead 260 

of the nucleus within the leading process followed by a forward displacement of the soma (Figure 261 

3-G). In most non-migrating neurons in the control condition, the centrosome displayed either a 262 

random position with respect to the nucleus (65%) or was positioned behind it (24.6%). For the 263 

Tyr92Cys variant however, 42.8% of non-migrating neurons had their centrosome positioned 264 

ahead of the nucleus and 44.3% had their centrosome positioned randomly (Figure 3-H). Arrested 265 

neurons whose centrosome was positioned ahead of the nucleus, additionally displayed bipolar 266 

morphology and long leading processes. Thus, it appears that non-migrating neurons expressing 267 

TUBG1-Tyr92Cys succeed in correctly positioning their centrosome but still fail to trigger the 268 

coupled subsequent dynamic nucleokinesis and forward displacement of cellular body. 269 

Disrupted locomotion from mutant TUBG1 is associated with defects in microtubule 270 

dynamics 271 

Our results indicate that disrupted locomotion in neurons expressing recombinant TUBG1 is not 272 

due to defects in centrosome positioning. Since the centrosome is the major microtubule 273 

organizing center in mammalian cells, we performed a series of in cellulo experiments with the 274 

aim to investigate a potential effect on microtubule cytoskeleton organization and dynamics. First, 275 

we analyzed the subcellular localization of recombinant TUBG1 using a TUBG1-RFP fusion 276 

construct. As shown on Figure 4-A, all 4 variants are concentrated at the centrosome of 277 

differentiated Neuro2a cells and are also diffusely found in the cytosol, similarly to the WT profile 278 

of subcellular localization. We then analyzed microtubule organization in fibroblasts derived from 279 

a skin biopsy from two of the subjects (bearing the Tyr92Cys and the Thr331Pro variants). We 280 

observed normal microtubule network with microtubules arrays emerging from centrosomes 281 

(Figure 4-B). Fibroblasts did not present any shape nor morphology abnormalities. However, 282 

when we studied microtubule nucleation after cold and nocodazole induced depolymerization, we 283 

saw that newly nucleated microtubules were shorter and appeared less organized in affected 284 

subjects’ fibroblasts (Figure 4-C). To better understand this result, we investigated the effect of 285 

TUBG1 variants on microtubule dynamics. To this aim we transfected cultured HeLa cells with 286 

WT or recombinant TUBG1 together with GFP-fused EB3, a protein specifically binding the plus 287 

end of microtubules 43, and monitored microtubule dynamics using videomicroscopy. Even though 288 

the overexpression of WT-TUBG1 led to a slight decrease in microtubule dynamics, we observed 289 
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a more drastic decrease in microtubule polymerization rate for the three variants Tyr92Cys, 290 

Ser259Leu and Thr331Pro (Figure 4-D, E). No phenotype was observed for the last variant, 291 

Leu387Pro. Similar results were obtained with subject-derived fibroblasts bearing the Tyr92Cys 292 

and the Thr331Pro variants (Figure 4-F, G). These data show that TUBG1 variants decrease 293 

microtubule dynamics which could pave the way to better explain the altered locomotion 294 

phenotype.  295 

Finally, we investigated the capacity of recombinant mTubg1 (mouse TUBG1) to form gamma-296 

tubulin complexes. We performed immunoprecipitations with anti-TagRFP antibody from extracts 297 

of Neuro2A cells expressing either mTubg1-TagRFP (WT-control) or its pathogenic variants. We 298 

then performed immunostaining of western blots for RFP, GCP2 (as a marker for γTuSC), GCP4 299 

(as a marker for γTuRC) and total gamma-tubulin. Results revealed quantitative differences in 300 

proteins co-precipitated with mTubg1-TagRFP. When compared with WT, lower amounts of 301 

GCP2, GCP4 and gamma-tubulin were associated with mutated variants of mTubg1-TagRFP 302 

(Figure 4-H), while similar amounts of TagRFP-tagged gamma-tubulins were detected in all 303 

samples. Densitometric quantification for co-precipitated GCP2 is shown in Fig. 4-H (right panel), 304 

and for GCP4 and endogenous gamma-tubulin in Supplementary Fig. 4. Reciprocal 305 

immunoprecipitation with anti-GCP2 antibody confirmed reduced association of mutated variants 306 

of mTubg1-TagRFP with GCP2 (Figure 4-I). Corresponding densitometric quantification is shown 307 

in Fig. 4-I (right panel). The similar amounts of co-preciptated GCP2, GCP4 and endogenous 308 

gamma-tubulin were detected in all samples. The most prominent reduction in the interactions 309 

between tagRFP-tagged mTubg1 and GCP2, GCP4 and endogenous gamma-tubulin was 310 

observed in the case of Leu387Pro variant. Altogether, these results suggest that recombinant 311 

TUBG1 has a decreased ability to dimerize and to form gamma-tubulin complexes. 312 

Knock-in Tubg1Y92C/+ mice show abnormal cortical layering during embryonic development 313 

To further study the effects of Tubg1 variants in vivo, we generated a constitutive knock-in mouse 314 

model (Tubg1Y92C/+) bearing the Tyr92Cys variant (Suppl. Figure 5) ubiquitously expressed at a 315 

heterozygous state on the C57 black 6 (C57BL/6N) genetic background. Tubg1Y92C/+ mice were 316 

born in the expected Mendelian ratios and developed normally with a usual lifespan. Interestingly, 317 

both male and female mice exhibited sub-fertility. Additionally, we took advantage of the used 318 

construction allowing the elimination of the second and third exons of Tubg1 due to the presence 319 

of loxP sites, and generated heterozygous Tubg1+/- mice whose histology and behavior were also 320 

analyzed but showed no major abnormalities (data not shown). 321 



11 
 

Our in-utero electroporation results showed a major effect of human TUBG1 variants on neuronal 322 

migration during cortical development. We therefore sought to investigate whether Tubg1Y92C/+ 323 

mice display layering anomalies at embryonic stages. To this aim, we performed 324 

immunohistochemistry on coronal sections of E18.5 brains from Tubg1Y92C/+ and WT embryos, 325 

using specific markers for the upper cortical layers 2-4 (SATB2), layer 5 (CTIP2) and layer 6 326 

(Tbr1). SATB2 staining revealed a small population of heterotopic cells at the interphase of the 327 

intermediate zone and the cortical plate of mutant embryo cortices positives for this marker, which 328 

was absent in the WT mice (Figure 5-A). Additionally, CTIP2 staining showed that Tubg1Y92C/+ 329 

mice present with visibly abnormal organization of layer 5 (Figure 5-A). This layer is larger and 330 

with lower cell density in mutant mice, while it presents with a more compact organization and 331 

higher cell density in control mice (Figure 5-B). No major abnormalities were visible with Tbr1 332 

staining. To assess neuronal migration, we labelled a cohort of neurons by delivering a pulse of 333 

EdU at E14.5 and examined the localization of labelled neurons at E18.5. We counted the 334 

percentage of EdU-positive cells in the SVZ/VZ, the IZ and in the six layers of the cortical plate 335 

that we divided in 5 equal bins. We observed a higher percentage of EdU-positive cells in the IZ 336 

at the limit with layer 6 with a corresponding depletion of cells in bins 3, 4 and 5 of the cortical 337 

plate. Arrested cells appeared as a visible band in section images (Figure 5-C, D) and were 338 

positive for SATB2 (data not shown), consistent with the ectopic population of SATB2-labelled 339 

cells observed in our previous experiments. 340 

Knock-in Tubg1Y92C/+ mice present with global microcephaly, hippocampal pyramidal 341 

heterotopia and behavioral abnormalities 342 

Using a recently developed robust approach for the assessment of 166 brain parameters across 343 

22 distinct brain regions44 (Suppl. Table 1), we analyzed neuroanatomical defects in adult 344 

Tubg1Y92C/+ mice. This consisted of a systematic quantification of the same sagittal brain region 345 

at Lateral + 0.60 mm, down to cell level resolution and blind to the genotype (Suppl. Table 2). To 346 

minimize environmental and genetic variation, only male mice aged exactly at 16 weeks were 347 

used for analysis. Overall size anomalies were identified in the mutant mice with remarkably all 348 

assessed parameters decreased in size when compared to WT littermates (Figure 6-A). The total 349 

brain area parameter was significantly reduced by 14.8% (P=0.015), concomitantly with smaller 350 

cortices (-14.1%, P=0.01, Figure 6-B). White matter structures were also affected (all decreased) 351 

and included for example the fimbria of the hippocampus (-18%, P=0.0052) and the anterior 352 

commissure (-26%, P=0.017). Interestingly, the cerebellum was one of the most severely affected 353 

brain structure exhibiting a decreased size of 27% (P=0.0067, Figure 6-B) associated to a 354 
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reduction of its internal granular layer (-31.9%, P=0.0023). The inferior colliculus was also smaller 355 

by 29.4% (P=0.022). Taken together, these results suggest a contribution of Tubg1 in the 356 

regulation of the size of the brain throughout the forebrain, midbrain to the hindbrain. Interestingly, 357 

our analysis of neuroanatomical features additionally showed an abnormal organization of the 358 

hippocampus (Figure 6-B, lower panels). The dentate gyrus and the CA3 region showed normal 359 

organization in mutant mice. However, in the CA1 region there were heterotopic neurons in the 360 

stratum oriens region positioned above the pyramidal layer, thus this layer appeared split. Staining 361 

with the neuronal marker NeuN, in coronal sections of adult mice brain, showed that heterotopic 362 

neurons are positives for this marker suggesting that they are hippocampal pyramidal neurons 363 

(Figure 6-C). Further analysis showed that this hippocampal anomaly becomes apparent at early 364 

post-natal stages but not before birth of pups (data not shown) consistent with a slower, post-365 

natal neuronal migration in the hippocampus 45. 366 

Given the neuroanatomical abnormalities observed in the Tubg1Y92C/+ mice, and the fact that 367 

cognitive function is impaired in subjects with MCDs, we tested whether this correlates with 368 

behavioral abnormalities and performed a battery of behavioral tests allowing to evaluate 369 

locomotor activity, repetitive behaviors, learning and memory and epileptic susceptibility. We 370 

observed a hyper-locomotion phenotype for Tubg1Y92C/+ mice compared to WT littermates, with 371 

an increase in both travelled distance and rearing, in the open field (OF) assay (Figure 6-D, E, F) 372 

as well as in the circadian activity and repetitive behaviours paradigms (Suppl. Figure 6 and Suppl. 373 

Figure 7- A, B). Additionally, we performed a novel object recognition task, based on the innate 374 

exploratory behaviour of mice 46, to assess their long-term memory capacity. Tubg1Y92C/+ mice 375 

presented significantly impaired novel object recognition performance relative to wild type 376 

littermates. On one hand, Tubg1Y92C/+ mice spent more time sniffing the objects during the training 377 

session with two familiar objects (Figure 6-G), while on the other they spent almost similar 378 

exploration time when a new object was added in the test session (Figure 6-H). Their recognition 379 

index was around zero, consistent with lack of preference for the novel object. Next, to challenge 380 

hippocampus mediated cognitive behaviours, we tested mice in a fear conditioning assay, 381 

exploring their associative memory 47. WT mice were able to associate the electric shock with 382 

both context and cue (Figure 6-I), showing an increased freezing time after the post-choc and 24 383 

hours later in the same context or after recalling the cue in a new context. When tested for either 384 

contextual or cued fear, Tubg1Y92C/+ mice displayed significantly reduced immobility time 385 

suggesting an impaired fear expression. No phenotype was observed for digging and grooming 386 

behaviors (Suppl. Figure 7- C, D) and likewise not when we assessed short-term memory of KI 387 

mice in the Y-maze paradigm (Suppl. Figure 7-E, F).  388 
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Finally, we assessed epileptic activity in Tubg1Y92C/+ animals. Superficial cortical EEG recordings 389 

were visually inspected to detect epileptiform discharge events. Spontaneous cortical spike-390 

waves (Figure 6-J) were observed in Tubg1Y92C/+ mice but not in WT controls. No spontaneous 391 

seizure was recorded in both strains. We therefore challenged animals to the seizure-provoking 392 

agent PTZ to determine whether Tubg1 variant modified susceptibility to seizure. PTZ, an inhibitor 393 

of the µ-aminobutyric acid type 1 (GABAA) receptor, is the most widely used model of acute 394 

chemical induced seizures 48. We administrated intraperitoneally a pro-convulsive dose of 30 395 

mg/kg and recorded EEG during 30 min after drug administration. One minute after injection, 396 

generalized tonicoclonic seizure was recorded in Tubg1Y92C/+ mice but not in WT (Figure 6-J).  397 

Overall, our behavioral analysis highlight reduced neurodevelopmental performances illustrated 398 

by an increased locomotor and rearing activities with impaired object recognition and associative 399 

learning. These results suggest that Tubg1Y92C/+ mice exhibit common features of mouse models 400 

of intellectual disability. In addition, Tubg1Y92C/+ mice showed abnormal epileptic activity. 401 

Altogether these findings are in agreement with the observed cortical and hippocampal abnormal 402 

structures and propose that Tubg1Y92C/+ mice represent a relevant model that partially mimics 403 

human phenotype of MCDs.  404 

 405 

DISCUSSION 406 

Gamma-tubulin is a member of the tubulin superfamily, shown to be a major component of the 407 

centrosome in mammalian cells 49,50. In most mammals, two genes code for gamma-tubulin – 408 

TUBG1 and TUBG2, both localizing at centrosomes and nucleation competent 30. Identification of 409 

pathogenic variants in TUBG1 in subjects with cortical malformations has pointed out the 410 

importance of this gene in cerebral development 18,51 and has led us to study in greater detail the 411 

underlying mechanisms by performing a combination of in utero and in vivo functional studies. All 412 

7 MCD-related identified variants in TUBG1 are heterozygous missense variants, occurring de 413 

novo, suggesting that they exert their pathogenicity through a dominant mechanism, rather than 414 

through a loss of function. Up to date no truncating variants have been identified in TUBG1. This 415 

is in contrast with the other described variants in centrosomal proteins in subjects with primary 416 

microcephaly which are majorly at a homozygous state (Reviewed in Faheem et al. 2013). 417 

Variants in the centrosomal components cyclin dependent kinase 5 regulatory associated protein 418 

2 (CDK5RAP2) and centromere associated protein J (CENPJ) at a homozygous state have been 419 

found in subjects with autosomal recessive primary microcephaly with reduced cognitive functions 420 
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19. More recent studies report the identification of compound-heterozygous variants TUBGCP4 421 

and of homozygous variants in TUBGP6, both components of the human γTuRC, in individuals 422 

with respectively autosomal-recessive microcephaly with chorioretinopathy and microcephaly 423 

with generalized retinopathy 52–54. It should be pointed out that no major cortical malformations 424 

besides the microcephaly, have been described in subjects from these studies. Furthermore, 425 

homozygous knock-out mice unable to express Tubg1 present defects in mitosis during early 426 

embryogenesis and their development is abolished at the morula/blastocyst stages, while 427 

heterozygous Tubg1+/- mice develop normally and present with no histological defects27. These 428 

finding suggest a pathogenic mechanism different from the one described in MCD subjects. In 429 

agreement with this, our studies of Tubg1+/- mice showed no major abnormalities in their 430 

neuroanatomy and no behavioral alterations (data not shown). Finally, our data from in utero 431 

electroporation suggest that WT TUBG1 is able to partially rescue the mutation-induced defect, 432 

suggesting a possible dominant-negative mechanism of the variants. Altogether, these 433 

observations suggest that the haploinsufficiency genotype is not associated with 434 

neurodevelopmental pathologies in mice and therefore a knock-out model is not representative 435 

of human MCDs in the case of missense variants in TUBG1.  436 

Given these findings, we have developed a knock-in Tubg1 mouse model with the aim to better 437 

reproduce the human MCD phenotype. Our Tubg1Y92C/+ mice present altered cortical layering 438 

during embryonic stages in agreement with our in utero electroporation data showing an 439 

accumulation in the IZ of E14.5 born neurons expressing TUBG1 pathogenic variants. At an adult 440 

stage Tubg1Y92C/+ mice present with a global microcephaly and defects in hippocampal 441 

organization with heterotopic neurons in stratum oriens of the CA1 region. Correlating with these 442 

hippocampal malformation, Tubg1Y92C/+ mice exhibit memory deficits in the NOR and the fear 443 

conditioning paradigms. Several mouse models of malformations of cortical development related 444 

to anomalies in neuronal migration present with anomalies in the hippocampal structure 11,55,56. 445 

For example, heterozygous Tubb2b mice with a point variant, present with neuronal 446 

disorganization in the CA3 area, associated with cognitive defects and long-term potentiation 447 

deficits 15. Similarly, the CA3 region of hemizygous Dcx mice showed heterotopic neurons in both 448 

the stratum radiatum and the stratum oriens with milder abnormalities in the CA2 and the CA1 449 

regions 55. Interestingly, neither of these mice models are reported to show major abnormalities 450 

in the neocortical architecture and lamination even though these genes have been shown to be 451 

involved in migration of pyramidal neurons in the neocortex using in utero electroporation 13,57. 452 

Additionally, very few of MCD mouse models have been reported to have pathological epileptic 453 

seizures, although they do show cognitive deficits58. Our Tubg1Y92C/+ mice exhibit increased 454 
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susceptibility to PTZ-induced epileptic seizures originating in the neocortex and could therefore 455 

represent a relevant model to further investigate pathophysiological mechanisms underlying 456 

MCD-related epilepsy. It remains to be investigated whether they are due to an abnormal 457 

connectivity of the heterotopic pyramidal neurons. The ability of heterotopic neurons to form one 458 

hand their classic afferent and efferent connections, and on the other,  additional local 459 

connections has been discussed by Chevassus-au-Louis and Represa (1999). Authors point out 460 

that this could lead to dual connectivity patterns between regions that are not normally connected, 461 

inducing functional alterations such as epilepsy. Abnormal connectivity could additionally 462 

contribute to the global microcephaly in Tubg1Y92C/+ mice. Another possibility that needs to be 463 

further clarified is the fate of the abnormally positioned neurons at embryonic stages. Apoptosis 464 

at late embryonic or adult stages could additionally lead to reduced total brain volume. Finally, it 465 

would be relevant to investigate whether the neuroanatomical abnormalities are due to additional 466 

defects in post-natal processes with the development of a conditional KI model allowing timed-467 

regulated expression of Tubg1-Tyr92Cys. Overall, our Tubg1Y92C/+ model presents with a 468 

phenotype of cortical and hippocampal malformations associated with a global microcephaly, 469 

behavioral alterations and epileptic susceptibility, all features that correlate with the phenotype of 470 

affected subjects making it an interesting model for gaining insight into the mechanisms of MCDs.  471 

Because gamma-tubulin has been reported to be essential for the formation of mitotic spindle 472 

microtubules 33,60–63 but also for the coordination of mitotic events such as metaphase, anaphase 473 

and cytokinesis 64, we expected to observe proliferation defects related to TUBG1 pathogenic 474 

variants. The centrosome is known to be highly implicated in cell division where it plays a major 475 

role in organizing mitotic microtubules and variants in centrosomal components could be expected 476 

to affect primarily progenitor proliferation. Indeed several mouse models with partial or complete 477 

loss of function of centrosomal proteins have been characterized with neurogenic defects and 478 

subsequent cell death leading to microcephaly, due to centrosome and mitotic spindle 479 

abnormalities 65,66. Surprisingly, in our in utero electroporation experiments we saw that three of 480 

the TUBG1 variants did not compromise proliferation of progenitor cells in the ventricular zone. 481 

Similarly, there were no major disruptions in progenitor proliferation in Tubg1Y92C/+ mice (data not 482 

shown). These observations raise the question of whether the identified TUBG1 mutations affect 483 

the overall structure or interactions within the centrosomal machinery implicated in progenitor 484 

division. Indeed, no intracellular mislocalization was observed for the four recombinant forms and 485 

our videomicroscopy studies showed a correct centrosome positioning within both migrating and 486 

non-migrating bipolar neurons, suggesting that the pathogenic phenotype is probably not related 487 

to the centrosomal function of TUBG1. Additionally, our EB3 studies showed reduced microtubule 488 
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dynamics for three of the recombinant TUBG1 forms. Moreover, after complete depolymerization, 489 

newly nucleated microtubules appeared less organized and shorter in human fibroblasts bearing 490 

the TUBG1 variants. However, since no major abnormalities were observed in the overall 491 

organization of interphase microtubules without depolymerization, we hypothesize that 492 

microtubule nucleation properties of the centrosome are not affected and the nucleation 493 

deficiencies are rather due to altered microtubule dynamics. Immunoprecipitation assays showed 494 

that recombinant forms co-precipitate with fewer γTuSC and γTuRC components, as well as with 495 

fewer gamma-tubulin, suggesting a reduced capacity for recombinant gamma-tubulin to dimerize 496 

and to integrate these complexes. In addition to these observations, given the dominant 497 

mechanism of the variants, we hypothesize that recombinant gamma-tubulin affects the role of γ-498 

TuCs and probably their interactions in regulating microtubule dynamics independently of the 499 

centrosomal integrity and function as MTOC, causing the pathogenic phenotype. Centrosomal 500 

formation and function do not seem to be affected by TUBG1 mutations, which could explain why 501 

mitotic processes and cell divisions are preserved. Our data suggests that disrupted neuronal 502 

migration could be related to additional functions of gamma-tubulin independent of the 503 

centrosome. In line with this hypothesis, centrosome independent roles for gamma-tubulin in the 504 

control of microtubule dynamics has been reported in D. melanogaster 67. Authors show that 505 

γTuRCs localize along interphase microtubules and suggest they stabilize them by limiting 506 

catastrophe events at the plus tips. Similarly, in S. pombe, gamma-tubulin has been suggested 507 

to cooperate with the kinesin-like protein Pkl1p to regulate the dynamics and organization of 508 

microtubules 68. In HeLa cells, specific inhibition of gamma-tubulin with gatastatin decreased the 509 

dynamics of interphase microtubules without affecting the overall microtubule network ant the 510 

number of growing microtubules69. Finally, γTuRCs have been shown to participate in 511 

centrosome-independent microtubule nucleation mediated by Augmin complexes in post-mitotic 512 

neurons70. 513 

 514 

METHODS 515 

DNA constructs 516 

Commercially available Human untagged TUBG1 cDNA (NM_001070.3) cloned in pCMV6-XL5 517 

vector (SC119462) was purchased from Origene. Variants (p.Tyr92Cys, p.Ser259Leu, 518 

p.Thr331Pro and p.Leu387Pro) were introduced by site directed mutagenesis using QuikChange 519 

Site-Directed Mutagenesis Kit (Agilent Technologies). WT and mutated cDNAs encoding human 520 
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TUBG1 were then inserted in the multiple cloning site of psiSTRIKE vector under the control of a 521 

CAG promoter. The DCX promoter from a DCX-IRES-GFP vector, kindly provided by U. Mueller 522 

(The Scripps Research Institute, CA, USA), was cut with SpeI and EcoRI and inserted into the 523 

psiSTRIKE vector, replacing the CAG promoter, resulting in a construct encoding the WT and 524 

mutated human TUBG1 under a DCX promoter. Vector pmTubg1-TagRFP encoding mouse 525 

gamma-tubulin 1 fused to Tag-RFP was described previously 30. Lentiviral vector pmTubg1-526 

TagRF with puromycin resistance, encoding mouse gamma-tubulin 1 fused to TagRFP was 527 

described previously 71. BLBP-GFP plasmid was kindly provided by N. Heintz (The Rockefeller 528 

University, NY, USA). The following plasmids were used as reporters for IUE experiments: a 529 

pCAGGS-IRES-Tomato (RFP) vector; a pCIG2-IRES-GFP vector, kindly provided by 530 

R.Belvindrah (INSERM, Paris, France); and a NeuroD-GFP vector, kindly provided by J. Godin 531 

(IGBMC, Strasbourg, France). pCAG-PAKT-mKO bearing the pericentrin-AKAp450 centrosomal 532 

targeting (PACT) domain fused to Kusabira Orange was kindly provided by J. Godin (IGBMC, 533 

Strasbourg, France). All plasmid DNAs were prepared using the EndoFree plasmid purification 534 

kit (Macherey Nagel). 535 

Antibodies 536 

The following antibodies were used in this study:  Gamma-tubulin (aa 38-53) GTU-88 (T6557, 537 

mouse, used at 1/10000 for WB and 1/1000 for IF/IHC, Sigma); Gamma-tubulin (434-451) TU-30 538 

(ab27074, mouse, used at 1/1000, Abcam); GAPDH (MAB374, mouse, used at 1/1000, 539 

Chemicon); Cux1 (sc-13024, rabbit, used at 1/100, Santa Cruz); GFP (A10262, chicken, used at 540 

1/1000, ThermoFisher); CTIP2 (ab18465, rat, used at 1/500, Abcam); NeuN (MAB377, mouse, 541 

used at 1/500, Millipore); SATB2 (ab51502, mouse, used at 1/400, Abcam); TBR1 (ab31940, 542 

rabbit, used at 1/500, Abcam); Pax6 (PRB-278P, rabbit, used at 1/100, Eurogentec); Tbr2 (14-543 

4875-80, rat, used at 1/200, eBioscience); PH3 (06-570, rabbit, used at 1/500, Millipore); Ki67 544 

(NCL-L-Ki67-MM1, mouse, used at 1/500, Leica); Anti-tRFP (AB234, rabbit used at 1/5000 for 545 

WB, Evrogen); GCP4 (sc-271876, mouse, used at 1/1000 for WB, Santa Cruz); Anti-mouse 546 

antibody conjugated with HRP (W402B, goat, used at1/10000 for WB, Promega); Anti-rabbit 547 

antibody conjugated with HRP (W401B, goat, used at 1/100000 for WB, Promega). Anti-GCP2 548 

antibody GCP2-01 (mouse monoclonal IgG2b) used for immunoprecipitation was described 549 

previously 72; Anti-GCP2 antibody GCP2-02 (mouse monoclonal IgG1, in the form of hybridoma 550 

spent culture supernatant, used at 1/10 for WB) was described previously72. 551 

Cell culture 552 
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Mouse Neuroblastoma N2a cells and subject’s human fibroblasts cells were cultured in DMEM 553 

(Gibco) supplemented with 1 g/L of glucose, 5% foetal calf serum and gentamycine (DMEM-1 g/L 554 

glucose-5% FCS-gentamycine). Transfection was performed using Lipofectamine2000 555 

(Invitrogen) according to the manufacturer’s instructions and cells were then cultured for 48h. For 556 

differentiation assays, N2a cells were differentiated 24h after transfection by replacing the 557 

medium with DMED without serum and supplemented with 1 µM Retinoic acid. After 48 h cells 558 

were fixed in 4% PFA. For lentivirus production, HEK 293FT packaging cells (Invitrogen) were 559 

grown at 37°C in 5% CO2 in DMEM supplemented with 10% FCS and antibiotics. The cells used 560 

for lentivirus production were at passage 4–15. For depolymerization assays, human fibroblasts 561 

were incubated with 5µM nocodazole in DMEM for 1 h, at 4°C. Medium was then replaced with 562 

preheated DMEM-1 g/L glucose-5% FCS-gentamycine. Cells were then fixed at different time 563 

points: 0 min, 5 min and 5 min. 564 

Lentiviral infection 565 

Lentiviral infections were done as described previously73, using HEK 293FT cells for virus 566 

preparation. The transfection mixture was replaced after 3 d with fresh complete medium 567 

containing 5 µg/ml puromycin. Stable selection was achieved by culturing cells for 1-2 weeks in 568 

the presence of puromycin. 569 

Immunoprecipitation 570 

To prepare extracts for immunoprecipitation, cells were rinsed twice in cold HEPES buffer (50 571 

mM HEPES [pH 7.6], 75 mM NaCl, 1 mM MgCl2, and 1 mM EGTA) and extracted for 10 min at 572 

4°C with HEPES buffer supplemented with 1% Nonidet P-40 (extraction buffer), protease inhibitor 573 

mixture (Complete EDTA-free, Roche) and phosphatase inhibitors (1 mM Na3VO4, 1 mM NaF). 574 

The suspension was spun down (20000 x g, 15 min, and 4°C) and supernatant was collected. 575 

Protein quantification in samples was assessed with a bicinchoninic acid (BCA) protein assay kit 576 

(Thermo Scientific). Samples were diluted with TBST to the final protein concentration 0.6 mg/ml. 577 

Immunoprecipitations were performed as described elsewhere 74. Extracts were incubated with 578 

Protein A beads (GE-Health Care) saturated with i) rabbit antibody to TagRFP; ii) monoclonal 579 

antibody GCP2-01 to GCP2; or iii) immobilized protein A alone. 7.5% SDS-PAGE and 580 

immunoblotting were performed as described previously75. Bound primary antibodies were 581 

detected after incubation of the blots with HRP-conjugated secondary antibodies. HRP signal was 582 

detected with chemiluminescent reagents (Thermo Scientific) and the LAS 3000 imaging system 583 



19 
 

(Fujifilm). AIDA image analyzer (ver.4) software (Raytest) was used for quantification of signals 584 

from immunoblots. 585 

Western Blot 586 

Cells were lysed in RIPA buffer (50mM Tris-HCl, pH 7.7, 0.15 M NaCl, 1 mM EDTA and 1% 587 

Triton X-100) supplemented with proteases inhibitors (Roche). Protein concentrations were 588 

determined with a Bradford assay. Equal amounts of lysates were then loaded on 589 

polyacrylamide gels and transferred onto nitrocellulose membranes. Membranes were blocked 590 

in 5% milk solution in TBS-0.1% Tween and then incubated with the primary antibodies overnight 591 

at 4°C. HRP (horseradish)-conjugated secondary antibodies (Thermo Fischer) were used at 592 

1:10000. 593 

EB3 Tracking analyses 594 

Patient’s fibroblasts and HeLa cells were cultured in fluorodish™ FD35-100 (World Precision 595 

Instruments) and transfected with EB3-GFP plasmid using Lipofectamine 2000 (Invitrogen) 596 

following manufacturer instructions. Live video-microscopy recording was performed using a 597 

Confocal Spinning disk - NikonTi - Roper iLas FRAP system equipped with a PLAN APO VC 598 

60x objective (Nikon Instrument, Inc., Melville, USA) and driven by Metamorph 7.0 (Molecular 599 

Devices, LLC). Samples were maintained at 37°C and 5% CO2 during acquisition. Images were 600 

collected with Photometrics Prime 95B™ Scientific CMOS Camera (PHOTOMETRICS) every 601 

200ms during 2 minutes. Movie assembly and time projections were done using ImageJ 602 

software (http://rsb.info. nih.gov/ij/, NIH). For generation and analyses of kymographs Image J 603 

plug-in “kymotoolbox” (Available on demand on http://www.bic.u-bordeaux.fr) was used. 604 

Kymographs were calibrated in time (y in sec) and space (x in µm) and analyses were performed 605 

manually by following EB3 “comet” trajectories. Mean speed was extracted by the plug-in. 606 

qPCR 607 

Total RNA was prepared in three independent isolations from the cortices of mouse embryos at 608 

different time points of development with TRIzol reagent (Thermo Fisher Scientific), and cDNA 609 

samples were synthetized with SuperScript II Reverse Transcriptase (Invitrogen). Quantitative 610 

PCR was performed in a LightCycler PCR instrument (Roche) using SYBR Green Master Mix 611 

(Roche) with the following gene-specific primers for mouse gamma-tubulin 1: Forward: 612 

5’CCCAGGGAGAAAAAATCCACGAGGA 3’; Reverse: 5’GAGCCCAAGCCAGAGCCTGTCC 613 

3’. GAPDH was used as a normalizer.  614 
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Immunohistochemistry and immunofluorescence 615 

Free floating sections were blocked in 2% donkey serum in PBS-0.3% Triton-X and then 616 

incubated overnight at 4°C with the primary antibodies. Alexa-coupled secondary antibodies 617 

(Thermo Fischer) were used at 1/500. Nuclei were stained with a Hoechst solution (H3570, Life 618 

Technologies) for 20 min, used at 1/2000. 619 

Neuro2a cells grown on glass coverslips were fixed in 4% PFA, blocked in 5% donkey serum in 620 

PBS-0.3% Triton-X and then incubated for 1 h with the primary antibodies. Alexa-coupled 621 

secondary antibodies (Thermo Fischer) were used at 1/500.  622 

Human fibroblasts grown on glass coverslips were fixed in 3% PFA-PHEM buffer (60 mM Pipes, 623 

25 mM Hepes, 5 mM EGTA, 1 mM MgCl, pH 7), post-permeabilized in 0.5% Triton X in PHEM 624 

for 4 min at 37°C and post-fixed in ice cold methanol for 2 min on ice. Fibroblasts were then 625 

blocked in 5% donkey serum in PHEM-0.3% Triton-X and then incubated for 1 h with the primary 626 

antibodies. Alexa-coupled secondary antibodies (Thermo Fischer) were used at 1/500. 627 

Images were acquired using a confocal microscope TCS SP8 X (Leica microsystems). 628 

In utero electroporation 629 

In utero electroporation was performed as described previously76 using timed pregnant Swiss 630 

mice (Janvier). Animal experimentations were performed at the IGBMC animal facilities. The 631 

study was conducted according to national and international guidelines (authorization numbers 632 

2017062811273521 and 2017022316297963, French MESR) and the procedures followed were 633 

in accordance with the ethical standards of the responsible committee on mouse 634 

experimentation (Comité d’éthique pour l’expérimentation animale (Strasbourg, France)). At 635 

E14.5 the pregnant mice were anaesthetized with isolflurane (2 l/min of oxygen, 3% isoflurane 636 

during induction and 2.5% during surgery). The uterine horns were exposed, and a lateral 637 

ventricle of each embryo was injected using pulled glass capillaries (Harvard Apparatus) with 638 

Fast Green (2 μg/ml; Sigma) combined with the DNA constructs prepared with EndoFree 639 

plasmid purification kit (Macherey Nagel) and a reporter vector at 1 µg/µl each. Plasmids were 640 

further electroporated into the neuronal progenitors adjacent to the ventricle by delivering five 641 

electric pulses at 50 V for 50 ms at 950-ms intervals using a CUY21EDIT electroporator 642 

(Sonidel). After electroporation, embryos were placed back in the abdominal cavity and 643 

development was allowed to continue until E16, E18, P3 ot P8. Embryo or pup brains were 644 



21 
 

dissected and fixed in 4% paraformaldehyde in PBS (Prosphate buffered saline) overnight and 645 

then sectioned at 80 µm slices using a VT1000S vibratome (Leica biosystems). 646 

Time-lapse videomicroscopy 647 

Time-lapse videomicroscopy was performed as described previously 77. At E16.5, embryo brains 648 

electroporated two days earlier, were dissected, embedded in 3% low-melt agarose (BioRad) 649 

diluted in HBSS (Hank’s Balanced Salt Solution, ThermoFisher Scientific) and sliced (300 µm) 650 

with a vibratome (Leica VT1000S, Leica Microsystems). Brain slices were cultured 16 to 24 h in 651 

semi-dry conditions (Millicell inserts, Merck Millipore), in a humidified incubator at 37 C in a 5% 652 

CO2 atmosphere in wells containing Neurobasal medium supplemented with 2% B27, 1% N2, 653 

and 1% penicillin/streptomycin (Gibco, Life Technologies). Slice cultures were placed in a 654 

humidified and thermoregulated chamber maintained at 37 °C on the stage of an inverted 655 

confocal microscope. Time-lapse imaging was performed with a Leica SP8 X scanning confocal 656 

microscope equipped with a 25X objective. 40-50 successive ‘z’ optical planes were acquired 657 

every 0.5 µm and every 30 min during 10 h. Sequences were analyzed using Image J and the 658 

‘Manual Tracking’ Plugin. 659 

EdU labelling 660 

E14.5 electroporated pregnant mice were intraperitoneally injected 24h later with EdU (5-661 

ethynyl-2’-deoxyuridine solution, Invitrogen) diluted in sterile normal saline at the dose of 40 mg 662 

EdU/kg of body weight. Brains from embryos were dissected and fixed at E16.5. EdU staining 663 

was performed using Click-iT EdU Alexa Fluor 647 Imaging Kit (Invitrogen) according to the 664 

manufacturer’s instructions. 665 

Mouse model 666 

Heterozygous knock-in Tubg1 mice expressing the Tyr92Cys (Tubg1Y92C/+) variant were 667 

generated in the Institut Clinique de la Souris (Celphedia, Phenomin, ICS, Illkirch). The targeting 668 

vector (Suppl. Figure 5) was constructed as follows. An 843 bps fragment encompassing part of 669 

Tubg1 exons 2 and 3 was amplified by PCR (from RP23-440M18 BAC containing Tubg1) in two 670 

steps to allow the introduction of the A>G point mutation in exon 3 and subcloned in an ICS 671 

proprietary vector. This mutation changes the TAC codon in a TCC codon leading in a tyrosine to 672 

cysteine mutation at position 92 (Y92C). The ICS vector has a flipped Neomycin resistance 673 

cassette as well a 2 LoxP sites, one is located 5’ of the 843 bps fragment and NeoR cassette and 674 

one 3’ of the flipped NeoR cassette. Two fragments corresponding to the 5’ (3.5 kb) and 3’ (3.5 675 
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kb) homology arms were amplified by PCR and subsequently subcloned in step1 plasmid to 676 

generate the final targeting construct. The linearized construct was electroporated in C57BL/6N 677 

mouse embryonic stem (ES) cells (ICS proprietary line). After G418 selection, targeted clones 678 

were identified by long-range PCR and further confirmed by Southern blot with an internal (Neo) 679 

probe and a 3’ external probe. Two positive ES clones were validated by karyotype spreading 680 

and microinjected into BALB/C blastocysts. Resulting male chimeras were bred with Flp deleter 681 

females showing maternal contribution78. Germline transmission with the direct excision of the 682 

selection cassette was achieved in the first litter. The initial allele comprising the floxed and 683 

mutated fragment represents the KI allele. The KO allele can be obtained subsequently by 684 

breeding the initial allele with a Cre deleter line.  685 

Mice were handled according to national and international guidelines (authorization number 686 

2017022316297963, French MESR) and the procedures followed were in accordance with the 687 

ethical standards of the responsible committee on mouse experimentation (Comité d’éthique pour 688 

l’expérimentation animale (Strasbourg, France)). 689 

Neuroanatomical studies 690 

Neuroanatomical study was carried out using 8 male mice at precisely 16-week old (n=4 per 691 

group) as previously described. Mice were euthanized in a CO2 chamber and brains were 692 

dissected and fixed in 4% buffered formalin for 48 hours, then transferred to 70% ethanol. 693 

Samples were embedded in paraffin using an automated embedding machine (Sakura Tissue-694 

Tek VIP) and cut at a thickness of 5µm with a microtome in order to obtain sagittal brain region 695 

at Lateral + 0.60 mm. The sections were then stained with 0.1% Luxol Fast Blue (Solvent Blue 696 

38; Sigma-Aldrich) and 0.1% Cresyl violet acetate (Sigma-Aldrich) and scanned using Nano- 697 

zommer 2.0HT, C9600 series at 20× resolution.   166 brain parameters, made of area and length 698 

measurements as well as cell level features, were taken blind to the genotype across one sagittal 699 

section. Data were analyzed using a two-tailed Student t-test of equal variance to determine 700 

whether a brain region is associated with neuroanatomical defect or not. 701 

Behavioral experiments 702 

All mouse experimental procedures were performed in agreement with the EC directive 703 

2010/63/UE86/609/CEE for the care and use of laboratory animals and every effort was made to 704 

minimize the number of animals used. The local animal care, use and ethic committee of the 705 

Institute of Genetics and of Molecular and Cellular Biology (IGBMC) approved the protocol under 706 

accreditation number 2017022316297963. Two cohorts of wild-type and mutant male mice were 707 
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used for behavioural experiments (19 wt and 17 Tubg1 +/-in total, ranging from 2.5 to 6.5 months 708 

of age for the phenotyping).  For all behavioural experiments, mice were kept in SPF conditions 709 

with free access to food and water. The light cycle was controlled as 12 h light and 12 h dark 710 

(lights on at 7:00 AM) and the tests were conducted between 9:00 AM and 4:00 PM. To produce 711 

experimental groups, only animals coming from litters containing a minimum of two male pups 712 

were selected. After weaning, male mice were gathered by litters in the same cage. Animals were 713 

transferred to the experimental room 30 min before each experimental test. Behavioural 714 

experimenters were blinded as to the genetic status of the animals. Tests were administrated in 715 

the following order, circadian activity, Y maze, open field, novel object recognition, repetitive 716 

behaviours and fear conditioning with a maximum of one week in between two tests.  717 

Open field (OF) 718 

The apparatus consisted of a white circular arena (52-cm diameter, 32-cm height) placed in a 719 

dimly lit testing room (30–40 lux). The mice were placed for 15 min in this arena for 2 successive 720 

sessions with 24h of interval. During the sessions, mice were monitored using a video tracking 721 

system (Ethovision, Wageningen, The Netherlands), total distance travelled and time spent in the 722 

different zone of the arena (center, intermediate and peripheral) was recorded. 723 

Circadian activity 724 

Spontaneous locomotor activity and rears were measured using individual boxes equipped with 725 

infra-red captors. Mice were tested for 45 hours in order to measure habituation to the apparatus 726 

(two dark phase) as well as nocturnal and diurnal activities, represented by locomotor and rear 727 

activity. Results are expressed per 1 h periods.  728 

Repetitive behaviours 729 

For studying repetitive behaviour, mice were put individually into dimly lit (60 Lux) clean home-730 

cages without pellets or water bottle. The occurrence of repetitive behaviours (rearing, jumping, 731 

digging, grooming) was observed for 10 min and scored using an ethological keyboard (Viewpoint, 732 

Labwatcher, France). This test was done only a cohort of 9 WT and 9 KI animals.  733 

Novel Object Recognition (NOR) 734 

The novel object recognition task was done 24 hours after OF the session performed in the same 735 

apparatus. On Day 1, mice were placed in the test apparatus containing 2 identical objects and 736 

were free to explore them for 14 min (defined as a training session). The time spent exploring 737 

each object was manually scored and nose to the object at a distance < 1,5 cm. After this 738 
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acquisition phase, mice were returned to their home cage. After a waiting period of 24 h, mice 739 

were placed once again in the test apparatus with one familiar object (from the acquisition phase) 740 

and one novel object. Mice were again free to explore the two objects for a 14 min period (defined 741 

as a test session) and time spent exploring each object was manually scored. Between trials and 742 

subjects, the different objects were cleaned with 70° ethanol in order to reduce olfactory cues. To 743 

avoid a preference for one of the two objects, the new one was different for the different animal 744 

groups and counterbalanced between genotype. It was also the case for the emplacement of the 745 

novel object compared to the familiar one (left or right). For the retention phase, a recognition 746 

index (RI) was calculated as the percentage of time sniffing time novel object (NO) minus the time 747 

sniffing the familiar object (FO) divided by the total time of sniffing, to assess memory 748 

performance. For this test, four WT mice were excluded because they did not come into contact 749 

with objects (sniffing time lower than 3sec).  750 

Fear conditioning (Contextual and Cued FC) 751 

Experiments were conducted in four operant chambers (28 × 21 × 22 cm) with a metal bar floor 752 

linked to a shocker (Coulbourn Instruments, Allentown US). Chambers were dimly lit with a 753 

permanent house-light and equipped with a speaker for tone delivery and an infra-red activity 754 

monitor. The activity/inactivity behaviour was monitored continuously during the different session 755 

and data were expressed in duration of inactivity per 2 s. The experimental procedure consists of 756 

3 sessions over 2 days. On day 1, for the conditioning session, the mouse was allowed to 757 

acclimate for 4 min, then a light/tone (10 kHz, 80-dB) conditioned stimulus (CS) was presented 758 

for 20s and terminated by a mild foot shock unconditional stimulus (US) (1sec, 0.4 mA). After the 759 

foot shock, animals were left in the chamber for another 2 minutes. Total freezing time during the 760 

first 2min and 4min and 2min immediately after foot shock was defined respectively as PRE1, 761 

PRE2 and POST. On Day 2, the context testing was performed by putting back the mice into the 762 

same chamber and allowing them to explore for 6 minutes without presentation of the 763 

light/auditory CS. The movement of the animal were monitored to detect freezing behaviour 764 

consequent to recognition of the chamber as the spatial context (contextual learning). The total 765 

freezing time was calculated by 2min block as CONT2, CONT4 and CONT6. Finally, the cue 766 

testing was performed 5 hours after the context testing. Animals were tested in modified 767 

conditioning chambers with walls and floor of a different colour and texture. The mouse was 768 

allowed to habituate for 2 minutes then presented to light/auditory cues for 2 minutes to evaluated 769 

conditioning fear. The total freezing time was calculated by 2min block as PRECUE1, CUE1, 770 

PRECUE2 and CUE2.  771 
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Y maze 772 

The maze was made of three enclosed plastic arms, each 40x9x16cm, set at an angle of 120° to 773 

each other, in the shape of a Y. The wall of the arm has different pattern to encourage 774 

spontaneous alternation behaviour (SAB). Animals were placed at the end of one arm (this initial 775 

arm was alternated within the group of mice to prevent bias of arm placement), facing away from 776 

the centre, and allowed to freely explore the apparatus for 6 min under moderate lighting 777 

conditions (70 lux in the centre-most region). The time sequences of entries in the 3 arms were 778 

recorded (arm entry was counted when mouse had all four paws inside the arm). Alternation was 779 

determined from successive entries of the three arms on overlapping triplet sets in which three 780 

different arms are entered. The number of alternations was then divided by the number of 781 

alternation opportunities namely, total arm entries minus one. In addition, total entries were scored 782 

as an index of locomotor activity. 783 

Statistical analysis 784 

Data were assessed for normality by Shapiro-Wilk test and for equality of variance by Brown-785 

Forsythe test. If normality and equality of variance is assumed, we performed a one way ANOVA 786 

analysis. In case of normality or equal of variance failure, we performed a one way ANOVA on 787 

the rank (Kruskal-Wallis). By the same way, data from OF, NOR and FC were assessed by 788 

repeated measure two way ANOVA with genotype as between subject and session as within 789 

subject. All pairwise comparison was done with Tukey test in post hoc analysis. Also NOR RI was 790 

analysed with one sample T-test for determined a significant difference versus 0. 791 

EEG recordings 792 

Implantation of electrodes was done under general anesthesia (Propofol, Fentanyl, Domitor 793 

mixture 100µL/10g).  Heterozygous Tubg1Y92C/+ (n=3) and C57Bl/6 wild-type littermate mice (n=3) 794 

aged postnatal 12 weeks were implanted with stainless steel wire electrodes (Phymep, France). 795 

For each mouse, five single-contact electrodes were placed over the left and right frontoparietal 796 

cortex. The electrodes were secured into the skull and soldered to a micro-connector that was 797 

fixed to the skull by acrylic cement. An electrode over the surface of the cerebellum served as 798 

ground for all derivations. All mice were allowed to recover for a period of 1 week before EEG 799 

recordings. Freely moving mice were then recorded in their housing transparent cage and were 800 

connected to a recording system. EEG signals were amplified with a band-pass filter setting of 801 

0.1-70 Hz with a 64-channel system (Coherence, Natus) and sampled at 256 Hz. Recordings 802 

were performed during 1 hour for evidence of spontaneous convulsive seizure. At the end of the 803 
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recording period, animals were injected intraperitoneally with a convulsive dose of 30mg/kg of 804 

pentylenetetrazole (PTZ; Sigma-Aldrich, Co), a GABAA receptor antagonist, to evaluate seizure 805 

threshold. EEG was recorded during 30min after PTZ. Video-EEGs were reviewed offline for 806 

electrographic seizures. 807 

Statistical analysis 808 

All experiments were done in at least three independent replicates. All statistics were calculated 809 

with GraphPad Prism 6. Data are presented as mean±sem. A detailed description of statistics is 810 

provided in Supplementary Table 3. 811 

 812 

  813 
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Figure Legends 1040 

Figure 1. Pathogenic variants in TUBG1 alter neuronal positioning. A. Linear representation 1041 

of TUBG1 polypeptide. Black arrows indicate relative position of the four investigated mutations. 1042 

B. Coronal sections of E18.5 brains electroporated at E14.5 with either a control empty vector the 1043 

WT form or one of the four TUBG1 mutated forms and co-electroporated with a RFP-encoding 1044 

reporter (Tomato). Sections were stained with DAPI. CP, cortical plate; IZ, intermediate zone; 1045 

VZ/SVZ, ventricular zone/subventricular zone. Scale bar 50µm. C. Quantification of the 1046 

percentage of fluorescent cells in 3 different regions: CP, IZ, VZ/SVZ. Data are represented as 1047 

mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test, **** p < 0.0001, 1048 

compared to control-empty vector. D. Coronal sections of E18.5 brains electroporated at E14.5 1049 
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with the Tyr92Cys variant and stained for the upper-layer marker Cux1 (cyan) and with DAPI. The 1050 

non-electroporated hemisphere of the same brain is shown as control. Scale bar 50µm. E. 1051 

Coronal sections of P8 brains electroporated at E14.5 with either a control-empty vector or one 1052 

of the four mutant TUBG1 forms. Sections were stained for the upper-layers marker Cux1 (cyan) 1053 

and with DAPI. Scale bar 250µm. 1054 

Figure 2. Neuron-specific expression of TUBG1 mutations affects neuronal positioning in 1055 

the neocortex and the hippocampus. A. Coronal sections of E18.5 brains electroporated at 1056 

E14.5 with either a control empty vector or one of the four mutated forms of TUBG1 under the 1057 

control of a neuron-specific DCX promoter and co-electroporated with a reporter construction 1058 

encoding for GFP under the control of a neuron-specific NeuroD promoter. Sections were stained 1059 

with DAPI. CP, cortical plate; IZ, intermediate zone. Scale bar 50µm. B. Quantification of 1060 

fluorescent neurons positioning in 3 different regions: up CP, down CP and IZ. Data are 1061 

represented as mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test, *** p < 1062 

0.001, **** p < 0.0001, compared to control-empty vector. C. Quantification of fluorescent neurons 1063 

in the cortical plate. The image on the right shows the cortical plate divided in 5 equal sections 1064 

(bins), scale bar 50 µm. GFP-positive cells were counted in each bin. Data are represented as 1065 

mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test, * p < 0.05, ** p < 0.01, 1066 

*** p < 0.001, **** p < 0.0001, compared to control-empty vector. D. In-utero electroporation of 1067 

DCX-TUBG1-Y92C or WT together with GFP in the ammonic neuroepithelium at E14.5. Images 1068 

show coronal sections of the CA1 region of the hippocampus at P8.  1069 

Figure 3. Real-time recordings of migrating cortical neurons. Neuronal precursors were 1070 

electroporated at E14.5 with WT or mutant TUBG1 under the control of a DCX promoter and a 1071 

reporter GFP gene under the control of a NeuroD promoter. At E16.5 brains were dissected and 1072 

300µm-thick brain slices were cultured for one day. Neurons expressing GFP were then imaged 1073 

for 10h. A. Locomotory paths (colored lines) of electroporated neurons recorded during time-lapse 1074 

imaging. Scale bar 50 µm. B-E. Quantification of percentage of migrating neurons (B), average 1075 

migration velocity (C), average number of pauses (D) and total time spent in pause (E) during the 1076 

10h of recording. Data are represented as mean ± SEM, One-way ANOVA with Tukey’s post hoc 1077 

test, * p < 0.05, ** p < 0.01, **** p < 0.0001 compared to control-empty vector; **** p < 0.0001 1078 

compared to DCX-TUBG1-WT. F-H. Centrosome positioning in migrating and non-migrating 1079 

neurons. F. Sequences of images during the 9 hours of time-lapse recording of bipolar neurons 1080 

co-electroporated with GFP and the centrosomal marker PACT-mKO1 (magenta) together with 1081 

either control or TUBG1-Tyr92Cys. The centrosome is indicated by white arrows. Scale bar 10 1082 
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µm. Quantification of centrosome positioning in migrating (G) and non-migrating (H) neurons. 1083 

Neurons were divided in four different categories according the position of their centrosome during 1084 

the time-lapse recording: ahead of the nucleus, behind the nucleus, random relative to the 1085 

nucleus, ahead of the nucleus in the beginning of the recording and then behind it or random. 1086 

Data are represented as pie charts to show the proportion of the four categories for either 1087 

migrating or non-migrating neurons. Two-way ANOVA with Sidak’s multiple comparisons test, ** 1088 

p < 0.01, *** p < 0.001. 1089 

Figure 4. TUBG1 mutations are associated with defects in microtubule dynamics and 1090 

disrupted interactions within gamma-tubulin complexes 1091 

A. Immunofluorescent images of differentiated Neuro2A cells transfected with WT or mutant 1092 

TUBG1 fused to RFP together with a GFP-expressing reporter construct. Cells were 1093 

immunolabelled for gamma-tubulin, RFP and GFP and counterstained with DAPI. Scale bar 1094 

20µm, 5 µm for insets. B-C. Immunofluorescent staining of microtubules (red) and TUBG1 (yellow) 1095 

in control fibroblasts and fibroblasts derived from subjects bearing the Tyr92CYs and the 1096 

Thr331Pro mutations. B. Images without treatment, Scale bar 20µm. C. Images after microtubule 1097 

depolymerization by nocodazole and cold treatment and subsequent repolymerization for 0, 2 or 1098 

5 minutes. Scale bars 20µm (upper panels) and 5µm (lower panel). 1099 

D-E. Microtubule dynamics in HeLa cells transfected with EB3 and different TUBG1 constructs. 1100 

D. Kymographs show EB3 trajectories in time (y, sec) and space (x, µm). Scale bar Y=10sec, 1101 

X=2µm E. Histograms represent mean velocity of EB3 comets. Data are represented as mean ± 1102 

SEM, one-way ANOVA with Tukey’s multiple comparisons test, * p < 0.05, **** p < 0.0001 1103 

compared to control-empty vector. 1104 

F-G. Microtubule dynamics in subject-derived fibroblasts. F. Representative Kymographs of 1105 

dynamic EB3 “comet” in control and mutant fibroblasts. Kymographs are calibrated in time (y, sec) 1106 

and space (x, µm) and every line represents one dynamic EB3 “comet” (Scale bar Y=12sec, 1107 

X=10µm). G. Quantification of EB3 mean velocity extracted from kymographs (Control n=4, 1108 

Tyr92Cys n=3, Thr331Pro n=4). Data are represented as mean ± SEM, one-way ANOVA with 1109 

Tukey’s post hoc test, * p < 0.05 compared to control fibroblasts. 1110 

H-I. Neuro2a cells expressing tagRFP-tagged mouse Tubg1 (WT control) or its mutated variants 1111 

were immunoprecipitated and probed with antibodies to tagRFP, GCP2, GCP4 and gamma-1112 

tubulin (γ-Tb). H. Left panel- representative immunoblot after immunoprecipitation with anti-1113 

tagRFP antibody. Right panel- densitometric quantification of immunoblots stained with anti-1114 
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GCP2 antibody. Relative intensities of samples with mutated Tubg1-TagRFP normalized to WT 1115 

control and to the amount of tagRFP in individual samples. I. Left panel- representative 1116 

immunoblot for immunoprecipitation with anti-GCP2 antibody. Right panel- densitometric 1117 

quantification of immunoblots stained with anti-tagRFP antibody. Relative intensities of samples 1118 

with mutated Tubg1-TagRFP normalized to WT control and to the amount of GCP2 in individual 1119 

samples. Controls in left panels contained proteins A without antibodies incubated with the cell 1120 

extracts. Data in right panels represent means ± SEM (n=4); one-way ANOVA with Bonferroni's 1121 

multiple comparisons test, ****p < 0.0001. 1122 

Figure 5. Tubg1Y92C/+ mice show abnormal cortical layering during development.  1123 

A. Coronal section of the cortex from control and Tubg1Y92C/+ E18.5 embryos, stained with the 1124 

upper-layer marker SATB2, the layer 5 marker CTIP2 and the layer 6 marker TBR1, scale bar 1125 

200µm. SATB2 staining reveals a thin band of heterotopic neurons at the interphase of the 1126 

intermediate zone and the cortical plate (white arrows). CTIP2 staining shows altered organization 1127 

of layer 5 of the cortex. B. Quantification of the thickness and the cell density in layer 5 showing 1128 

increased thickness and decreased cells density in Tubg1Y92C/+ embryonic cortices compared to 1129 

WT, unpaired two-tailed t test, ** p < 0.01, *** p < 0.001. C. EdU staining in the cortex of E18.5 1130 

WT and Tubg1Y92C/+ embryos after injection of EdU at E14.5. The cortical plate was divided into 1131 

five equal bins extending from the Intermediate zone to the marginal zone. An accumulation of 1132 

EdU-positives cells in the IZ of mutant embryos is shown with white arrows. CP, cortical plate; IZ, 1133 

intermediate zone; VZ/SVZ, ventricular zone/subventricular zone. Scale bar 100µm. D. 1134 

Quantification of EdU-positive cells in the VZ/SVZ, the IZ and the five bins of the cortical plate 1135 

(CP1-CP5). Data are represented as mean ± SEM, Two-way ANOVA with Tukey’s multiple 1136 

comparisons test, * p < 0.05, *** p < 0.001. 1137 

Figure 6. Tubg1Y92C/+ mice present with microcephaly, abnormal hippocampal organization 1138 

and behavioral abnormalities 1139 

A. Schematic representation of affected brain regions plotted in sagittal planes according to p-1140 

values. The right image represents a section at Lateral + 0.60 mm. White coloring indicates a p-1141 

value higher than 0.05 and grey shows not enough data to calculate a p-value. Histograms are 1142 

showing the percentage decrease (minus scale) in size of measured brain regions as compared 1143 

to the controls (100%). Numbers indicate assessed brain regions listed on the right. B. Sagittal 1144 

sections of the hippocampus, the cortex and the cerebellum from control WT and Tubg1Y92C/+ 1145 

adult mice stained with cresyl violet/luxol blue. Black arrows indicate the hippocampal heterotopia. 1146 
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C. Coronal sections of the hippocampus from control WT and Tubg1Y92C/+ adult mice stained with 1147 

NeuN, scale bar 300µm. Higher magnification view of the region delimited with dotted square is 1148 

shown on the right of each image, scale bar 100µm. 1149 

D-F. Open field test. 2 sessions of 14min were done at 24 hours interval. Exploratory locomotor 1150 

activity is represented by the distance travelled (m) by mice (D) and the time spent near the wall 1151 

area (E). F. Heatmap showing the time spent in the arena during the 14 min of the session 1 and 1152 

session 2 by genotype. 1153 

G-H. Novel object recognition task. Mice were allowed to explore an identical pair of objects, and 1154 

after 24 hours, they were presented with the familiar object and a new object. The sniffing time in 1155 

seconds during the 14 min of the presentation and test session are represented in box plots. (TIT 1156 

24 hours, nose close to the object <1cm, L) (G). The recognition index (RI) (H) was calculated as 1157 

the percentage of time sniffing time novel object (NO) minus the time sniffing the familiar object 1158 

(FO) divided by the total time of sniffing. 1159 

I. Fear conditioning test. Graphs plot the freezing during the different sessions of the test. The 4 1160 

min of habituation (Hab1 and 2) and the 2min post choc. The 6-min context session (Cont 1, 2 1161 

and 3) was run 24-hours after conditioning. The 8-min cue session was performed 5-hours after 1162 

the context session. A sequence of 2-min with no cue (pre cue1 and 2) and 2 min with 1163 

light/auditory (cue 1 and 2) conditioning stimulus were repeated twice. Data are presented as 1164 

mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001. 1165 

J. Representative EEG trace. Left panel: EEG recording before and after PTZ in WT mice without 1166 

discharge activity. Right pannel: Tubg1Y92C/+ mice epileptiform discharge events before PTZ and 1167 

generalized tonicoclonic seizure after PTZ.  L-C: left cortex; R-C: right cortex 1168 

 1169 
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Figure S1 



 

Supplementary figure 1. TUBG1/TUBG2 expression during cortical development and 

exogenous overexpression. 

A-B. TUBG1 and TUBG2 mRNA levels were quantified by RT-qPCR in mouse embryonic cortices 

at different stages of development (E12, E14, E16 and E18). Data are presented as mean ± SEM 

(n=3), normalized to GAPDH and relative to levels at E12.5, *** p < 0.001, **** p < 0.0001 (mRNA 

level vs. E12.5 mRNA level).  

C. TUBG1 overexpression in electroporated cortical neurons. Coronal E16.5 brain sections 

electroporated at E14.5 were stained against gamma-tubulin (magenta) and counterstained with 

DAPI. Scale bar 5µm. 

D. Representative immunoblot showing overexpression in Neuro2a cells transfected respectively 

with: a control-empty vector, TUBG1-WT, TUBG1-Tyr92Cys, TUBG1-Ser259Leu, TUBG1-

Thr331Pro and TUBG1-Leu387Pr. 

E. Quantification of the percentage of fluorescent cells in 3 different cortical regions: CP, IZ, 

VZ/SVZ at E18.5 after electroporation at E14.5 with respectively: Control-empty vector TUBG1 or 

TUBG2. Data are represented as mean ± SEM. 

F. Coronal sections of E18.5 brains electroporated at E14.5 with respectively: Control-empty 

vector, the TUBG1-Tyr92Cys recombinant form, TUBG1-Tyr92Cys together with TUBG1 or 

TUBG2 (Rescue). For rescue experiments, two different concentration ratios were tested: 1µg/µl 

TUBG1-Tyr92Cys and 1µg/µl TUBG1/TUBG2 or 1µg/µl TUBG1-Tyr92Cys and 2µg/µl 

TUBG1/TUBG2. Sections were stained with DAPI. CP, cortical plate; IZ, intermediate zone; 

VZ/SVZ, ventricular zone/subventricular zone. Scale bar 50µm. 

G. Quantification of the percentage of fluorescent cells in 3 different regions: CP, IZ, VZ/SVZ. Data 

are represented as mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test** p < 

0.01, **** p < 0.0001, compared to control-empty vector. 
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Supplementary figure 2. Effects of TUBG1 variants on progenitor proliferation and radial 

glial fibres.  

A. DNA constructs harbouring WT or mutant TUBG1 under the control of a CAG promoter were 

co-electroporated with a GFP-encoding reporter construction in progenitor cells adjacent to the 

ventricle in E14.5 embryonic mouse cortices. At E16.5, brain sections were immunolabeled for the 

mitotic marker PH3. Double-positive GFP and PH3 cells were counted in the ventricular zone and 

reported to the total number of electroporated GFP-positive cells in order to calculate the mitotic 

index (percentage of cells currently in mitosis). Data are represented as mean ± SEM, One-way 

ANOVA with Dunnett’s post hoc test; Thr331Pro vs Control P= 0.0028. 

B-F. DNA constructs harbouring WT or mutant TUBG1 under the control of a CAG promoter were 

co-electroporated with a GFP-encoding reporter construction in progenitor cells adjacent to the 

ventricle in E14.5 embryonic mouse cortices. At E15.5 a pulse of EdU was delivered by injection 

of the pregnant mouse (B). At E16.5, brain sections were immunolabeled (C) for the proliferative 

marker Ki67 (magenta) and EdU (grey), dotted line delimits the VZ where quantifications were 

done, scale bar 30µm. Histograms show (D) the percentage of electroporated cells that have 

incorporated the EdU (GFP+EdU+) in the VZ; (E) the percentage of electroporated cells engaged 

in the cell cycle (GFP+Ki67+) in the VZ; and (F) the percentage of electroporated cells that have 

exited the cell cycle (GFP+EdU+Ki67-/GFP+EdU+) (cell cycle exit index). Data are represented as 

mean ± SEM, One-way ANOVA with Dunnett’s post hoc test, Thr331Pro vs Control, P= 0,0320. 

G. DNA constructs harbouring WT or mutant TUBG1 under the control of a CAG promoter were 

co-electroporated with a GFP-encoding reporter construction in progenitor cells adjacent to the 

ventricle in E14.5 embryonic mouse cortices. At E16.5, brain sections were immunolabeled for the 

apical progenitor marker Pax6 and the basal progenitor marker Tbr2. The relative percentages of 

apical progenitors (Pax6+Trb2-), new-born intermediate progenitors (Pax6+Tbr2+), basal 

progenitors (Pax6-Tbr2+) and new-born neurons (Pax6-Tbr2-) and were then calculated. Data are 

represented as mean ± SEM, One-way ANOVA with Dunnett’s post hoc test. 

H. Coronal sections of E16.5 cortices co-electroporated at E14.5 with DNA constructs harbouring 

WT or mutant TUBG1 under the control of a CAG promoter together with a plasmid encoding GFP 

under the control of the apical progenitor promoter BLBP, allowing the visualisation of radial glial 

fibres. Scale bar 50µm. 
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Supplementary figure 3. Effects of TUBG1 variants on neuronal positioning persist after 

birth.  

A. Coronal sections of P3 brains co-electroporated at E14.5 with either a control empty vector or, 

the WT or one of the four pathogenic variants of TUBG1 under the control of a neuron-specific 

DCX together with a reporter GFP under the control of a neuron-specific NeuroD promoter. Scale 

bar 200µm. B. Quantification of fluorescent neurons positioning in 4 different regions: Upper 

cortical layers L1-L4, Layer 5 (L5), Layer 6 (L6) and white matter (WM). Data are represented as 

mean ± SEM, Two-way ANOVA with Tukey’s multiple comparisons test, *** p < 0.001, **** p < 

0.0001, compared to control-empty vector. 
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Supplementary figure 4. Mutant TUBG1 Interactions within gamma-tubulin complexes. 

Neuro2a cells expressing tagRFP-tagged mouse Tubg1 (WT control) or its mutated variants were 

immunoprecipitated and after blotting probed with antibodies to GCP4 and gamma-tubulin (γ-Tb). 

Densitometric quantification of immunoblots shown in Figure 4-H stained with anti-GCP4 (A) and 

anti-gamma-tubulin (B) antibodies, normalized to WT control and to the amount of tagRFP in 

individual samples. Data represent means ± SEM (n=4); one-way ANOVA with Bonferroni's 

multiple comparisons test, ** p < 0.01, *** p < 0.001, ****p < 0.0001. 
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Supplementary figure 5. Targeting construct used for the generation of KI Tubg1Y92C/+ mice. 

Schematic representation of the targeting vector used for the generation of Tubg1Y92C/+. The point 

mutation is represented by an asterisk in Exon 3 which is flanked by loxP sites, followed by a 

neomycin (NeoR) cassette surrounded by short flippase recognition target (FRT) sites. 
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Supplementary figure 6. Circadian activity test 

A. Graph shows locomotor activity (count) per hour, during 45-hours of test. Boxplots show 

locomotor activity (count) during the habituation phase (11:00 to 19:00, B), during the first dark 

phase (19:00 to 7:00, C) and finally during the second dark phase (D). Tubg1Y92C/+ mice presented 

an increase locomotor activity during the habituation phase while the locomotor activity was lower 

than the WT mice during the first dark phase and no difference was observed during the second 

dark phase. 

E. Graph shows rearing behavior (count) per hour, during 45-hours of test. Boxplots rearing 

behavior (count) during the habituation phase (11:00 to 19:00, F), during the first dark phase 

(19:00 to 7:00, G) and finally during the second dark phase (H). Rearing activity of Tubg1Y92C/+ 

mice was increased in all the phases of the test.  
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Supplementary figure 7. Continuous spontaneous alternation test and Repetitive 

behaviours  

A-D. Repetitive behaviours. Distance travelled (A) and occurrences of rearing (B) numbered 

during 10 min of observation in a novel home-cage environment showing a significant increase for 

Tubg1Y92C/+ mice. Digging (C) and grooming (D) duration in seconds showing no difference 

between WT and KI animals. 

E-F. Continuous spontaneous alternation test. The number of arm visited (E) and spontaneous 

alternation (number of alternations divided by the number of alternation opportunities namely, total 

arm entries minus one, (F) are presented in box plots. All mice performed at the same level. 



Parameter Description Unit

4_TB_area Total brain area cm2

4_TC_area Total cerebellar area cm2

4_LV_area Lateral ventricle area cm2

4_cc_area Corpus callosum area cm2

4_cc_cellcount Cell count of the corpus callosum digit

4_cc_cellarea Total cell area of the corpus callosum cm2

4_cc_celldens Cell density of the corpus callosum digit

4_cc_avgcellarea Average cell area of the corpus callosum cm2

4_cc_cellcirc Cell circularity of the corpus callosum digit

4_cc_cellsol Cell solidity of the corpus callosum digit

4_TCTX_area Total cortical area cm2

4_TCTX_cellcount Cell count of the cortex digit

4_TCTX_cellarea Total cell area of the cortex cm2

4_TCTX_celldens Cell density of the cortex digit

4_TCTX_avgcellarea Average cell area of the cortex cm2

4_TCTX_cellcirc Cell circularity of the cortex digit

4_TCTX_cellsol Cell solidity of the cortex digit

4_TTh_area Total thalamic area cm2

4_TTh_cellcount Cell count of the thalamus digit

4_TTh_cellarea Total cell area of the thalamus cm2

4_TTh_celldens Cell density of the thalamus digit

4_TTh_avgcellarea Average cell area of the thalamus cm2

4_TTh_cellcirc Cell circularity of the thalamus digit

4_TTh_cellsol Cell solidity of the thalamus digit

4_CPu_area Caudate putamen area cm2

4_CPu_cellcount Cell count of the caudate putamen digit

4_CPu_cellarea Total cell area of the caudate putamen cm2

4_CPu_celldens Cell density of the caudate putamen digit

Supplemental Table 1 Description of the 166 neuroanatomical parameters        



4_CPu_avgcellarea Average cell area of the caudate putamen cm2

4_CPu_cellcirc Cell circularity of the caudate putamen digit

4_CPu_cellsol Cell solidity of the caudate putamen digit

4_HP_area Hippocampus area cm2

4_HP_cellcount Cell count of the hippocampus digit

4_HP_cellarea Total cell area of the hippocampus cm2

4_HP_celldens Cell density of the hippocampus digit

4_HP_avgcellarea Average cell area of the hippocampus cm2

4_HP_cellcirc Cell circularity of the hippocampus digit

4_HP_cellsol Cell solidity of the hippocampus digit

4_TILpy_area Area of pyramidal cells of the hippocampus cm2

4_TILpy_cellcount Cell count of the pyramidal cells of the hippocampus digit

4_TILpy_cellarea Total cell area of the pyramidal cells of the hippocampus cm2

4_TILpy_celldens Cell density of the pyramidal cells of the hippocampus digit

4_TILpy_avgcellarea Average cell area of the pyramidal cells of the hippocampus cm2

4_TILpy_cellcirc Cell circularity of the pyramidal cells of the hippocampus digit

4_TILpy_cellsol Cell solidity of the pyramidal cells of the hippocampus digit

4_DG_area Dentate gyrus area cm2

4_DG_cellcount Cell count of the dentate gyrus digit

4_DG_cellarea Total cell area of the dentate gyrus cm2

4_DG_celldens Cell density of the dentate gyrus digit

4_DG_avgcellarea Average cell area of the dentate gyrus cm2

4_DG_cellcirc Cell circularity of the dentate gyrus digit

4_DG_cellsol Cell solidity of the dentate gyrus digit

4_fi_area Area of the fimbria of the hippocampus cm2

4_fi_cellcount Cell count of the fimbria of the hippocampus digit

4_fi_cellarea Total cell area of the fimbria of the hippocampus cm2

4_fi_celldens Cell density of the fimbria of the hippocampus digit

4_fi_avgcellarea Average cell area of the fimbria of the hippocampus cm2

4_fi_cellcirc Cell circularity of the fimbria of the hippocampus digit

4_fi_cellsol Cell solidity of the fimbria of the hippocampus digit



4_aca_area Anterior commissure area cm2

4_aca_cellcount Cell count of the anterior commissure digit

4_aca_cellarea Total cell area of the anterior commissure cm2

4_aca_celldens Cell density of the anterior commissure digit

4_aca_avgcellarea Average cell area of the anterior commissure cm2

4_aca_cellcirc Cell circularity of the anterior commissure digit

4_aca_cellsol Cell solidity of the anterior commissure digit

4_sm_area Stria medullaris area cm2

4_sm_cellcount Cell count of the stria medullaris digit

4_sm_cellarea Total cell area of the stria medullaris cm2

4_sm_celldens Cell density of the stria medullaris digit

4_sm_avgcellarea Average cell area of the stria medullaris cm2

4_sm_cellcirc Cell circularity of the stria medullaris digit

4_sm_cellsol Cell solidity of the stria medullaris digit

4_f_area Fornix area cm2

4_f_cellcount Cell count of the fornix digit

4_f_cellarea Total cell area of the fornix cm2

4_f_celldens Cell density of the fornix digit

4_f_avgcellarea Average cell area of the fornix cm2

4_f_cellcirc Cell circularity of the fornix digit

4_f_cellsol Cell solidity of the fornix digit

4_och_area Optic chiasm area cm2

4_och_cellcount Cell count of the optic chiasm digit

4_och_cellarea Total cell area of the optic chiasm cm2

4_och_celldens Cell density of the optic chiasm digit

4_och_avgcellarea Average cell area of the optic chiasm cm2

4_och_cellcirc Cell circularity of the optic chiasm digit

4_och_cellsol Cell solidity of the optic chiasm digit

4_VMHvl_area Area of ventromedial nucleus of the hypothalamus cm2

4_VMHvl_cellcount Cell count of the ventromedial nucleus of the hypothalamus digit

4_VMHvl_cellarea Total cell area of the ventromedial nucleus of the hypothalamus cm2



4_VMHvl_celldens Cell density of the ventromedial nucleus of the hypothalamus digit

4_VMHvl_avgcellareaAverage cell area of the ventromedial nucleus of the hypothalamus cm2

4_VMHvl_cellcirc Cell circularity of the ventromedial nucleus of the hypothalamus digit

4_VMHvl_cellsol Cell solidity of the ventromedial nucleus of the hypothalamus digit

4_Pn_area Pontine nuclei area cm2

4_Pn_cellcount Cell count of the pontine nuclei digit

4_Pn_cellarea Total cell area of the pontine nuclei cm2

4_Pn_celldens Cell density of the pontine nuclei digit

4_Pn_avgcellarea Average cell area of the pontine nuclei cm2

4_Pn_cellcirc Cell circularity of the pontine nuclei digit

4_Pn_cellsol Cell solidity of the pontine nuclei digit

4_SN_area Substantia nigra area cm2

4_SN_cellcount Cell count of the substantia nigra digit

4_SN_cellarea Total cell area of the substantia nigra cm2

4_SN_celldens Cell density of the substantia nigra digit

4_SN_avgcellarea Average cell area of the substantia nigra cm2

4_SN_cellcirc Cell circularity of the substantia nigra digit

4_SN_cellsol Cell solidity of the substantia nigra digit

4_fp_area Area of fibre of pons cm2

4_fp_cellcount Cell count of the fibre of pons digit

4_fp_cellarea Total cell area of the fibre of pons cm2

4_fp_celldens Cell density of the fibre of pons digit

4_fp_avgcellarea Average cell area of the fibre of pons cm2

4_fp_cellcirc Cell circularity of the fibre of pons digit

4_fp_cellsol Cell solidity of the fibre of pons digit

4_Cg_area Cingulate cortex area cm2

4_Cg_cellcount Cell count of the cingulate cortex digit

4_Cg_cellarea Total cell area of the cingulate cortex cm2

4_Cg_celldens Cell density of the cingulate cortex digit

4_Cg_avgcellarea Average cell area of the cingulate cortex cm2



4_Cg_cellcirc Cell circularity of the cingulate cortex digit

4_Cg_cellsol Cell solidity of the cingulate cortex digit

4_DS_area Dorsal subiculum area cm2

4_DS_cellcount Cell count of the dorsal subiculum digit

4_DS_cellarea Total cell area of the dorsal subiculum cm2

4_DS_celldens Cell density of the dorsal subiculum digit

4_DS_avgcellarea Average cell area of the dorsal subiculum cm2

4_DS_cellcirc Cell circularity of the dorsal subiculum digit

4_DS_cellsol Cell solidity of the dorsal subiculum digit

4_InfC_area Inferior colliculus area cm2

4_InfC_cellcount Cell count of the inferior colliculus digit

4_InfC_cellarea Total cell area of the inferior colliculus cm2

4_InfC_celldens Cell density of the inferior colliculus digit

4_InfC_avgcellarea Average cell area of the inferior colliculus cm2

4_InfC_cellcirc Cell circularity of the inferior colliculus digit

4_InfC_cellsol Cell solidity of the inferior colliculus digit

4_SupC_area Superior colliculus area cm2

4_SupC_cellcount Cell count of the superior colliculus digit

4_SupC_cellarea Total cell area of the superior colliculus cm2

4_SupC_celldens Cell density of the superior colliculus digit

4_SupC_avgcellarea
Average cell area of the superior colliculus

cm2

4_SupC_cellcirc Cell circularity of the superior colliculus digit

4_SupC_cellsol Cell solidity of the superior colliculus digit

4_Med_area Area of the medial cerebellar nucleus cm2

4_Med_cellcount Cell count of the medial cerebellar nucleus digit

4_Med_cellarea Total cell area of the medial cerebellar nucleus cm2

4_Med_celldens
Cell density of the medial cerebellar nucleus

digit

4_Med_avgcellarea
Average cell area of the medial cerebellar nucleus

cm2



4_Med_cellcirc
Cell circularity of the medial cerebellar nucleus

digit

4_Med_cellsol
Cell solidity of the medial cerebellar nucleus

digit

4_TILpy_length Total internal length of pyramidal cell layer of the hippocampus cm

4_DG_length Dentate gyrus length cm

4_cc_length Total outer length of the corpus callosum cm

4_Mol_length Length of the molecular layer of the hippocampus cm

4_Rad_length Length of the radiatum layer of the hippocampus cm

4_Or_length Length of the oriens layer of the hippocampus cm

4_cc_height Corpus callosum thickness cm

4_M2_length Length of the secondary motor cortex cm

4_M1_length Length of the primary motor cortex cm

4_Cg_height Height of the cingulate cortex cm

4_TB_width Width of the total brain cm

4_TB_height_CS1 Height of the total brain at CS1 (coronal critical section 1) cm

4_TB_height_CS2 Height of the total brain at CS2 (coronal critical section 2) cm

4_Pons_height Height of the pons cm

4_IGL_area Area of the internal granular layer of the cerebellum cm2

4_Folia Number of folia digit



Sex Male Male Male Male Male Male Male Male

Barcode A00005935 A00005929 A00005930 A00005933 A00005928 A00005931 A00005932 A00005934

Gene TUBG1Y92C TUBG1Y92C TUBG1Y92C TUBG1Y92C TUBG1Y92C TUBG1Y92C TUBG1Y92C TUBG1Y92C

Genotype WT WT WT WT HET HET HET HET

4_TB_area 0.373935822 0.358456763 0.406946019 0.413723647 0.306948688 0.371071187 0.341074904 0.303304802

4_TB_width 0.637161528 0.653253697 0.673086012 0.697554126 0.641209135 0.639398129 0.641575941 0.590159672

4_TB_height_CS1 0.544585847 0.49895351 0.504199489 0.548666381 0.447422216 0.507589086 0.479892997 0.479504734

4_TB_height_CS2 0.583004304 0.622221334 0.653308869 0.522557781 0.60997797 0.567254768 0.540725393

4_TCTX_area 0.034950046 0.033637409 0.040116495 0.036343412 0.031197933 0.03144252 0.032472981 0.02951

4_M2_length 0.152324711 0.134449968 0.148947896 0.151041846 0.142571509 0.133576894 0.147138727 0.129728822

4_M1_length 0.143875184 0.139842249 0.142839164 0.130661774 0.127258189 0.130756264 0.120692504 0.125368618

4_Pons_height 0.276408854 0.249456886 0.269112865 0.276427831 0.243135522 0.246185774 0.236575961 0.245579734

4_TC_area 0.076859378 0.085015802 0.087658974 0.088082861 0.049536952 0.072517987 0.066327085 0.056334891

4_IGL_area 0.043367699 0.042478059 0.042444587 0.046999545 0.024814472 0.035501695 0.032731158 0.026308435

4_Folia 8 8 8 8 8 8 8 8

4_Med_area 0.003547722 0.003243626 0.002948044 0.003187236 0.001485517 0.002656764

4_LV_area 0.004165254 0.007726825 0.007294683 0.01630416 0.002997946 0.00923124 0.006218865

4_cc_area 0.010336152 0.012273987 0.01367289 0.013275375 0.009245171 0.013970947 0.010564335

4_cc_length 0.546747526 0.58003054 0.633162083 0.642532786 0.503126518 0.594001271 0.568720457 0.509006546

4_cc_height 0.019239905 0.019528445 0.024716926 0.015852959 0.019680407 0.027136652 0.019808594 0.007276808

4_TTh_area 0.033971226 0.03482 0.03317 0.040257542 0.028724679 0.03151 0.037513831 0.038790734

4_CPu_area 0.00062192 0.000375626 0.000289321 0.000270062 0.000382719 0.000165382

4_HP_area 0.016654496 0.018411684 0.021498358 0.023788948 0.013677244 0.021253601 0.019598223 0.01509357

4_Rad_length 0.022956046 0.027328627 0.030608062 0.031154634 0.019949898 0.026964245 0.027601913 0.020587565

4_Or_length 0.011620291 0.013502112 0.012512944 0.016874059 0.010689651 0.013665528 0.014979104 0.009955692

4_TILpy_area 0.0013912 0.001523928 0.001950548 0.001810629 0.001226023 0.001698109 0.001598327 0.001212623

4_TILpy_length 0.189217254 0.201622469 0.22365972 0.237794102 0.181217462 0.21824053 0.219970791 0.177340577

4_Mol_length 0.013664313 0.017626964 0.018036894 0.018036894 0.011478023 0.01512184 0.015486222 0.012297882

4_DG_area 0.00148238 0.001685355 0.001677701 0.002003543 0.001233626 0.001642838 0.001516323 0.001206057

4_DG_length 0.152699392 0.161919301 0.18422211 0.23281497 0.151608547 0.193962646 0.194127689 0.169801573

4_fi_area 0.005202903 0.004622751 0.005515816 0.005374445 0.004223776 0.004422041 0.004359923 0.003996797

4_aca_area 0.001275711 0.001151929 0.001123702 0.001304003 0.000899807 0.001116885 0.000698835 0.000876788

4_sm_area 0.004705571 0.001803891 0.003811305 0.001162071 0.001616105 0.003704071 0.004479231 0.001526024

4_f_area 0.001113715 0.000556454 0.000767637 0.00098683 0.000557022 0.000883375 0.000710223

4_och_area 0.000896202 0.001162329 0.000928974 0.00062188

4_VMHvl_area 0.003344636 0.003555062 0.001798258 0.002350693 0.002157829 0.001899218

Supplemental Table 2 Raw neuroanatomical measurements data for n=4 WT and n=4 Tubg1 KI heterozygous male mice at 16 weeks of age. 



4_Pn_area 0.004075565 0.003078565 0.00257488 0.003213233 0.004041556

4_SN_area 0.003562464 0.004476013 0.002421972 0.003234437 0.001537299 0.001879265 0.003445235 0.001783242

4_fp_area 0.0032056 0.002045066 0.002826371 0.00240233

4_Cg_area 0.006134643 0.005947309 0.005972399 0.005826779 0.003233829 0.00662606 0.004341391 0.004899855

4_Cg_height 0.089364609 0.066317468 0.083625598 0.068503758 0.11754834 0.064313368 0.065042132 0.066744249

4_DS_area 0.000917367 0.001055161 0.001214073 0.001429034 0.000771085 0.001406923 0.001243406 0.001134297

4_InfC_area 0.011233885 0.008196592 0.009681056 0.012432202 0.006194082 0.007763515 0.007558962 0.007832601

4_SupC_area 0.049797529 0.046434936 0.049365744 0.055463293 0.033817065 0.051380138 0.055917208 0.047319222



panel

1-C Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 34050 10 3405 F (10. 45) = 92.77 P < 0.0001

Gentotype 0 5 0 F (5. 45) = 0.0 P > 0.9999

Zone (layer) 25476 2 12738 F (2. 45) = 347.1 P < 0.0001

Residual 1652 45 36.7

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

VZ-SVZ

CONTROL vs. Tubg1-WT 2.672 -11.10 to 16.44 No ns 0.992

CONTROL vs. Tyr92Cys -1.07 -15.79 to 13.65 No ns > 0.9999

CONTROL vs. Ser259Leu -1.545 -16.27 to 13.18 No ns 0.9996

CONTROL vs. Thr331Pro 5.476 -8.294 to 19.25 No ns 0.8423

CONTROL vs. Leu387Pro 1.227 -12.54 to 15.00 No ns 0.9998

Tubg1-WT vs. Tyr92Cys -3.742 -17.51 to 10.03 No ns 0.9644

Tubg1-WT vs. Ser259Leu -4.218 -17.99 to 9.552 No ns 0.9415

Tubg1-WT vs. Thr331Pro 2.804 -9.945 to 15.55 No ns 0.9859

Tubg1-WT vs. Leu387Pro -1.446 -14.19 to 11.30 No ns 0.9994

Tyr92Cys vs. Ser259Leu -0.4754 -15.20 to 14.25 No ns > 0.9999

Tyr92Cys vs. Thr331Pro 6.546 -7.224 to 20.32 No ns 0.718

Tyr92Cys vs. Leu387Pro 2.297 -11.47 to 16.07 No ns 0.9961

Ser259Leu vs. Thr331Pro 7.022 -6.748 to 20.79 No ns 0.6551

Ser259Leu vs. Leu387Pro 2.772 -11.00 to 16.54 No ns 0.9906

Thr331Pro vs. Leu387Pro -4.25 -17.00 to 8.499 No ns 0.9181

IZ

CONTROL vs. Tubg1-WT 0.5998 -13.17 to 14.37 No ns > 0.9999

CONTROL vs. Tyr92Cys -48.7 -63.42 to -33.98 Yes **** < 0.0001

CONTROL vs. Ser259Leu -58.54 -73.26 to -43.81 Yes **** < 0.0001

CONTROL vs. Thr331Pro -67.27 -81.04 to -53.49 Yes **** < 0.0001

CONTROL vs. Leu387Pro -59.06 -72.83 to -45.29 Yes **** < 0.0001

Tubg1-WT vs. Tyr92Cys -49.3 -63.07 to -35.53 Yes **** < 0.0001

Tubg1-WT vs. Ser259Leu -59.14 -72.91 to -45.36 Yes **** < 0.0001

Tubg1-WT vs. Thr331Pro -67.87 -80.61 to -55.12 Yes **** < 0.0001

Tubg1-WT vs. Leu387Pro -59.66 -72.41 to -46.91 Yes **** < 0.0001

Tyr92Cys vs. Ser259Leu -9.837 -24.56 to 4.884 No ns 0.3646

Tyr92Cys vs. Thr331Pro -18.57 -32.34 to -4.797 Yes ** 0.0029

Tyr92Cys vs. Leu387Pro -10.36 -24.13 to 3.407 No ns 0.2405

Ser259Leu vs. Thr331Pro -8.73 -22.50 to 5.040 No ns 0.4233

Ser259Leu vs. Leu387Pro -0.5257 -14.30 to 13.24 No ns > 0.9999

Thr331Pro vs. Leu387Pro 8.204 -4.545 to 20.95 No ns 0.4066

CP

CONTROL vs. Tubg1-WT -3.272 -17.04 to 10.50 No ns 0.9801

CONTROL vs. Tyr92Cys 49.77 35.05 to 64.49 Yes **** < 0.0001

CONTROL vs. Ser259Leu 60.08 45.36 to 74.80 Yes **** < 0.0001

CONTROL vs. Thr331Pro 61.79 48.02 to 75.56 Yes **** < 0.0001

CONTROL vs. Leu387Pro 57.83 44.06 to 71.60 Yes **** < 0.0001

Tubg1-WT vs. Tyr92Cys 53.04 39.27 to 66.81 Yes **** < 0.0001

Tubg1-WT vs. Ser259Leu 63.35 49.58 to 77.12 Yes **** < 0.0001

Tubg1-WT vs. Thr331Pro 65.06 52.31 to 77.81 Yes **** < 0.0001

Tubg1-WT vs. Leu387Pro 61.11 48.36 to 73.86 Yes **** < 0.0001

Tyr92Cys vs. Ser259Leu 10.31 -4.408 to 25.03 No ns 0.3134

Tyr92Cys vs. Thr331Pro 12.02 -1.749 to 25.79 No ns 0.1188

Tyr92Cys vs. Leu387Pro 8.066 -5.704 to 21.84 No ns 0.5115

Ser259Leu vs. Thr331Pro 1.708 -12.06 to 15.48 No ns 0.999

Ser259Leu vs. Leu387Pro -2.247 -16.02 to 11.52 No ns 0.9965

Thr331Pro vs. Leu387Pro -3.955 -16.70 to 8.794 No ns 0.9385

2-B Anova table. 2-way ordinary ANOVA

n≥4 SS DF MS F (DFn. DFd) P value

Interaction 17361 10 1736 F (10. 90) = 40.03 P < 0.0001

Gentotype 0.07505 5 0.01501 F (5. 90) = 0.0003461 P > 0.9999

Supplemental Table 3: Statistics

Figure 1 - Pathogenic variants in TUBG1  alter neuronal positioning

Figure 2 - Neuron-specific expression of TUBG1 pathogenic variants affects neuronal positioning in the neocortex and the hippocampus 



Zone (layer) 822.4 2 411.2 F (2. 90) = 9.482 P = 0.0002

Residual 3903 90 43.37

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

IZ

Control-Empty vector vs. DCX-TUBG1-WT 1.387 -10.22 to 13.00 No ns 0.9993

Control-Empty vector vs. DCX-TUBG1-Tyr92Cys -30.16 -41.77 to -18.55 Yes **** < 0.0001

Control-Empty vector vs. DCX-TUBG1-Ser259Leu -29.28 -40.51 to -18.05 Yes **** < 0.0001

Control-Empty vector vs. DCX-TUBG1-Thr331Pro -12.04 -23.27 to -0.8115 Yes * 0.0282

Control-Empty vector vs. DCX-TUBG1-Leu387Pro -34.34 -46.46 to -22.21 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Tyr92Cys -31.55 -42.62 to -20.48 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Ser259Leu -30.67 -41.34 to -20.00 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Thr331Pro -13.43 -24.10 to -2.759 Yes ** 0.0054

DCX-TUBG1-WT vs. DCX-TUBG1-Leu387Pro -35.72 -47.33 to -24.11 Yes **** < 0.0001

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Ser259Leu 0.8814 -9.787 to 11.55 No ns 0.9999

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Thr331Pro 18.12 7.452 to 28.79 Yes **** < 0.0001

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro -4.175 -15.79 to 7.437 No ns 0.9005

DCX-TUBG1-Ser259Leu vs. DCX-TUBG1-Thr331Pro 17.24 6.989 to 27.49 Yes **** < 0.0001

DCX-TUBG1-Ser259Leu vs. DCX-TUBG1-Leu387Pro -5.056 -16.28 to 6.172 No ns 0.7781

DCX-TUBG1-Thr331Pro vs. DCX-TUBG1-Leu387Pro -22.3 -33.52 to -11.07 Yes **** < 0.0001

down CP

Control-Empty vector vs. DCX-TUBG1-WT -1.521 -13.13 to 10.09 No ns 0.9989

Control-Empty vector vs. DCX-TUBG1-Tyr92Cys -4.922 -16.53 to 6.689 No ns 0.8188

Control-Empty vector vs. DCX-TUBG1-Ser259Leu -6 -17.23 to 5.228 No ns 0.6292

Control-Empty vector vs. DCX-TUBG1-Thr331Pro -16.23 -27.46 to -5.003 Yes *** 0.0008

Control-Empty vector vs. DCX-TUBG1-Leu387Pro -3.498 -15.63 to 8.630 No ns 0.9592

DCX-TUBG1-WT vs. DCX-TUBG1-Tyr92Cys -3.401 -14.47 to 7.670 No ns 0.9469

DCX-TUBG1-WT vs. DCX-TUBG1-Ser259Leu -4.479 -15.15 to 6.189 No ns 0.8247

DCX-TUBG1-WT vs. DCX-TUBG1-Thr331Pro -14.71 -25.38 to -4.042 Yes ** 0.0017

DCX-TUBG1-WT vs. DCX-TUBG1-Leu387Pro -1.977 -13.59 to 9.635 No ns 0.9962

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Ser259Leu -1.078 -11.75 to 9.591 No ns 0.9997

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Thr331Pro -11.31 -21.98 to -0.6408 Yes * 0.0312

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro 1.424 -10.19 to 13.04 No ns 0.9992

DCX-TUBG1-Ser259Leu vs. DCX-TUBG1-Thr331Pro -10.23 -20.48 to 0.01868 No ns 0.0507

DCX-TUBG1-Ser259Leu vs. DCX-TUBG1-Leu387Pro 2.502 -8.726 to 13.73 No ns 0.9868

DCX-TUBG1-Thr331Pro vs. DCX-TUBG1-Leu387Pro 12.73 1.505 to 23.96 Yes * 0.0168

up CP

Control-Empty vector vs. DCX-TUBG1-WT -0.07852 -11.69 to 11.53 No ns > 0.9999

Control-Empty vector vs. DCX-TUBG1-Tyr92Cys 35.08 23.47 to 46.69 Yes **** < 0.0001

Control-Empty vector vs. DCX-TUBG1-Ser259Leu 35.28 24.05 to 46.51 Yes **** < 0.0001

Control-Empty vector vs. DCX-TUBG1-Thr331Pro 28.27 17.04 to 39.50 Yes **** < 0.0001

Control-Empty vector vs. DCX-TUBG1-Leu387Pro 37.83 25.71 to 49.96 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Tyr92Cys 35.16 24.09 to 46.23 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Ser259Leu 35.36 24.69 to 46.03 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Thr331Pro 28.35 17.68 to 39.02 Yes **** < 0.0001

DCX-TUBG1-WT vs. DCX-TUBG1-Leu387Pro 37.91 26.30 to 49.52 Yes **** < 0.0001

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Ser259Leu 0.1966 -10.47 to 10.87 No ns > 0.9999

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Thr331Pro -6.811 -17.48 to 3.858 No ns 0.4339

DCX-TUBG1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro 2.751 -8.861 to 14.36 No ns 0.9827

DCX-TUBG1-Ser259Leu vs. DCX-TUBG1-Thr331Pro -7.008 -17.26 to 3.243 No ns 0.3557

DCX-TUBG1-Ser259Leu vs. DCX-TUBG1-Leu387Pro 2.554 -8.674 to 13.78 No ns 0.9855

DCX-TUBG1-Thr331Pro vs. DCX-TUBG1-Leu387Pro 9.562 -1.667 to 20.79 No ns 0.1412

2-C Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 11265 20 563.3 F (20. 105) = 25.45 P < 0.0001

Gentotype 1.39 5 0.278 F (5. 105) = 0.01256 P > 0.9999

Bin 2897 4 724.2 F (4. 105) = 32.73 P < 0.0001

Residual 2324 105 22.13

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Bin 1

Control - Empty vector vs. WT -2.373 -12.35 to 7.600 No ns 0.9826

Control - Empty vector vs. DCX-Tubg1-Tyr92Cys -20.78 -30.43 to -11.12 Yes **** < 0.0001

Control - Empty vector vs. DCX-Tubg1-Ser259Thr -9.269 -20.42 to 1.881 No ns 0.1612

Control - Empty vector vs. DCX-Tubg1-Thr331Pro -9.205 -18.63 to 0.2189 No ns 0.0596



Control - Empty vector vs. DCX-TUBG1-Leu387Pro -11.26 -22.41 to -0.1132 Yes * 0.0462

WT vs. DCX-Tubg1-Tyr92Cys -18.4 -26.67 to -10.13 Yes **** < 0.0001

WT vs. DCX-Tubg1-Ser259Thr -6.896 -16.87 to 3.077 No ns 0.3452

WT vs. DCX-Tubg1-Thr331Pro -6.832 -14.83 to 1.164 No ns 0.1395

WT vs. DCX-TUBG1-Leu387Pro -8.89 -18.86 to 1.083 No ns 0.1094

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Ser259Thr 11.51 1.850 to 21.16 Yes ** 0.0099

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Thr331Pro 11.57 3.973 to 19.17 Yes *** 0.0003

DCX-Tubg1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro 9.512 -0.1447 to 19.17 No ns 0.056

DCX-Tubg1-Ser259Thr vs. DCX-Tubg1-Thr331Pro 0.06422 -9.359 to 9.488 No ns > 0.9999

DCX-Tubg1-Ser259Thr vs. DCX-TUBG1-Leu387Pro -1.994 -13.14 to 9.156 No ns 0.9953

DCX-Tubg1-Thr331Pro vs. DCX-TUBG1-Leu387Pro -2.059 -11.48 to 7.365 No ns 0.9882

Bin 2

Control - Empty vector vs. WT -1.533 -11.51 to 8.440 No ns 0.9977

Control - Empty vector vs. DCX-Tubg1-Tyr92Cys -14.29 -23.95 to -4.638 Yes *** 0.0005

Control - Empty vector vs. DCX-Tubg1-Ser259Thr -15.44 -26.59 to -4.291 Yes ** 0.0015

Control - Empty vector vs. DCX-Tubg1-Thr331Pro -9.395 -18.82 to 0.02915 No ns 0.0512

Control - Empty vector vs. DCX-TUBG1-Leu387Pro -15.84 -26.99 to -4.687 Yes ** 0.001

WT vs. DCX-Tubg1-Tyr92Cys -12.76 -21.03 to -4.493 Yes *** 0.0003

WT vs. DCX-Tubg1-Ser259Thr -13.91 -23.88 to -3.935 Yes ** 0.0014

WT vs. DCX-Tubg1-Thr331Pro -7.862 -15.86 to 0.1347 No ns 0.0568

WT vs. DCX-TUBG1-Leu387Pro -14.3 -24.28 to -4.331 Yes *** 0.0009

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Ser259Thr -1.146 -10.80 to 8.510 No ns 0.9993

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Thr331Pro 4.9 -2.697 to 12.50 No ns 0.4249

DCX-Tubg1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro -1.542 -11.20 to 8.114 No ns 0.9973

DCX-Tubg1-Ser259Thr vs. DCX-Tubg1-Thr331Pro 6.047 -3.377 to 15.47 No ns 0.4308

DCX-Tubg1-Ser259Thr vs. DCX-TUBG1-Leu387Pro -0.3957 -11.55 to 10.75 No ns > 0.9999

DCX-Tubg1-Thr331Pro vs. DCX-TUBG1-Leu387Pro -6.442 -15.87 to 2.981 No ns 0.3581

Bin 3

Control - Empty vector vs. WT -0.7763 -10.75 to 9.197 No ns > 0.9999

Control - Empty vector vs. DCX-Tubg1-Tyr92Cys -16.11 -25.77 to -6.454 Yes **** < 0.0001

Control - Empty vector vs. DCX-Tubg1-Ser259Thr -21.74 -32.89 to -10.59 Yes **** < 0.0001

Control - Empty vector vs. DCX-Tubg1-Thr331Pro -20.36 -29.78 to -10.94 Yes **** < 0.0001

Control - Empty vector vs. DCX-TUBG1-Leu387Pro -20.65 -31.80 to -9.502 Yes **** < 0.0001

WT vs. DCX-Tubg1-Tyr92Cys -15.33 -23.60 to -7.065 Yes **** < 0.0001

WT vs. DCX-Tubg1-Ser259Thr -20.97 -30.94 to -10.99 Yes **** < 0.0001

WT vs. DCX-Tubg1-Thr331Pro -19.58 -27.58 to -11.59 Yes **** < 0.0001

WT vs. DCX-TUBG1-Leu387Pro -19.88 -29.85 to -9.903 Yes **** < 0.0001

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Ser259Thr -5.631 -15.29 to 4.025 No ns 0.5395

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Thr331Pro -4.249 -11.85 to 3.348 No ns 0.5849

DCX-Tubg1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro -4.541 -14.20 to 5.115 No ns 0.7475

DCX-Tubg1-Ser259Thr vs. DCX-Tubg1-Thr331Pro 1.382 -8.042 to 10.81 No ns 0.9982

DCX-Tubg1-Ser259Thr vs. DCX-TUBG1-Leu387Pro 1.09 -10.06 to 12.24 No ns 0.9997

DCX-Tubg1-Thr331Pro vs. DCX-TUBG1-Leu387Pro -0.2917 -9.715 to 9.132 No ns > 0.9999

Bin 4

Control - Empty vector vs. WT 7.014 -2.959 to 16.99 No ns 0.3262

Control - Empty vector vs. DCX-Tubg1-Tyr92Cys 16.69 7.030 to 26.34 Yes **** < 0.0001

Control - Empty vector vs. DCX-Tubg1-Ser259Thr 13.86 2.706 to 25.01 Yes ** 0.0062

Control - Empty vector vs. DCX-Tubg1-Thr331Pro 10.43 1.008 to 19.85 Yes * 0.021

Control - Empty vector vs. DCX-TUBG1-Leu387Pro 15.12 3.968 to 26.27 Yes ** 0.002

WT vs. DCX-Tubg1-Tyr92Cys 9.672 1.403 to 17.94 Yes * 0.0121

WT vs. DCX-Tubg1-Ser259Thr 6.842 -3.131 to 16.82 No ns 0.3541

WT vs. DCX-Tubg1-Thr331Pro 3.417 -4.579 to 11.41 No ns 0.8159

WT vs. DCX-TUBG1-Leu387Pro 8.104 -1.870 to 18.08 No ns 0.1806

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Ser259Thr -2.83 -12.49 to 6.827 No ns 0.957

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Thr331Pro -6.255 -13.85 to 1.343 No ns 0.1692

DCX-Tubg1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro -1.569 -11.22 to 8.088 No ns 0.997

DCX-Tubg1-Ser259Thr vs. DCX-Tubg1-Thr331Pro -3.425 -12.85 to 5.998 No ns 0.8977

DCX-Tubg1-Ser259Thr vs. DCX-TUBG1-Leu387Pro 1.261 -9.889 to 12.41 No ns 0.9995

DCX-Tubg1-Thr331Pro vs. DCX-TUBG1-Leu387Pro 4.687 -4.737 to 14.11 No ns 0.7003

Bin 5

Control - Empty vector vs. WT -2.332 -12.31 to 7.641 No ns 0.9839

Control - Empty vector vs. DCX-Tubg1-Tyr92Cys 34.49 24.84 to 44.15 Yes **** < 0.0001

Control - Empty vector vs. DCX-Tubg1-Ser259Thr 32.6 21.45 to 43.75 Yes **** < 0.0001

Control - Empty vector vs. DCX-Tubg1-Thr331Pro 27.37 17.95 to 36.79 Yes **** < 0.0001

Control - Empty vector vs. DCX-TUBG1-Leu387Pro 32.63 21.48 to 43.78 Yes **** < 0.0001

WT vs. DCX-Tubg1-Tyr92Cys 36.83 28.56 to 45.10 Yes **** < 0.0001



WT vs. DCX-Tubg1-Ser259Thr 34.93 24.95 to 44.90 Yes **** < 0.0001

WT vs. DCX-Tubg1-Thr331Pro 29.7 21.71 to 37.70 Yes **** < 0.0001

WT vs. DCX-TUBG1-Leu387Pro 34.97 24.99 to 44.94 Yes **** < 0.0001

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Ser259Thr -1.899 -11.56 to 7.758 No ns 0.9927

DCX-Tubg1-Tyr92Cys vs. DCX-Tubg1-Thr331Pro -7.124 -14.72 to 0.4738 No ns 0.0794

DCX-Tubg1-Tyr92Cys vs. DCX-TUBG1-Leu387Pro -1.86 -11.52 to 7.796 No ns 0.9934

DCX-Tubg1-Ser259Thr vs. DCX-Tubg1-Thr331Pro -5.225 -14.65 to 4.199 No ns 0.5941

DCX-Tubg1-Ser259Thr vs. DCX-TUBG1-Leu387Pro 0.03877 -11.11 to 11.19 No ns > 0.9999

DCX-Tubg1-Thr331Pro vs. DCX-TUBG1-Leu387Pro 5.264 -4.160 to 14.69 No ns 0.5863

3-B ANOVA table. one-way ANOVA

n≥4 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 10038 3 3346 F (3. 13) = 84.03 P < 0.0001

Residual (within columns) 517.7 13 39.82

Total 10555 16

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT 14.46 2.031 to 26.88 Yes * 0.021

Control-Empty Vector vs. TUBG1 - Tyr92Cys 58.11 45.01 to 71.21 Yes **** < 0.0001

Control-Empty Vector vs. TUBG1 - Thr331Pro 52.76 39.66 to 65.85 Yes **** < 0.0001

TUBG1 - WT vs. TUBG1 - Tyr92Cys 43.65 31.23 to 56.08 Yes **** < 0.0001

TUBG1 - WT vs. TUBG1 - Thr331Pro 38.3 25.88 to 50.72 Yes **** < 0.0001

TUBG1 - Tyr92Cys vs. TUBG1 - Thr331Pro -5.353 -18.45 to 7.743 No ns 0.6376

3- C ANOVA table. one-way ANOVA

n≥8 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 37.84 3 12.61 F (3. 38) = 4.254 P = 0.0110

Residual (within columns) 112.7 38 2.965

Total 150.5 41

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT 1.116 -0.7509 to 2.983 No ns 0.3384

Control-Empty Vector vs. TUBG1 - Tyr92Cys 2.206 0.5085 to 3.903 Yes ** 0.0081

Control-Empty Vector vs. TUBG1 - Thr331Pro 2.052 0.2518 to 3.852 Yes * 0.0222

3- D ANOVA table. one-way ANOVA

n≥8 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 3.833 3 1.278 F (3. 38) = 3.323 P = 0.0298

Residual (within columns) 14.61 38 0.3845

Total 18.44 41

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT 0.06826 -0.6041 to 0.7406 No ns 0.9894

Control-Empty Vector vs. TUBG1 - Tyr92Cys -0.6891 -1.300 to -0.07785 Yes * 0.0239

Control-Empty Vector vs. TUBG1 - Thr331Pro -0.3136 -0.9617 to 0.3346 No ns 0.5048

3- E ANOVA table. one-way ANOVA

n≥8 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 14178 3 4726 F (3. 38) = 3.834 P = 0.0171

Residual (within columns) 46844 38 1233

Total 61022 41

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT 0.4828 -37.59 to 38.56 No ns > 0.9999

Control-Empty Vector vs. TUBG1 - Tyr92Cys -43.58 -78.19 to -8.968 Yes * 0.0106

Control-Empty Vector vs. TUBG1 - Thr331Pro -10.01 -46.71 to 26.69 No ns 0.8438

3- G Column Statistics

Control- Empty vector

Mean 76.19 4.762 7.937 11.11

Std. Deviation 3.459 8.248 2.861 11.11

Std. Error of Mean 1.997 4.762 1.652 6.415

DCX-TUBG1-Tyr92Cys

Mean 77.92 5.129 14.39 2.564

Std. Deviation 14.46 8.883 2.909 4.441

Figure 3 - Real-time recordings of migrating cortical neurons



Std. Error of Mean 8.347 5.129 1.68 2.564

Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 176.7 3 58.9 F (3. 16) = 0.8928 P = 0.4662

Gentotype 0.00000005988 1 0.00000005988 F (1. 16) = 9.077e-010 P > 0.9999

Position 21800 3 7267 F (3. 16) = 110.2 P < 0.0001

Residual 1055 16 65.97

Sidak's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control vs. Tyr92Cys

Front -1.73 -20.32 to 16.86 No ns 0.9983

Rear -0.3666 -18.96 to 18.23 No ns > 0.9999

Random -6.451 -25.04 to 12.14 No ns 0.8161

Front then rear/random 8.547 -10.05 to 27.14 No ns 0.6218

3- H Column Statistics

Control- Empty vector

Mean 10.44 24.58 64.98 0

Std. Deviation 1.166 7.844 8.708 0

Std. Error of Mean 0.6734 4.529 5.028 0

DCX-TUBG1-Tyr92Cys

Mean 42.87 10.02 44.26 2.838

Std. Deviation 13.09 6.684 4.556 2.46

Std. Error of Mean 7.555 3.859 2.63 1.42

Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 2552 3 850.7 F (3. 16) = 17.84 P < 0.0001

Gentotype 0.000000304 1 0.000000304 F (1. 16) = 6.377e-009 P > 0.9999

Position 8974 3 2991 F (3. 16) = 62.74 P < 0.0001

Residual 762.9 16 47.68

Sidak's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control vs. Tyr92Cys

Front -32.44 -48.24 to -16.63 Yes *** 0.0001

Rear 14.55 -1.253 to 30.36 No ns 0.0779

Random 20.72 4.913 to 36.53 Yes ** 0.0082

Front then rear/random -2.838 -18.65 to 12.97 No ns 0.9795

4 - E ANOVA table. one-way ANOVA

n=8 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 0.03026 5 0.006052 F (5. 12) = 100.1 P < 0.0001

Residual (within columns) 0.0007254 12 0.00006045

Total 0.03099 17

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1-WT 0.0249 0.003577 to 0.04622 Yes * 0.0193

Control-Empty Vector vs. TUBG1-Tyr92Cys 0.0965 0.07518 to 0.1178 Yes **** < 0.0001

Control-Empty Vector vs. TUBG1-Ser259Leu 0.0903 0.06898 to 0.1116 Yes **** < 0.0001

Control-Empty Vector vs. TUBG1-Thr331Pro 0.0974 0.07608 to 0.1187 Yes **** < 0.0001

Control-Empty Vector vs. TUBG1-Leu387Pro 0.0177 -0.003623 to 0.03902 No ns 0.1273

TUBG1-WT vs. TUBG1-Tyr92Cys 0.0716 0.05028 to 0.09292 Yes **** < 0.0001

TUBG1-WT vs. TUBG1-Ser259Leu 0.0654 0.04408 to 0.08672 Yes **** < 0.0001

TUBG1-WT vs. TUBG1-Thr331Pro 0.0725 0.05118 to 0.09382 Yes **** < 0.0001

TUBG1-WT vs. TUBG1-Leu387Pro -0.0072 -0.02852 to 0.01412 No ns 0.8581

TUBG1-Tyr92Cys vs. TUBG1-Ser259Leu -0.0062 -0.02752 to 0.01512 No ns 0.9169

TUBG1-Tyr92Cys vs. TUBG1-Thr331Pro 0.0009 -0.02042 to 0.02222 No ns > 0.9999

TUBG1-Tyr92Cys vs. TUBG1-Leu387Pro -0.0788 -0.1001 to -0.05748 Yes **** < 0.0001

TUBG1-Ser259Leu vs. TUBG1-Thr331Pro 0.0071 -0.01422 to 0.02842 No ns 0.8648

TUBG1-Ser259Leu vs. TUBG1-Leu387Pro -0.0726 -0.09392 to -0.05128 Yes **** < 0.0001

TUBG1-Thr331Pro vs. TUBG1-Leu387Pro -0.0797 -0.1010 to -0.05838 Yes **** < 0.0001

4 - G ANOVA table. one-way ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Figure 4 - TUBG1 pathogenic variants alter microtubule nucleation and dynamics



Treatment (between columns) 0.01323 2 0.006616 F (2. 8) = 7.748 P = 0.0134

Residual (within columns) 0.006831 8 0.0008539

Total 0.02006 10

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control vs. Tyr92Cys 0.0694 0.009744 to 0.1291 Yes * 0.0259

Control vs. Thr331Pro 0.07395 0.01872 to 0.1292 Yes * 0.0131

4 - H ANOVA table. one-way ANOVA

n≥4 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 1.216 4 0.3039 F (4. 15) = 70.63 P < 0.0001

Residual (within columns) 0.06454 15 0.004303

Total 1.28 19

Bonferroni's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

WT vs. Tyr92Cys 0.3163 0.1848 to 0.4479 Yes **** < 0.0001

WT vs. Ser259Leu 0.5864 0.4549 to 0.7180 Yes **** < 0.0001

WT vs. Thr331Pro 0.4469 0.3153 to 0.5784 Yes **** < 0.0001

WT vs. Leu387Pro 0.7175 0.5860 to 0.8491 Yes **** < 0.0001

4 - I ANOVA table. one-way ANOVA

n≥4 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 1.729 4 0.4323 F (4. 20) = 58.53 P < 0.0001

Residual (within columns) 0.1477 20 0.007386

Total 1.877 24

Bonferroni's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

WT vs. Tyr92Cys 0.3831 0.2339 to 0.5322 Yes **** < 0.0001

WT vs. Ser259Leu 0.5494 0.4003 to 0.6986 Yes **** < 0.0001

WT vs. Thr331Pro 0.5174 0.3682 to 0.6666 Yes **** < 0.0001

WT vs. Leu387Pro 0.8027 0.6536 to 0.9519 Yes **** < 0.0001

5 - B Layer 5 thickness

Unpaired t test

n≥5

P value 0.0005

P value summary ***

Significantly different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed

t. df t=5.234 df=9

Layer 5 cell density

Unpaired t test

n≥5

P value 0.0096

P value summary **

Significantly different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed

t. df t=3.275 df=9

5 - D Anova table. 2-way ordinary ANOVA

n=3 SS DF MS F (DFn. DFd) P value

Interaction 162.6 6 27.11 F (6. 21) = 9.228 P < 0.0001

Gentotype -0.0000000000006253 1 -0.0000000000006253 F (1. 21) = -2.129e-013 P > 0.9999

Bin 1382 6 230.3 F (6. 21) = 78.41 P < 0.0001

Residual 61.68 21 2.937

Sidak's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

WT vs. Y92C/+

VZ/SVZ -3.5 -8.147 to 1.146 No ns 0.2276

IZ -8.775 -13.42 to -4.128 Yes *** 0.0001

CP1 0.05656 -4.590 to 4.704 No ns > 0.9999

CP2 1.36 -3.287 to 6.007 No ns 0.9701

CP3 2.281 -2.366 to 6.928 No ns 0.704

CP4 3.186 -1.461 to 7.833 No ns 0.3245

Figure 5 - Tubg1Y92C/+ mice show abnormal cortical layering during development



CP5 5.391 0.7445 to 10.04 Yes * 0.0168

6 - A Neuroanatomical studies 4_TB_area 4_TB_width 4_TB_height_CS1 4_TB_height_CS2 4_TCTX_area
Unpaired t test

n=4 n=4 n=4 n=4 n=3 n=4

P value 0.03176686 0.08660069 0.04439394 0.08892183 0.01556172

Significantly different? (P < 0.05) Yes No Yes NO Yes

One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed

t 2.78546889 2.04700227 2.53475447 2.10733583 3.34258613

df 6 6 6 5 6

6 - D Anova table. Two Way Repeated Measures ANOVA (One Factor Repetition)

n=18 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

genotype (between columns) 3393091290.444 1 3393091290.444 F(1.33)=24.489 <0.001

id(genotype) 4572384932.602 33 138557119.17

session (within columns) 2312186526.821 1 2312186526.821 F(1.33)=61.189 <0.001

genotype session 180493323.217 1 180493323.217 F(1.33)=4.776 0.036

residual 1247001102.557 33 37787912.199

Total 11744138930.166 69 170204912.031

All Pairwise Multiple Comparison Procedures (Tukey Test): Diff of Means p q P

Comparisons for factor: session within wt 14712.094 2 10.154 <0.001

Comparisons for factor: session within tubg1 8286.418 2 5.558 <0.001

Comparisons for factor: genotype within session 1 10717.321 2 4.773 0.002

Comparisons for factor: genotype within session 2 17142.998 2 7.634 <0.001

6 - E Anova table. Two Way Repeated Measures ANOVA (One Factor Repetition)

n=19 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

genotype (between columns) 2.399 1 14.659 F(1.34)=14.659 <0.001

id(genotype) 0.164 34

session (within columns) 0.0123 1 0.396 F(1.34)=0.396 0.533

genotype session 0.0247 1 0.794 F(1.34)=0.794 0.379

residual 0.0311 34

Total 0.128 71

All Pairwise Multiple Comparison Procedures (Tukey Test): Diff of Means p q P

Comparisons for factor: session within wt 0.0633 2 1.565 0.276

Comparisons for factor: session within tubg1 0.0109 2 0.255 0.858

Comparisons for factor: genotype within session 1 0.329 2 4.459 0.003

Comparisons for factor: genotype within session 2 0.403 2 5.467 <0.001

6 - G Anova table. Two Way Repeated Measures ANOVA (One Factor Repetition)

n=15 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

genotype (between columns) 4188.958 1 4188.958 F(1.30)=15.419 <0.001

id(genotype) 8150.031 30 271.668

session (within columns) 4322.788 1 4322.788 F(1.30)=21.865 <0.001

genotype session 1623.588 1 1623.588 F(1.30)=8.212 0.008

residual 5931.194 30 197.706

Total 24572.331 63 390.037

All Pairwise Multiple Comparison Procedures (Tukey Test): Diff of Means p q P

Comparisons for factor: session within wt 6.376 2 1.756 0.224

Comparisons for factor: session within tubg1 26.562 2 7.789 <0.001

Comparisons for factor: genotype within session 1 6.305 2 6.855 <0.001

Comparisons for factor: genotype within session 2 6.119 2 1.595 0.264

6 - H Anova table. one-way ordinary ANOVA

n=15 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

genotype (between columns) 0.296 1 0.296 F(1.30)=5.992 0.02

Residual (within columns) 1.484 30 0.0495

Total 1.78 31

One-Sample t-test (vs 0) N Mean SEM t(DFn) P Value (two tail)

wt 15 0.222 0.0694 t(14)=3.205 p=0.00636

Y92C/+ 17 0.0295 0.0417 t(17)=0.707 p=0.490

Figure 6 - Tubg1Y92C/+ mice present with microcephaly. abnormal hippocampal organization and behavioral abnormalities



6 - I Anova table. Two Way Repeated Measures ANOVA (One Factor Repetition)

n=19 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

genotype (between columns) 3.731 1 3.731 F(1.68)=7.359 0.01

id(genotype) 17.236 34 0.507

Context session (within columns) 0.159 2 0.0793 F(1.68)=1.21 0.304

genotype Context session 0.0779 2 0.0389 F(1.68)=0.594 0.555

residual 4.458 68 0.0656

Total 25.651 107 0.24

All Pairwise Multiple Comparison Procedures (Tukey Test): Diff of Means p q P

Comparisons for factor: genotype within cont1 0.355 2 3.263 0.025

Comparisons for factor: genotype within cont2 0.317 2 2.908 0.045

Comparisons for factor: genotype within cont3 0.445 2 4.088 0.006

Anova table. Two Way Repeated Measures ANOVA (One Factor Repetition)

n=19 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

genotype (between columns) 20594.739 1 20594.739 F(1.102)=27.229 <0.001

id(genotype) 25715.567 34 756.34

Cue session (within columns) 22217.463 3 7405.821 F(1.102)=61.081 <0.001

genotype Cue session 6566.574 3 2188.858 F(1.102)=18.053 <0.001

residual 12367.009 102 121.245

Total 88813.306 143 621.072

All Pairwise Multiple Comparison Procedures (Tukey Test): Diff of Means p q P

Comparisons for factor: genotype within Pre Cue1 7.529 2 1.906 0.18

Comparisons for factor: genotype within Cue1 30.811 2 7.8 <0.001

Comparisons for factor: genotype within  Pre Cue2 15.152 2 3.836 0.009

Comparisons for factor: genotype within  Cue2 42.328 2 10.715 <0.001

S1- A ANOVA table. one-way ANOVA

n=3 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 0.1359 3 0.0453 F (3. 9) = 1.326 P = 0.3255

Residual (within columns) 0.3075 9 0.03416

Total 0.4434 12

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

E12 vs. E14 -0.08183 -0.4788 to 0.3151 No ns 0.8884

E12 vs. E16 -0.1695 -0.5664 to 0.2274 No ns 0.5177

E12 vs. E18 0.1182 -0.2788 to 0.5151 No ns 0.7447

S1- B ANOVA table. one-way ANOVA

n=3 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 52.36 3 17.45 F (3. 9) = 39.45 P < 0.0001

Residual (within columns) 3.982 9 0.4425

Total 56.35 12

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

E12 vs. E14 -0.2836 -1.712 to 1.145 No ns 0.8984

E12 vs. E16 -3.46 -4.889 to -2.032 Yes *** 0.0002

E12 vs. E18 -4.657 -6.085 to -3.228 Yes **** < 0.0001

S1- E Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 111.3 4 27.83 F (4. 24) = 0.8344 P = 0.5167

Gentotype -0.0000000000006821 2 -0.0000000000003411 F (2. 24) = -1.023e-014 P > 0.9999

Zone (layer) 22232 2 11116 F (2. 24) = 333.3 P < 0.0001

Residual 800.5 24 33.36

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

VZ-SVZ

Empty vector vs. Tubg1-WT 2.672 -8.343 to 13.69 No ns 0.8183

Empty vector vs. Tubg2 0.4387 -10.58 to 11.45 No ns 0.9946

Tubg1-WT vs. Tubg2 -2.234 -12.43 to 7.965 No ns 0.849

Suppl. Figure 1 - TUBG1/TUBG2 expression during cortical development and exogenous overexpression



IZ

Empty vector vs. Tubg1-WT 0.5998 -10.42 to 11.62 No ns 0.9899

Empty vector vs. Tubg2 -2.966 -13.98 to 8.049 No ns 0.7815

Tubg1-WT vs. Tubg2 -3.566 -13.76 to 6.632 No ns 0.662

CP

Empty vector vs. Tubg1-WT -3.272 -14.29 to 7.743 No ns 0.7414

Empty vector vs. Tubg2 2.528 -8.488 to 13.54 No ns 0.8356

Tubg1-WT vs. Tubg2 5.8 -4.399 to 16.00 No ns 0.3467

S1- F Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 10306 10 1031 F (10. 39) = 36.43 P < 0.0001

Gentotype 0.6742 5 0.1348 F (5. 39) = 0.004766 P > 0.9999

Zone (layer) 11526 2 5763 F (2. 39) = 203.7 P < 0.0001

Residual 1103 39 28.29

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

VZ-SVZ

Empty vector vs. Tyr92Cys [1] -1.07 -14.08 to 11.94 No ns 0.9999

Empty vector vs. Tyr92Cys [1] + Tubg1-WT [1] -0.2274 -13.24 to 12.78 No ns > 0.9999

Empty vector vs. Tyr92Cys [1] + Tubg1-WT [2] -3.655 -16.67 to 9.356 No ns 0.9577

Empty vector vs. Tyr92Cys [1] + Tubg2 [1] -7.226 -20.24 to 5.785 No ns 0.5629

Empty vector vs. Tyr92Cys [1] + Tubg2 [2] -7.776 -19.95 to 4.395 No ns 0.4091

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg1-WT [1] 0.8426 -12.17 to 13.85 No ns > 0.9999

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg1-WT [2] -2.585 -15.60 to 10.43 No ns 0.9908

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg2 [1] -6.156 -19.17 to 6.855 No ns 0.7164

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg2 [2] -6.706 -18.88 to 5.465 No ns 0.5712

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg1-WT [2] -3.428 -16.44 to 9.583 No ns 0.9677

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg2 [1] -6.998 -20.01 to 6.012 No ns 0.5961

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg2 [2] -7.549 -19.72 to 4.622 No ns 0.4422

Tyr92Cys [1] + Tubg1-WT [2] vs. Tyr92Cys [1] + Tubg2 [1] -3.571 -16.58 to 9.440 No ns 0.9616

Tyr92Cys [1] + Tubg1-WT [2] vs. Tyr92Cys [1] + Tubg2 [2] -4.121 -16.29 to 8.050 No ns 0.9103

Tyr92Cys [1] + Tubg2 [1] vs. Tyr92Cys [1] + Tubg2 [2] -0.5501 -12.72 to 11.62 No ns > 0.9999

IZ

Empty vector vs. Tyr92Cys [1] -48.7 -61.71 to -35.69 Yes **** < 0.0001

Empty vector vs. Tyr92Cys [1] + Tubg1-WT [1] -15.84 -28.85 to -2.832 Yes ** 0.0093

Empty vector vs. Tyr92Cys [1] + Tubg1-WT [2] -3.926 -16.94 to 9.085 No ns 0.9432

Empty vector vs. Tyr92Cys [1] + Tubg2 [1] -30.42 -43.43 to -17.41 Yes **** < 0.0001

Empty vector vs. Tyr92Cys [1] + Tubg2 [2] -15.64 -27.82 to -3.474 Yes ** 0.0053

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg1-WT [1] 32.86 19.84 to 45.87 Yes **** < 0.0001

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg1-WT [2] 44.77 31.76 to 57.78 Yes **** < 0.0001

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg2 [1] 18.28 5.264 to 31.29 Yes ** 0.0019

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg2 [2] 33.05 20.88 to 45.22 Yes **** < 0.0001

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg1-WT [2] 11.92 -1.094 to 24.93 No ns 0.0891

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg2 [1] -14.58 -27.59 to -1.569 Yes * 0.0203

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg2 [2] 0.1979 -11.97 to 12.37 No ns > 0.9999

Tyr92Cys [1] + Tubg1-WT [2] vs. Tyr92Cys [1] + Tubg2 [1] -26.5 -39.51 to -13.49 Yes **** < 0.0001

Tyr92Cys [1] + Tubg1-WT [2] vs. Tyr92Cys [1] + Tubg2 [2] -11.72 -23.89 to 0.4518 No ns 0.0649

Tyr92Cys [1] + Tubg2 [1] vs. Tyr92Cys [1] + Tubg2 [2] 14.78 2.607 to 26.95 Yes ** 0.0096

CP

Empty vector vs. Tyr92Cys [1] 49.77 36.76 to 62.78 Yes **** < 0.0001

Empty vector vs. Tyr92Cys [1] + Tubg1-WT [1] 16.07 3.059 to 29.08 Yes ** 0.0081

Empty vector vs. Tyr92Cys [1] + Tubg1-WT [2] 7.581 -5.430 to 20.59 No ns 0.5112

Empty vector vs. Tyr92Cys [1] + Tubg2 [1] 37.65 24.64 to 50.66 Yes **** < 0.0001

Empty vector vs. Tyr92Cys [1] + Tubg2 [2] 22.62 10.45 to 34.79 Yes **** < 0.0001

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg1-WT [1] -33.7 -46.71 to -20.69 Yes **** < 0.0001

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg1-WT [2] -42.19 -55.20 to -29.18 Yes **** < 0.0001

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg2 [1] -12.12 -25.13 to 0.8917 No ns 0.0804

Tyr92Cys [1] vs. Tyr92Cys [1] + Tubg2 [2] -27.15 -39.32 to -14.98 Yes **** < 0.0001

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg1-WT [2] -8.489 -21.50 to 4.522 No ns 0.3859

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg2 [1] 21.58 8.568 to 34.59 Yes *** 0.0002

Tyr92Cys [1] + Tubg1-WT [1] vs. Tyr92Cys [1] + Tubg2 [2] 6.55 -5.620 to 18.72 No ns 0.5955



Tyr92Cys [1] + Tubg1-WT [2] vs. Tyr92Cys [1] + Tubg2 [1] 30.07 17.06 to 43.08 Yes **** < 0.0001

Tyr92Cys [1] + Tubg1-WT [2] vs. Tyr92Cys [1] + Tubg2 [2] 15.04 2.869 to 27.21 Yes ** 0.0081

Tyr92Cys [1] + Tubg2 [1] vs. Tyr92Cys [1] + Tubg2 [2] -15.03 -27.20 to -2.858 Yes ** 0.0081

S2 - A ANOVA table. one-way ANOVA

n≥4 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 238.7 5 47.75 F (5. 24) = 4.428 P = 0.0053

Residual (within columns) 258.8 24 10.78

Total 497.5 29

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Empty Vector vs. TUBG1-WT -0.3486 -6.286 to 5.589 No ns 0.9997

Empty Vector vs. TUBG1-Tyr92Cys -1.074 -7.012 to 4.864 No ns 0.9836

Empty Vector vs. TUBG1-Ser259Leu -0.419 -6.017 to 5.179 No ns 0.9997

Empty Vector vs. TUBG1-Thr331Pro -8.144 -13.74 to -2.546 Yes ** 0.0028

Empty Vector vs. TUBG1-Leu387Pro -1.312 -6.495 to 3.870 No ns 0.9363

S2 - D ANOVA table. one-way ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 869.7 3 289.9 F (3. 13) = 2.245 P = 0.1316

Residual (within columns) 1679 13 129.2

Total 2549 16

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT -7.709 -29.74 to 14.32 No ns 0.6833

Control-Empty Vector vs. TUBG1 - Tyr92Cys -5.711 -27.74 to 16.32 No ns 0.8323

Control-Empty Vector vs. TUBG1 - Thr331Pro -20.88 -43.92 to 2.160 No ns 0.0783

S2 - E ANOVA table. one-way ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 292.1 3 97.35 F (3. 13) = 3.563 P = 0.0444

Residual (within columns) 355.2 13 27.32

Total 647.2 16

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT -2.866 -13.00 to 7.267 No ns 0.796

Control-Empty Vector vs. TUBG1 - Tyr92Cys 0.01773 -10.12 to 10.15 No ns > 0.9999

Control-Empty Vector vs. TUBG1 - Thr331Pro -10.43 -21.03 to 0.1663 No ns 0.0539

S2 - F ANOVA table. one-way ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 0.02844 3 0.00948 F (3. 13) = 4.569 P = 0.0214

Residual (within columns) 0.02697 13 0.002075

Total 0.05541 16

Dunnett's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Control-Empty Vector vs. TUBG1 - WT 0.04152 -0.04679 to 0.1298 No ns 0.4797

Control-Empty Vector vs. TUBG1 - Tyr92Cys -0.003062 -0.09137 to 0.08524 No ns 0.9994

Control-Empty Vector vs. TUBG1 - Thr331Pro 0.1008 0.008429 to 0.1931 Yes * 0.032

S2 - G Anova table. 2-way ordinary ANOVA

n≥3 SS DF MS F (DFn. DFd) P value

Interaction 551.5 15 36.77 F (15. 72) = 0.5785 P = 0.8821

Gentotype 402.2 5 80.43 F (5. 72) = 1.265 P = 0.2883

Marker 9512 3 3171 F (3. 72) = 49.89 P < 0.0001

Residual 4576 72 63.56

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

Pax 6

Control-Empty Vector vs. Tubg1-WT 4.757 -10.01 to 19.52 No ns 0.9337

Control-Empty Vector vs. Tubg1-Tyr92Cys -3.336 -20.38 to 13.71 No ns 0.9925

Control-Empty Vector vs. Tubg1-Ser259Leu 1.659 -15.39 to 18.71 No ns 0.9997

Control-Empty Vector vs. Tubg1-Thr331Pro 5.555 -10.10 to 21.21 No ns 0.9032

Control-Empty Vector vs. Tubg1-Leu387Pro 1.351 -13.41 to 16.11 No ns 0.9998

Tubg1-WT vs. Tubg1-Tyr92Cys -8.093 -25.14 to 8.954 No ns 0.7329

Suppl. Figure 2 - Effects of TUBG1 variants on progenitor proliferation and radial glial fibres



Tubg1-WT vs. Tubg1-Ser259Leu -3.098 -20.14 to 13.95 No ns 0.9947

Tubg1-WT vs. Tubg1-Thr331Pro 0.7981 -14.86 to 16.46 No ns > 0.9999

Tubg1-WT vs. Tubg1-Leu387Pro -3.406 -18.17 to 11.36 No ns 0.9841

Tubg1-Tyr92Cys vs. Tubg1-Ser259Leu 4.994 -14.06 to 24.05 No ns 0.9721

Tubg1-Tyr92Cys vs. Tubg1-Thr331Pro 8.891 -8.937 to 26.72 No ns 0.6903

Tubg1-Tyr92Cys vs. Tubg1-Leu387Pro 4.687 -12.36 to 21.73 No ns 0.9657

Tubg1-Ser259Leu vs. Tubg1-Thr331Pro 3.896 -13.93 to 21.72 No ns 0.9875

Tubg1-Ser259Leu vs. Tubg1-Leu387Pro -0.3076 -17.35 to 16.74 No ns > 0.9999

Tubg1-Thr331Pro vs. Tubg1-Leu387Pro -4.204 -19.86 to 11.45 No ns 0.9691

Double

Control-Empty Vector vs. Tubg1-WT 3.459 -13.59 to 20.51 No ns 0.9911

Control-Empty Vector vs. Tubg1-Tyr92Cys 1.275 -15.77 to 18.32 No ns > 0.9999

Control-Empty Vector vs. Tubg1-Ser259Leu 0.7683 -16.28 to 17.82 No ns > 0.9999

Control-Empty Vector vs. Tubg1-Thr331Pro 1.917 -13.74 to 17.58 No ns 0.9992

Control-Empty Vector vs. Tubg1-Leu387Pro 2.034 -12.73 to 16.80 No ns 0.9986

Tubg1-WT vs. Tubg1-Tyr92Cys -2.184 -21.24 to 16.87 No ns 0.9994

Tubg1-WT vs. Tubg1-Ser259Leu -2.69 -21.75 to 16.37 No ns 0.9984

Tubg1-WT vs. Tubg1-Thr331Pro -1.542 -19.37 to 16.29 No ns 0.9999

Tubg1-WT vs. Tubg1-Leu387Pro -1.425 -18.47 to 15.62 No ns 0.9999

Tubg1-Tyr92Cys vs. Tubg1-Ser259Leu -0.5065 -19.57 to 18.55 No ns > 0.9999

Tubg1-Tyr92Cys vs. Tubg1-Thr331Pro 0.6423 -17.19 to 18.47 No ns > 0.9999

Tubg1-Tyr92Cys vs. Tubg1-Leu387Pro 0.7591 -16.29 to 17.81 No ns > 0.9999

Tubg1-Ser259Leu vs. Tubg1-Thr331Pro 1.149 -16.68 to 18.98 No ns > 0.9999

Tubg1-Ser259Leu vs. Tubg1-Leu387Pro 1.266 -15.78 to 18.31 No ns > 0.9999

Tubg1-Thr331Pro vs. Tubg1-Leu387Pro 0.1167 -15.54 to 15.78 No ns > 0.9999

Tbr2

Control-Empty Vector vs. Tubg1-WT 2.807 -12.85 to 18.47 No ns 0.995

Control-Empty Vector vs. Tubg1-Tyr92Cys 6.422 -10.62 to 23.47 No ns 0.8785

Control-Empty Vector vs. Tubg1-Ser259Leu 5.97 -11.08 to 23.02 No ns 0.9079

Control-Empty Vector vs. Tubg1-Thr331Pro 0.5022 -15.16 to 16.16 No ns > 0.9999

Control-Empty Vector vs. Tubg1-Leu387Pro 1.849 -12.91 to 16.61 No ns 0.9991

Tubg1-WT vs. Tubg1-Tyr92Cys 3.616 -14.21 to 21.44 No ns 0.9911

Tubg1-WT vs. Tubg1-Ser259Leu 3.164 -14.66 to 20.99 No ns 0.9952

Tubg1-WT vs. Tubg1-Thr331Pro -2.304 -18.81 to 14.20 No ns 0.9985

Tubg1-WT vs. Tubg1-Leu387Pro -0.9572 -16.62 to 14.70 No ns > 0.9999

Tubg1-Tyr92Cys vs. Tubg1-Ser259Leu -0.4521 -19.51 to 18.61 No ns > 0.9999

Tubg1-Tyr92Cys vs. Tubg1-Thr331Pro -5.92 -23.75 to 11.91 No ns 0.9252

Tubg1-Tyr92Cys vs. Tubg1-Leu387Pro -4.573 -21.62 to 12.47 No ns 0.9692

Tubg1-Ser259Leu vs. Tubg1-Thr331Pro -5.468 -23.30 to 12.36 No ns 0.9458

Tubg1-Ser259Leu vs. Tubg1-Leu387Pro -4.121 -21.17 to 12.93 No ns 0.9804

Tubg1-Thr331Pro vs. Tubg1-Leu387Pro 1.347 -14.31 to 17.01 No ns 0.9999

Neither

Control-Empty Vector vs. Tubg1-WT 11.55 -4.105 to 27.21 No ns 0.2692

Control-Empty Vector vs. Tubg1-Tyr92Cys -0.07443 -17.12 to 16.97 No ns > 0.9999

Control-Empty Vector vs. Tubg1-Ser259Leu 8.67 -8.377 to 25.72 No ns 0.6722

Control-Empty Vector vs. Tubg1-Thr331Pro 8.877 -6.781 to 24.54 No ns 0.5624

Control-Empty Vector vs. Tubg1-Leu387Pro 11.62 -3.146 to 26.38 No ns 0.206

Tubg1-WT vs. Tubg1-Tyr92Cys -11.63 -29.46 to 6.200 No ns 0.4048

Tubg1-WT vs. Tubg1-Ser259Leu -2.883 -20.71 to 14.94 No ns 0.9969

Tubg1-WT vs. Tubg1-Thr331Pro -2.676 -19.18 to 13.83 No ns 0.9969

Tubg1-WT vs. Tubg1-Leu387Pro 0.06339 -15.60 to 15.72 No ns > 0.9999

Tubg1-Tyr92Cys vs. Tubg1-Ser259Leu 8.745 -10.31 to 27.80 No ns 0.7599

Tubg1-Tyr92Cys vs. Tubg1-Thr331Pro 8.951 -8.877 to 26.78 No ns 0.6841

Tubg1-Tyr92Cys vs. Tubg1-Leu387Pro 11.69 -5.356 to 28.74 No ns 0.3481

Tubg1-Ser259Leu vs. Tubg1-Thr331Pro 0.2068 -17.62 to 18.03 No ns > 0.9999

Tubg1-Ser259Leu vs. Tubg1-Leu387Pro 2.947 -14.10 to 19.99 No ns 0.9958

Tubg1-Thr331Pro vs. Tubg1-Leu387Pro 2.74 -12.92 to 18.40 No ns 0.9955

S3 - B Anova table. 2-way ordinary ANOVA

n=3 SS DF MS F (DFn. DFd) P value

Interaction 29422 15 1961 F (15. 52) = 98.03 P < 0.0001

Gentotype 0.0002054 5 0.00004107 F (5. 52) = 2.053e-006 P > 0.9999

Suppl. Figure 3 -  Effects of TUBG1 variants on neuronal positioning persist after birth



Layer 12822 3 4274 F (3. 52) = 213.6 P < 0.0001

Residual 1040 52 20.01

Tukey's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

WM

Empty vector vs. WT -3.904 -13.26 to 5.454 No ns 0.8181

Empty vector vs. Tyr92Cys -28.49 -39.95 to -17.03 Yes **** < 0.0001

Empty vector vs. Ser259Leu -26.11 -36.21 to -16.00 Yes **** < 0.0001

Empty vector vs. Thr331Pro -20.23 -30.34 to -10.12 Yes **** < 0.0001

Empty vector vs. Leu387Pro -30.02 -40.12 to -19.91 Yes **** < 0.0001

WT vs. Tyr92Cys -24.59 -36.05 to -13.13 Yes **** < 0.0001

WT vs. Ser259Leu -22.2 -32.31 to -12.10 Yes **** < 0.0001

WT vs. Thr331Pro -16.33 -26.43 to -6.219 Yes *** 0.0002

WT vs. Leu387Pro -26.11 -36.22 to -16.01 Yes **** < 0.0001

Tyr92Cys vs. Ser259Leu 2.386 -9.695 to 14.47 No ns 0.9917

Tyr92Cys vs. Thr331Pro 8.263 -3.818 to 20.34 No ns 0.3434

Tyr92Cys vs. Leu387Pro -1.523 -13.60 to 10.56 No ns 0.999

Ser259Leu vs. Thr331Pro 5.877 -4.929 to 16.68 No ns 0.5964

Ser259Leu vs. Leu387Pro -3.91 -14.72 to 6.896 No ns 0.8908

Thr331Pro vs. Leu387Pro -9.787 -20.59 to 1.019 No ns 0.0968

L6

Empty vector vs. WT 0.4775 -8.880 to 9.836 No ns > 0.9999

Empty vector vs. Tyr92Cys -25.52 -36.99 to -14.06 Yes **** < 0.0001

Empty vector vs. Ser259Leu -19.62 -29.73 to -9.516 Yes **** < 0.0001

Empty vector vs. Thr331Pro -15.62 -25.73 to -5.516 Yes *** 0.0004

Empty vector vs. Leu387Pro -19.8 -29.90 to -9.689 Yes **** < 0.0001

WT vs. Tyr92Cys -26 -37.46 to -14.54 Yes **** < 0.0001

WT vs. Ser259Leu -20.1 -30.21 to -9.993 Yes **** < 0.0001

WT vs. Thr331Pro -16.1 -26.21 to -5.993 Yes *** 0.0003

WT vs. Leu387Pro -20.27 -30.38 to -10.17 Yes **** < 0.0001

Tyr92Cys vs. Ser259Leu 5.902 -6.179 to 17.98 No ns 0.6996

Tyr92Cys vs. Thr331Pro 9.902 -2.179 to 21.98 No ns 0.1667

Tyr92Cys vs. Leu387Pro 5.728 -6.353 to 17.81 No ns 0.7251

Ser259Leu vs. Thr331Pro 4 -6.806 to 14.81 No ns 0.8811

Ser259Leu vs. Leu387Pro -0.1733 -10.98 to 10.63 No ns > 0.9999

Thr331Pro vs. Leu387Pro -4.173 -14.98 to 6.632 No ns 0.8611

L5

Empty vector vs. WT 0.2925 -9.065 to 9.650 No ns > 0.9999

Empty vector vs. Tyr92Cys -17.04 -28.50 to -5.574 Yes *** 0.0007

Empty vector vs. Ser259Leu -25.9 -36.01 to -15.80 Yes **** < 0.0001

Empty vector vs. Thr331Pro -28.27 -38.37 to -18.16 Yes **** < 0.0001

Empty vector vs. Leu387Pro -22.91 -33.02 to -12.80 Yes **** < 0.0001

WT vs. Tyr92Cys -17.33 -28.79 to -5.866 Yes *** 0.0006

WT vs. Ser259Leu -26.2 -36.30 to -16.09 Yes **** < 0.0001

WT vs. Thr331Pro -28.56 -38.67 to -18.45 Yes **** < 0.0001

WT vs. Leu387Pro -23.2 -33.31 to -13.09 Yes **** < 0.0001

Tyr92Cys vs. Ser259Leu -8.869 -20.95 to 3.212 No ns 0.2682

Tyr92Cys vs. Thr331Pro -11.23 -23.31 to 0.8494 No ns 0.0824

Tyr92Cys vs. Leu387Pro -5.875 -17.96 to 6.206 No ns 0.7036

Ser259Leu vs. Thr331Pro -2.362 -13.17 to 8.443 No ns 0.9867

Ser259Leu vs. Leu387Pro 2.994 -7.811 to 13.80 No ns 0.9625

Thr331Pro vs. Leu387Pro 5.357 -5.449 to 16.16 No ns 0.6865

L2-L4

Empty vector vs. WT 3.135 -6.223 to 12.49 No ns 0.9187

Empty vector vs. Tyr92Cys 71.07 59.61 to 82.53 Yes **** < 0.0001

Empty vector vs. Ser259Leu 71.65 61.54 to 81.75 Yes **** < 0.0001

Empty vector vs. Thr331Pro 64.12 54.01 to 74.23 Yes **** < 0.0001

Empty vector vs. Leu387Pro 72.72 62.61 to 82.83 Yes **** < 0.0001

WT vs. Tyr92Cys 67.94 56.48 to 79.40 Yes **** < 0.0001

WT vs. Ser259Leu 68.51 58.40 to 78.62 Yes **** < 0.0001

WT vs. Thr331Pro 60.98 50.88 to 71.09 Yes **** < 0.0001

WT vs. Leu387Pro 69.59 59.48 to 79.70 Yes **** < 0.0001

Tyr92Cys vs. Ser259Leu 0.573 -11.51 to 12.65 No ns > 0.9999



Tyr92Cys vs. Thr331Pro -6.953 -19.03 to 5.128 No ns 0.5362

Tyr92Cys vs. Leu387Pro 1.65 -10.43 to 13.73 No ns 0.9985

Ser259Leu vs. Thr331Pro -7.526 -18.33 to 3.279 No ns 0.3236

Ser259Leu vs. Leu387Pro 1.077 -9.729 to 11.88 No ns 0.9997

Thr331Pro vs. Leu387Pro 8.603 -2.202 to 19.41 No ns 0.1912

S4 - A ANOVA table. one-way ANOVA

n=5 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 1.407 4 0.3517 F (4. 20) = 60.60 P < 0.0001

Residual (within columns) 0.1161 20 0.005804

Total 1.523 24

Bonferroni's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

WT vs. Tyr92Cys 0.3474 0.2152 to 0.4796 Yes **** < 0.0001

WT vs. Ser259Leu 0.5722 0.4400 to 0.7044 Yes **** < 0.0001

WT vs. Thr331Pro 0.397 0.2647 to 0.5292 Yes **** < 0.0001

WT vs. Leu387Pro 0.6983 0.5661 to 0.8306 Yes **** < 0.0001

S4 - B ANOVA table. one-way ANOVA

n=5 SS DF MS F (DFn. DFd) P value

Treatment (between columns) 0.8939 4 0.2235 F (4. 20) = 24.42 P < 0.0001

Residual (within columns) 0.1831 20 0.009153

Total 1.077 24

Bonferroni's multiple comparisons test Mean Diff. 95% CI of diff. Significant? Summary Adjusted P Value

WT vs. Tyr92Cys 0.2458 0.07970 to 0.4118 Yes ** 0.0024

WT vs. Ser259Leu 0.4153 0.2492 to 0.5814 Yes **** < 0.0001

WT vs. Thr331Pro 0.2841 0.1181 to 0.4502 Yes *** 0.0006

WT vs. Leu387Pro 0.569 0.4029 to 0.7350 Yes **** < 0.0001

S6 - B ANOVA table. one-way ANOVA

n=19 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 209869.281 1 209869.281 F (1.34) = 6.077 0.019

Locomotor activity habituation phase (within columns) 1174126.941 34 34533.145

Total 1383996.222 35

S6 - C ANOVA table. one-way ANOVA

n=19 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 0.422 1 0.422 F (1.34) = 10.139 0.003

Locomotor activity dark1 (within columns) 1.416 34 0.0416

Total 1.838 35

S6 - D ANOVA table. one-way ANOVA

n=19 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 106314.551 1 106314.551 F (1.34) = 1.793 0.189

Locomotor activity dark2 (within columns) 2016077.449 34 59296.396

Total 2122392 35

S6 - F Kruskal-Wallis One Way Analysis of Variance on Ranks

Group  Median 25% 75% H (DFn) P value

wt (n=19) 401 173 605 H(1)=25.545 <0.001

Y92C/+ (n=17) 1201 914.5 3171

S6 - G Kruskal-Wallis One Way Analysis of Variance on Ranks

Group  Median 25% 75% H (DFn) P value

wt (n=19) 1206 788 1628 H(1)=4.308 0.038

Y92C/+ (n=17) 2954 937.5 6502.5

S6 - H Kruskal-Wallis One Way Analysis of Variance on Ranks

Group  Median 25% 75% H (DFn) P value

wt (n=19) 602 534 1107 H(1)=7.513 0.006

Y92C/+ (n=17) 1829 775 4725.5

S7 - A ANOVA table. one-way ANOVA

n=9 wt and 9 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 3879254.434 1 3879254.434 F (1.16) = 13.358 0.002

Suppl. Figure 4 - Mutant TUBG1 Interactions within of γ-tubulin complexes

Suppl. Figure 7 - Continuous spontaneous alternation test and Repetitive behaviours 



Distance travelled (within columns) 4646491.935 16 290405.746

Total 8525746.369 17

S7 - B ANOVA table. one-way ANOVA

n=9 wt and 9 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 15546.722 1 15546.722 F (1.16) = 29.550 <0.001

Rear frequency (within columns) 8417.778 16 526.111

Total 23964.5 17

S7 - C ANOVA table. one-way ANOVA

n=9 wt and 9 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 475.964 1 475.964 F (1.16) = 0.553 0.468

Digging duration (within columns) 13764.07 16 860.254

Total 14240.034 17

S7 - D ANOVA table. one-way ANOVA

n=9 wt and 9 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 12.634 1 12.634 F (1.16) = 0.305 0.588

Digging duration (within columns) 662.781 16 41.424

Total 675.415 17

S7 - E ANOVA table. one-way ANOVA

n=16 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 34.07 1 34.07 F (1.31) = 1.544 0.223

arms visited (within columns) 684.173 31 22.07

Total 718.242 32

S7 -F ANOVA table. one-way ANOVA

n=16 wt and 17 Y92C/+ SS DF MS F (DFn. DFd) P value

Genotype (between columns) 101.802 1 101.802 F (1.31) = 0.562 0.459

% spontaneous alternation (within columns) 5614.48 31 181.112

Total 5716.284 32



  



2 REVIEWERS COMMENTS

2 Reviewers comments

Reviewer #1 (Remarks to the Author):
Here, the authors characterize four patient specific missense mutations in the gamma-tubulin

gene TUBG1 that are linked to malformations of cortical development, by using overexpression of
the variants in embryonic mouse neocortex via in-utero electroporation, patient-derived fibroblasts
and a Tubg1Y92C/+ knock-in mouse model. Phenotypic analysis was conducted by overexpressing
the pathogenic variants in embryonic mouse neocortex under the control of a strong mammalian
expression promoter CAG, and a neuron-specific promoter for Doublecortin (DCX). While the
overexpression led to altered migration of postmitotic neurons, as assessed by fixed and live imaging,
progenitor proliferation was not affected. Experiments using patient derived fibroblasts and HeLa
cells revealed that TUBG1 variants decreased microtubule dynamics and have reduced ability to
form gamma-tubulin complexes. Finally knock-in mutant mouse model was generated which showed
neuroanatomical and behavioral defects consistent with the human phenotype, suggesting that it
is a useful model of further investigation of human pathology.

This is the first study involving in vivo characterization of patient specific TUBG1 variants
in embryonic mouse brain and therefore potentially very interesting. Since the variants affect
microtubule dynamics, it follows that the cellular processes that depend on microtubules such as
progenitor proliferation and migration would be affected. Authors should explain why the variants
affect post mitotic neuronal migration but not proliferation of radial glial progenitor cells. This
is important because the patients as well as the mouse model exhibit microcephaly – a phenotype
associated with reduced proliferation.

Since gamma-tubulin complexes are known to regulate microtubule dynamics, the claim that
altered neuronal migration results from altered microtubule dynamics, independently of centrosome
integrity and function may not be be entirely correct.

The authors should explain why Tubg1Y92C/+ was specifically selected for generating the mouse
model over other mutations.

Suggestions
1. Results obtained with experiments where a given protein is overexpressed should be in-

terpreted with caution. This is because even a wild type protein expressed above its normal
physiological expression level can potentially produce a phenotype due to toxic gain of function
(e.g. Figure 4 E). Therefore Tubg1 RNAi rescue by expression of RNAi resistant wild type or
mutant Tubg1 should be performed at least in a small number of experiments. Also, the results of
variant overexpression should be compared to those of wild type Tubg1 overexpression (as opposed
to empty vector expression) with statistical tests, where possible.

2. Why are different promoters used to drive the expression of a specific variant (DCX) and the
reporter (NeuroD) in post mitotic neurons? This is also the case with experiments in radial glial
progenitor cells (CAG promoter for driving the expression of a variant and BLBP for the reporter).

3. Time-lapse images or videos for should be provided for live imaging of neuronal migration
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since these were used for analyzing the velocity, number of pauses, pause duration in migrating
neurons. Similarly, images of EB3 comets should be provided along with representative kymographs.

4. The authors claim to address the functional redundancy of Tubg1/2 by showing a partial
rescue of phenotype produced by mutant form of Tubg1 by overexpression of TUBG2. However
this is experiment does not address the redundancy between the two genes. It would be addressed
by the rescue of Tubg1 knockdown phenotype by Tubg2 overexpression or vice versa.

5. Expression of the mutant forms of Tubg1 leads to the arrest of neurons in the intermediate
zone. The arrested neurons show multipolar morphology. However the defect in the multipolar to
bipolar transition should be quantified.

Reviewer #2 (Remarks to the Author):
In this manuscript the authors explore the cellular and molecular defects that are associated with

TUBG1 mutations and cortical malformations. They have employed a wide range of sophisticated
methods including: in-utero electroporation; live cell time lapse imaging of migrating neurons; cel-
lular analysis of microtubule dynamics; the generation of in vivo mouse models; and EEG analysis.
They have made a number of important findings - which focus on defects in post-mitotic neurons
rather than the progenitors themselves. This (I think) is unexpected and interesting. In general
the paper is well written, easy to follow, and makes a valuable contribution to the field.

I think this paper merits publication in Nature communications, but first requires some work.
While the manuscript has numerous strengths in its current form there are number of aspects that I
found deeply frustrating. First, the authors have consistently failed to specify the n numbers in the
figure legends nor have they used dot plots. Accordingly, its very difficult for the reader to assess
whether their data really does justify their conclusions. Secondly, their mouse model has been
analyzed superficially, despite being the punch line of the abstract. Finally, there are a number of
experiments which require more information with respect to the controls used and how they were
quantitated.

Accordingly, I would suggest the following improvements.

Major Issues:
1. The authors should specify in the main text what control was used for their fibroblast

experiments. The control used is critical to the interpretation of their patient data. Were the
controls parental fibroblasts? This would be ideal. A single control from an unrelated individual is
not sufficient to draw any conclusions (3 unrelated control individuals is a minimum). Moreover, the
authors should quantitate the "shorter and less organized" microtubules following depolymerisation,
rather than relying on qualitative assertions.

2. Further validation of their mouse model is required. Specifically, the authors should per-
formed western blot analysis at an appropriate developmental time point to assess the levels of
TUBG1 protein in their Y92C/+ animals, as well as the knockout animals. Is there a truncated
protein in their KO animals? They should likewise assess the levels of mRNA in these animals....
is there nonsense mediated decay in their KO animals? Whereabouts is the termination mutation

63



2 REVIEWERS COMMENTS

in the KO animals?
3. The analysis of their mouse mutants is superficial and currently under utilizes this valuable

resource. The authors have not analyzed the cortex in sufficient depth for their Y92C/+ animals
or their KO animals. An analysis of lamination in adult animals should be performed (e.g. Foxp2,
ER81, Cux1), and cortical thickness assessed. Is the number of interneurons similar?

4. The authors should assess neurogenesis in their mouse mutants, reflecting the experiments
they have performed in-utero. In vivo models are always better, and it would be valuable to confirm
that neurogenic output is similar in their mice. An assessment of PH3 at E14.5 for instance would
be valuable, as well as the number of SOX2 positive progenitors. Stating in the discussion "data
now shown" is not good enough. The words "data not shown" should not appear in any scientific
manuscript.

5. The methods should include a section that describe how sections were quantitated. Moreover,
all quantification should be performed blinded to genotype or condition. If this has not been done,
the data should be re-analyzed.

6. I would restructure the presentation of their mouse data - beginning with the overall volumet-
ric assessment of the brain regions. From there you could then focus on the cortex, hippocampus
and cerebellum in a sequential manner. Building up Figure 5, and leaving Figure 6 just for behavior
and EEG.

7. Figure 6 presents the results of their behavioral experiments. I have some concerns about
this. Were sex matched littermate controls used for their experiments? It is strange that 19wt
animals and 17 TUBG1 were used. Were all experiments performed blind to genotype? Moreover,
if indeed the ages ranged from 2.5 to 6.5 months of age this is a major concern. Only data from
animals of the same age should be shown (+/- a week). If there is a degenerative aspect to this
phenotype - using animals of different ages is problematic.

Minor issues:
1. The authors do not indicate the n number for the in-utero electroporation experiments

in either the figure legends, text or methods. You cannot expect your reader to download a
supplementary table for this information. Please rectify this. How many sections were analyzed
for each animal? Again this is not specified.

2. The Figure legends for supplementary figure 1, do not actually match supplementary figure
1. Should the first panel be deleted?

3.. The n number for the PH3 experiments shown in Figure S2 is not specified. Again, this
requires rectification. Moreover, all data should be presented as dot bar graphs so the reader can
better appreciate the variation in the data set. An image showing the PH3 staining should also be
included.

4. The authors state on page 9 lines 272 that "Our results indicate that disrupted locomotion
in neurons expressing recombinant TUBG1 is not due to defects in centrosome positioning". This
statement requires some clarification, as it might be interpreted as WT recombinant TUBG1.....
and given the centrosomal phenotype of those mice expressing TUBG1-Tyr92Cys this assertion is
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confusing.
5. The n numbers for comets and cells analyzed for the microtubule dynamics experiments

should again be specified in the figure legends for Figure 4, and again dot and bar graphs employed.
How many different times was this experiment replicated? Were they independent transfections?

6. On panel H of Figure 4, the TUBG1-Leu387Pro pull-down results in a noticeably lower
amount of Gamma-tubulin.... while the TAG-RFP seems similar to the other constructs. How do
the authors explain this?

7. With respect to Figure 4, it would be useful to show the full western blot gels with a ladder
in the supplementary data.

8. Please expand supplementary Figure 5, showing the southern blot results demonstrating
correct homologous recombination in ES cells. How were animals subsequently genotyped?

9. What Cre line was employed to generated KO animals?
10. The TBR1 staining shown in Figure 5A is not informative. Layer VI? Everything seems to

be stained.
11. Again no n numbers shown in Figure legend 6.

Reviewer #3 (Remarks to the Author):
It has known that TUBG1 variants in patients link to cortical dysgeneses associated with in-

tellectual disability and epilepsy. However, the underlying mechanisms remain elusive. In this
manuscript, Ivanova and colleagues investigate four human MCDs-related TUBG1 missense vari-
ants on cortical development by using in-utero electroporation and a knock-in Tubg1(Y92C/+)
mouse model. They found that TUBG1 variants affect neuronal migration but do not effect on
progenitor proliferation. Using time-lapse videomicroscopy, authors further demonstrated TUBG1
variants affect microtubule dynamics rather that centrosomal nucleation ability. In addition, they
reported that Tubg1(Y92C/+) mouse showed neuroanatomical and behavioral defects. Although
the manuscript clearly represents a significant amount of work and contains interesting data, I have
some suggestions/concerns.

1. To highlight the significant of this manuscript, it’s necessary to further emphasize these four
TUBG1 variants are human MCDs-related variants, and cite relative literatures.

2. Although the typical image data (Fig. S1D) show that GFP+ cells electroporated TUBG1
WT and four TUBG1 variant vectors overexpress TUBG1, authors should further quantify the
percentage of overexpressed GFP+ cells in GFP+ cells in each group.

3. Please explain why quite number of Cux1+/ RFP- cells in four TUBG1 variants locate in
the lower layer of neocortex (Fig. 1D and 1E). Moreover, to exclude the possibility that mislocal-
ized cells co-express lower layer markers, Ctip2 and Tbr1 markers should be tested in these cells.
Similarly, in DCX promoter experiments (Fig. 2), co-expression of Cux1, Ctip2 and Tbr1 markers
with electroporated neurons should be examined.

4. Through the quantifications (Fig. 1C and Fig. 2B), we can observe the phonotype of CAG
promoter is much severe than that of DCX promoter. Please discuss possible reasons.
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5. To test the neuronal mispositioning is due to due to an arrest rather than a delay in neuronal
migration, authors quantified the distribution of electroporated neurons in postnatal stages, CAG
promoter at P8 and DCX promoter at P3. However, as compare with neuronal distribution at E18
in DCX promoter experiments (Fig. S3B), electroporated neurons can still migrate at P3 (Fig.
2B). Therefore, I suggest to quantify the distribution of electroporated neurons for both CAG and
DCX promoter experiments at relative mature postnatal stage (e.g., P20).

6. In rescue experiments, co-electroporation of TUBG1 or TUBG2 can partially rescue Tyr92Cys
TUBG1 variant-induced positioning phenotype. It will be very helpful to test whether co-electroporation
of TUBG1 or TUBG2 can rescue other TUBG1 variant-induced phenotypes. In addition, authors
mentioned that “Co-electroporation of either isoforms leads to a rescue in the neuronal positioning
phenotype in a dose-dependent fashion”. Although it is correct for TUBG2, the rescue in the neu-
ronal positioning phenotype for TUBG1 seems not to be in a dose-dependent fashion, since there is
no significant change for neuronal positioning between two TUBG1 electroporated concentrations
(Fig. S1H).

7. Though current data, it’s really hard to conclude “variants affect neuronal migration dy-
namics but not centrosomal positioning”. In other words, there is no direct evidence to support
Tyr92Cys variant do not affect centrosomal positioning and further influence the neuronal migra-
tion. In order to demonstrate that Tyr92Cys variant still influences the neuronal migration even
under centrosome migrating position, authors should further compared the percentages of migrating
neurons and non-migrating neurons whose centrosome was positioned ahead of the nucleus between
control-empty vector and DCX-TUBG1-Thr331Pro groups.

8. For Tubg1(Y92C/+) mouse, the phenotypes are much weaker than CAG and DCX promoter
electroporation experiments. I suggest to systematically quantify the distribution of cortical layers
in Tubg1(Y92C/+) mouse at relative mature postnatal stage (e.g., at P20). Moreover, it’s worthy
to further examine the neuronal migration and centrosome positioning in Tubg1(Y92C/+) mouse
at embryonic stage through EGFP vector co-electroporation.

9. Authors should discuss why Leu387Pro variant does not affect the microtubule dynamics,
but severely influence the neuronal positioning.

10. It is nice to find mutant Tubg1(Y92C/+) mice show an increased epileptic cortical activity.
However, the more detail information should be included. For example, how many Tubg1(Y92C/+)
mice showed epileptic cortical activity.

Minor Comments:
1. There are too many “data not shown” in this manuscript. At least, authors should provide

the original data that Tubg1+/- mice showed no major abnormalities in their neuroanatomy and
no behavioral alterations.

2. Authors should provide the image data that stained PH3, Pax6, Tbr2, and EGFP/RFP.
3. Fig. S1A is redundant, since it has been already shown in Fig. 1A. Moreover, the number of

the supplementary Figure 1 marked in alphabetical order in main text and figure legend is incorrect.
Please revise.

66



2 REVIEWERS COMMENTS

4. Authors electroporated pCAGGS-IRES-Tomato reporter, but showed GFP in Fig. S1D
(should be Fig. S1C). Please check this.

5. In line 394, “m-aminobutyric acid” should be “g-aminobutyric acid”.
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3 Unpublished results

3.1 Rescuing Tubg1 downregulation with TUBG1, TUBG2 or mutant TUBG1

Acute inactivation of Tubg1 using sh-RNA and in-utero electroporation has been shown to lead to
severe accumulation of cells within the IZ (Poirier et al., 2013). We have shown that TUBG2 has
been able to partially rescue the phenotype induced by the TUBG1 -Tyr92Cys mutant. To confirm
these results, we performed shRNA knockdown of Tubg1 and aimed to rescue the phenotype with
either TUBG1, TUBG2 or mutant TUBG1 (Figure 34). While co-electroporation of TUBG1 lead
to an important increase in the number of cells reaching the cortical plate, rescue with TUBG2
was again only partial. This result confirms that g-tubulin 2 is not able to completely substitute
for mutant or depleted TUBG1 during cortical development. The roles of the two isoforms ap-
pear therefore to be not entirely redundant. Concomitant knock down of endogenous Tubg1 and
overexpression of mutant TUBG1 -Y92C lead to an even more severe phenotype.

Figure 34: sh-Tubg1 rescue.
A. Coronal sections of E18.5 brains electroporated at E14.5. Sections were stained with DAPI.
CP, cortical plate; IZ, intermediate zone; VZ/SVZ, ventricular zone/subventricular zone. Scale
bar 50µm. B. Quantification of the percentage of fluorescent cells in 3 different regions: CP, IZ,
VZ/SVZ. Data are represented as mean ± SEM, n=3, Two-way ANOVA with Tukey’s multiple
comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.2 Tubg1 mutations do not affect centrosomal structure

We have shown that mutations in g-tubulin do not affect its intracellular distribution, neither
do they disrupt centrosomal positioning during neuronal migration. In order to investigate any
potential abnormalities in the structure of the centrosome we have performed electron microscopy
studies on centrosomes from fibroblasts obtained from MCD patients with the Tyr92Cys and the
Thr331Pro mutations (Figure 35). Results revealed no visible alterations in the ultrastructure of
the centrosome.
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Figure 35: Ultrastructure of the centrosome in fibroblast from MCD subjects with TUBG1
mutations.

3.3 Studies of proliferation of neuronal progenitors and cell death in the Tubg1 -
KI mouse model

Using the in-utero electroporation approach we saw no effect of TUBG1 mutations on progenitor
proliferation at E16.5. In order to confirm these results in our Tubg1-KI mouse model we performed
mitotic index studies at three different developmental time-points: E12.5; E14.5 and E16.5 (Figure
36). To this aim, embryo brains were stained for the mitotic marker PH3 and the percentage of
PH3 positive cells was calculated. Results showed no major increase in the number of mitotic cells,
in accordance with out in-utero electroporation studies.

We then assessed cell death at these developmental time-points by immunostaining against
Caspase-3. The number of Caspase-3 positive cells, representing to the number of apoptotic cells
was then counted. A significant increase in apoptotic cell levels was observed at E12.5 and E14.5
in Tubg1Y92C/+ embryos, compared to WT embryos. Apoptotic cells were mainly located within
the intermediate zone and the developing cortical plate, suggesting that cell death affects newborn
neurons rather that progenitors. No difference was visible at E16.5.

Together these results show that the Tyr92Cys mutation in KI mice does not affect proliferation
and cell cycle in progenitor cells during cortical development. However, it is responsible for an
increased number of newborn neurons undergoing apoptosis at early embryonic stages.

69



3 UNPUBLISHED RESULTS

Figure 36: Progenitor proliferation and apoptosis in the Tubg1-KI mouse model.
A. Sections form WT and Tubg1-KI embryo brains were immunolabeled for the mitotic marker
PH3. The number of PH3 cells was counted per region of interest in order to calculate the mitotic
index (percentage of cells currently in mitosis). Scale bars 20µm. Data are represented as mean
± SEM. n=3. B. Sections form WT and Tubg1-KI embryo brains were immunolabeled for the
apoptotic marker Caspase-3. The number of Caspase-3 positive cells was counted per region of
interest. Scale bars 50µm. White arrowheads show apoptotic cells. Data are represented as mean
± SEM. n=3, Student’s t-test, **** p < 0.0001, compared to WT.

3.4 Cortical layering in the embryonic brain of Tubg1-KI mice

To study in greater detail cortical layering during embryonic development in Tubg1Y92C/+ mice,
the thickness of different cortical layers (II-IV, V and VI) and the total thickness of the cortical
plate were measured at E18.5 (Figure 37), after immunostaining with SATB2 (a marker for layers
II-IV) and CTIP2 (a marker for layers V and VI). Total thickness of the cortical plate was similar
for WT and Tubg1Y92C/+ embryos. Greater thickness was observed for layer V, which presented
with a less compact structure in KI animals, as described in our published results. Furthermore,
layer VI was thinner in KI embryos. It should be noted that a trend in increase of layer width was
additionally observed for the upper layers II-IV in KI animals, even though the difference was not
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significant when combined analysis of all cortical layers were done. These data show that cortical
layering is altered during embryonic development in Tubg1Y92C/+ mice, resulting in variations in
the thickness of individual layers but without affecting the total width of the cortical plate.

Figure 37: Cortical plate and layer thickness in Tubg1Y92C/+ embryos.
A. Sections form WT and Tubg1-KI E18.5 embryo brains were immunolabeled for SATB2 and
CTIP2 allowing the visualisation of respectively upper-cortical layers II-IV and lower cortical layers
V and IV. B Total thickness of the cortical plate and individual thickness of layers II-IV, V and
VI were measured and analysed as a whole. Data are represented as mean ± SEM. n=5, Two-way
ANOVA with Tukey’s multiple comparisons test, * p < 0.05 compared to WT. C-E. Thickness of
individual layers was reported to the total thickness of the cortical plate. n=5, Student’s t-test, *
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to WT.
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1 MICROTUBULES AND MALFORMATIONS OF CORTICAL DEVELOPMENT

Gamma-tubulin is a member of the tubulin superfamily, shown to be a major component of the
centrosome in mammalian cells (Gueth-Hallonet et al., 1993; Oakley and Oakley, 1989). Pathogenic
variants in TUBG1 have been recently associated with cortical malformations during development
(Brock et al., 2018; Donato et al., 2018; Poirier et al., 2013). Subjects with mutations in TUBG1
present with abnormally reduced cortical gyration, often associated with microcephaly. Intellectual
disability and developmental delay were observed in all patients and the epilepsy was described in
all but one. The importance of TUBG1 for cortical development was further demonstrated by acute
downregulation of Tubg1 in mouse embryos, which alters neuronal positioning within the cortical
wall (Poirier et al., 2013).

The objective of this work was to to study in greater detail the underlying mechanisms of four
MCDs-related TUBG1 variants (Tyr92Cys, Ser259Leu, Thr331Pro and Leu387Pro) by perform-
ing a combination of in-utero and in-vivo studies. Results showed that TUBG1 variants affect
neuronal positioning by disrupting neuronal migration. At the edge of the IZ, the majority of
neurons expressing recombinant TUBG1 present with bipolar morphology and their centrosomes
are correctly positioned ahead of the nucleus, but they fail to initiate glial-guided locomotion. A
smaller population still migrates within the cortical wall however with reduced migration velocity.
Interestingly, mutations in TUBG1 had no major effect on progenitor proliferation. Further cellular
investigations have suggested that TUBG1 variants exert their pathogenicity by affecting micro-
tubule dynamics rather that centrosomal integrity and nucleation ability. We hypothesize that by
reducing polymerization and depolymerization rates of microtubules, mutations disrupt the correct
organisation of the latter thereby affecting the locomotion phase.

Furthermore, we have developed a knock-in Tubg1 mouse model for one of the mutations. We
have shown that these mice present with cortical and hippocampal malformations associated with
a global microcephaly. These malformations originate at least partly from processes taking place
before birth of pups, as shown by analysis of layering and migration during embryonic develop-
ment. Additionally, KI-Tubg1 mice exhibit behavioural alterations and epileptic susceptibility,
which together with the aforementioned neuroanatomical defects, are features correlating with the
phenotype of affected subjects, suggesting that KI mice could represent a good model for studying
MCDs.

1 Microtubules and malformations of cortical development

Since the development of genetic approaches, multiple studies have highlighted the implication
of microtubules in cortical development. Among the first described, variants in LIS1 and DCX,
which both encode proteins linked to the proper microtubule functioning, have been identified in
subjects with type I lissencephaly, presenting with abnormal gyral pattering and cortical lamination
associated with mental retardation and refractory epilepsy (Gleeson et al., 1998; Des Portes et al.,
1998; Reiner et al., 1993). Mutations in a and b tubulins (TUBA1A, TUBA8, TUBB2B, TUBB3,
TUBB5 ) have been shown to be involved in a large spectrum of cortical developmental disorders
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associated with abnormal gyral patterns (Amrom et al., 2014; Breuss et al., 2012; Jaglin et al., 2009;
Keays et al., 2007; Poirier et al., 2007, 2010; Stottmann et al., 2016). Furthermore, pathogenic
variants in microtubule-motor proteins such as kinesins (KIF2A, KIF5C ) and dynein (DYNC1H1)
have been portrayed in a wide range of cortical abnormalities (Poirier et al., 2013).

Microtubule organizing centers such as the centrosome are also highly implicated in the proper
cerebral development, since multiple MCD-causing variants have been identified in proteins lo-
calizing at this organelle. Pathogenic variants in the pericentriolar and centrosomal proteins
CDK5RAP2 , CENPJ, CEP135, WDR62, CEP152, ASDM and STIL have been shown to cause sig-
nificantly decreased brain size (Bond et al., 2002, 2005; Guernsey et al., 2010; Hussain et al., 2012;
Kumar et al., 2009; Yu et al., 2010). More recent studies report the identification of compound-
heterozygous variants TUBGCP4 and of homozygous variants in TUBGP6, both components of
the human gTuRC, in individuals with microcephaly (Martin et al., 2015; Puffenberger et al., 2012;
Scheidecker et al., 2015).

Furthermore, mutations affecting the Reelin and Dab1 signaling cascades have been shown to
alter neuronal migration and disrupt cortical layering in mice (D’Arcangelo et al., 1995; Dillon et
al., 2017; Howell et al., 1997; Trommsdorff et al., 1999).

Altogether, these studies indicate that mutations in different structures and pathways converge
towards the regulation of cytoskeletal dynamics and regulate cortical development (Figure 38).
It is therefore legitimate to hypothesize that mutations in centrosomal proteins, microtubule pro-
teins, MAPs but also signaling pathways components (Dab1, Reelin, ApoER2, VLDR) have similar
pathophysiological mechanism affecting microtubule organization and dynamics.

2 Dominant-negative mechanism of TUBG1 mutations

Recessive, dominant and X-linked are the major modes of inheritance for disease-causing muta-
tions. The majority of recessive allelic variations result in a loss-of-function phenotype. Dominant
variations can be divided in three major groups according to their molecular mechanism, namely
haploinsufficiency (HI), dominant-negative (DN) and gain-of-function (GF) (Wilkie, 1994). HI mu-
tations result in a non-functional copy of the protein and thus exert their pathogenicity through a
dosage effect; DN mutations produce a mutated protein that act antagonistically to the WT protein
either by interacting with the same elements of by interacting with the WT copy itself; and GF
mutations result in a protein with a new abnormal function of a new pattern of expression.

Overall the function of a protein will be highly dependent on its three-dimensional structure and
its interactions with other proteins and molecules, and pathogenic mutations will disrupt protein
conformation and/or interactions. Generally, it has been shown that recessive mutations will mainly
be situated in buried sites, in the interior of the protein structure, therefore destabilizing its three-
dimensional conformation. Inversely, dominant mutations will be situated at the surface of the
proteins, therefore affecting its interactions (Guo et al., 2013; Zhong et al., 2009).
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Figure 38: Pathways in microtubule regulation.
Simplified representation of the major intracellular regulators of microtubules. Binding of reelin to
its receptors, VLDLR and ApoER2, triggers the phosphorylation and thereby activation of Dab1.
Dab1 is an adaptor protein binding to the NPxY motif in the cytoplasmic domains of ApoER2 and
VLDLR and mediating various downstream signaling pathways. In one pathway, phosphorylated
Dab1 activates phosphatidylinositol 3-kinase (PI3K) and subsequently protein kinase B (PKB,
Akt), which inhibits glycogen synthase kinase-3b (GSK3b). GSK3b will then act on MAP1B,
CLASPs and TAU, all microtubule associated proteins, thereby modulating microtubule dynamics.
Additionally, pDab1 interacts directly with Lis1 resulting in microtubule stabilization. Finally,
Cdk5, a cyclin-dependent kinase family member and a global orchestrator of neuronal cytoskeletal
dynamics will act in parallel with reelin. Cdk5 is activated by p35 and will further modulate the
activity of DCX, NUDE1 and kinesin 5.

All 7 MCD-related identified variants in TUBG1 are a heterozygous point missense variants,
occurring de novo (Brock et al., 2018; Poirier et al., 2013). These mutations exert their pathogenic-
ity through a dominant mechanism, rather than through a loss of function. Since, up to date no
truncating variants have been identified in TUBG1, loss of function of TUBG1 could therefore
either lead to more severe and not viable phenotype or not induce any phenotype. Indeed, ho-
mozygous knock-out of Tubg1 has been reported to be lethal in mice. These mice present defects
in mitosis during early embryogenesis and their development is abolished at the morula/blastocyst
stages (Yuba-Kubo et al., 2005). This observation was additionally confirmed by our unsuccessful
attempts to generate a homozygous Tubg1 -/- mouse. In our breeding of heterozygous Tubg1 +/-

mice, the progeny was constituted of around 65% Tubg1 -/+ and 35% WT Tubg1 +/+ mice. No
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Tubg1 -/- were present among born pups, suggesting they died before birth. On the other hand,
normal viability of heterozygous Tubg1 +/- mice was described in a previous study (Yuba-Kubo et
al., 2005) and confirmed in ours. These heterozygous animals develop normally and present with no
overall histological defects (Yuba-Kubo et al., 2005). Our studies showed no major abnormalities
in their neuroanatomy and no behavioral alterations (Figure 39). Together these data show that
Tubg1 is indispensable for development and its absence is not viable. However, at the state of
haploinsufficiency, Tubg1 is sufficient for proper cortical development.

In this context, acute knock-down of Tubg1 by in-utero electroporation of shRNA lead to a
strong accumulation of newborn neurons within the IZ during cortical development (Poirier et
al., 2013 and our unpublished experiments) (Figure 40). It would be interesting to investigate in
further details cell death in electroporated cells however, their presence in P8 pups suggests that
at least part of these cells cells have not undergone apoptosis (Figure 40), in contrast with the
observation that absence of Tubg1 is not viable. It is highly possible that the shRNA does not
lead to a complete knock-down of Tubg1 and the residual protein is sufficient to maintain these
cells alive but not sufficient for their proper migration. A critical threshold of Tubg1 concentration
might exist, below which, cells can no longer survive. Another possibility is that absence of Tubg1
is not as critical in neuronal progenitors and newborn neurons, as it is during the very early stage
of embryonic development. Development of conditional Tubg1 -KO mice could help answer these
questions.

While in a haploinsufficiency state, Tubg1 is sufficient for proper cortical development, the fact
that patients heterozygous for TUBG1 mutations present with MCDs shows that one mutated
copy of the protein is enough to induce a severe pathology. Moreover, our in-utero electroporation
data are in favor of a dominant-negative molecular mechanism of the identified mutations. First, in
the context of exogenous overexpression which is the case in the in-utero electroporation method,
haploinsufficiency would not induced a phenotype, since the endogenous WT protein is present to
fulfil its cellular functions. The strong phenotype related to overexpression of the mutant forms in
our results is indicative of either GF or DN. Second, our series of rescue experiments have shown
that co-electroporation of the WT attenuates the mutation-induced phenotype, highlighting an
ability of the mutant and WT proteins to interact. This observation points to a possible dominant-
negative mechanism of the variants. We hypothesize that mutant TUBG1 is able to form dimers
with the WT form, but those dimers present alterations in their normal function.

Since, constitutive Tubg1 loss of function is lethal and haploinsufficiency is not associated with
neurodevelopmental pathologies in mice, a knock-out model is not representative of human MCDs
in the case of missense variants in TUBG1. Therefore, we sought to represent the pathology in
mice by generating a knock-in model bearing a heterozygous Tubg1 mutation.
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Figure 39: Analysis of heterozygous Tubg1 KO mice.
A-B. Neuroanatomical studies in Tubg1 +/- mice showing no major anomalies in the brain structure.
C. Histological analysis of the hippocampus showing absence of heterotopia in the CA1 region. D-E.
Behavioral studies, highlighting normal learning and memory in Tubg1 +/- mice.
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Figure 40: In-utero electroporartion of Tubg1-shRNA in mouse embryos.
Coronal sections of E18.5 (upper panel) and P8 (lower panel) brains electroporated at E14.5 with
shRNA targeting Tubg1. Sections were stained with DAPI (E18.5) and Cux1 (P8).

3 Mutations in TUBG1 alter neuronal positioning but not pro-
genitor proliferation

Mutations in TUBG1 alter neuronal positioning during embryonic development. In-utero electro-
poration of the four variants led to accumulation of cells within the intermediate zone. Moreover,
similar phenotype was observed when expression of mutations was restricted to post-mitotic neurons
using a DCX promoter. Heterotopic cells accumulated in the IZ are however fated into upper-layer
pyramidal neurons, as shown by Cux1 staining, suggesting that their differentiation is not depen-
dent on the final placement within the cortical wall. This is in agreement with studies having
shown that over the course of development the fate of potential of progenitor cells is restricted and
by the end of neurogenesis progenitors are committed to generating upper-layer projection neurons
(Frantz and McConnell, 1996; McConnell and Kaznowski, 1991).

It should be noted that phenotype observed in the case of post-mitotic expression was milder
that the one for CAG-driven expression of TUBG1 mutants. CAG-expression leads to an accu-
mulation of almost all electroporated cells within the IZ. For DCX-driven expression, two major
populations of cells could be described: one remaining arrested in the IZ and one scattered within
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the layers of the cortical plate. Two possible mechanism could underlie this difference between the
two promoters. On one hand, the CAG promoter is far stronger and leads to the expression of
higher levels of mutant TUBG1. On the other hand, pre-migration mechanisms could also con-
tribute to the stronger CAG phenotype. Therefore, in order to evaluate the degree of mitotic effects,
proliferation of mutation-expressing progenitors was further studied. Interestingly, no phenotype
was observed for three of the mutations (Tyr92Cys, Ser259Leu and Leu387Pro) in the calculation
of mitotic index, nor for the relative percentage of apical and basal progenitors. Electroporated
cells did not present cell cycle alterations and generation of neurons was not affected. For the
fourth mutant, Thr331Pro, an increased cell population in mitosis was observed. To test whether
this was due to a premature entry or delayed exit from the cell cycle, a cell cycle exit assay was
performed. E16.5 sections, from embryos that have received and EdU pulse 24 hours earlier, were
stained for the cycling cells marker Ki67. The calculated cell cycle exit indicated the frequency of
progenitors exiting the cell cycle. For the Thr331Pro mutant, a trend in decrease for this index was
observed, suggesting that progenitors might exhibit longer mitotic sojourn and late exit. However,
this did not affect the relative percentage of radial glial progenitors, intermediate progenitors and
post-mitotic neurons suggesting that the balance between symmetric and asymmetric divisions is
not affected. It is therefore possible that the Thr331Pro mutation affects reorganization of cellular
components required for the progression and completion of cell division, resulting in a delay but not
in an abolishment of mitosis. These data show that the four TUBG1 mutations might not affect
exactly the same molecular pathways. While their effect is predominantly on post-mitotic mecha-
nisms, the Thr331Pro variant additionally causes mild alterations in the proliferation of neuronal
progenitors.

Post-natal analysis of pups electroporated with TUBG1 mutations revealed that positioning
anomaly persists. In P3 cortices electroporated with DCX-driven mutations, two major populations
of neurons could be distinguished, similarly to E18.5. One part of electroporated neurons was
arrested within the white matter and another part was found in the cortical plate, throughout
upper and lower cortical layers. This observation shows that neurons arrested in the IZ at E18.5
are unable to initiate migration and therefore remain at this position even post-birth. Inversely,
neurons scattered throughout the cortical plate at E18.5, manage to initiate migration but not to
reach their final destination layer. Morphological transitions of arrested neurons and migration
dynamics of migrating neurons were further studied with video-microscopy experiments.

Results showed that arrested neurons at the edge of the IZ displayed bipolar morphology.
Thus, contrarily to other studies describing abnormal neuronal migration due to defects in bipolar-
multipolar transition (Barnat et al., 2017; Broix et al., 2017; Ohshima et al., 2007; Saillour et al.,
2014; Volvert et al., 2014) TUBG1 variants do not affect changes in morphology of newborn neu-
rons and the cause for arrest resides elsewhere. During glia-guided locomotion mode of migration
neurons will use glial fibers extended to the pial surface as guiding rails (Noctor et al, 2004, Tabata
and Nakajima 2003) and follow a two-step repeating process by first extending their leading neurite
toward the pial surface followed by a translocation of their soma, termed nukleokinesis (reviewed
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by Tsai and Gleeson, 2005). During this process, the centrosome in neurons first positions ahead
of the nucleus within the leading process and then nucleates microtubules that extend backward
to the nucleus and form a perinuclear cage (Rivas and Hatten 1995) and forward within the lead-
ing process. This microtubule cage that couples the nucleus to the centrosome and the leading
process is considered to be one of the driving forces for nucleokinesis. Failure of the centrosome
to position itself within the leading process could therefore disrupt neuronal migration. Therefore,
given the localization pattern and role of g-tubulin at centrosomes, the effect of the Tyr92Cys
mutation on centrosome localization was instigated. Our videomicroscopy studies indicated a cor-
rect centrosome positioning ahead of the nucleus within migrating bipolar neurons in both control
and mutant condition. In non-migrating neurons, the centrosome was located randomly in con-
trol neurons. However, in Tyr92Cys-electroporated neurons there was a significant increase in the
population of bipolar IZ-arrested neurons in which the centrosome was ahead of the nucleus. This
neuronal population presented with the correct morphology and centrosome positioning required for
locomotion, but could not initiate this process. This suggests that abnormal centrosome placement
might not underlie migration arrest and that a downstream process might be affected.

Furthermore, for mutation-expressing neurons migrating out of the IZ, time-lapse microscopy
showed a trend in reduced locomotion velocity and, for the Tyr92Cys mutant, increased pausing
time. This could indicate delayed migration for these neuronal populations.

The reason for the presence of two differently behaving neuronal populations, one arrested and
one migrating, remains not entirely understood. One argument could be a dose-dependent effect
of TUBG1 mutations. Since the in-utero electroporation technique does not allow a precise dosage
of cDNA in all electroporated cells, a simple explanation could be that IZ-arrested neurons have
received a higher amount of mutant cDNA. Further analysis of TUBG1 levels in both populations
need therefore to be undertaken.

Generation of the Tubg1 -KI mouse line allows to overcome this limitation. In these mice,
altered neuronal positioning during embryonic development was observed. A small population of
neurons born at E14.5, fated for the upper cortical layers was detected within the limit IZ-CP,
using EdU birth-dating experiments. These results correlated with the IZ-arrested, E14.5-born
neurons observed in the in-utero electroporation assay. Moreover, abnormal layer organization was
observed in mutant mice. Layer V was larger and with lower cell density, while it presented with
a more compact organization and higher cell density in control mice. Upper cortical layers II-IV
also presented with increased thickness, while the width of layer VI was significantly reduced. It
is therefore legitimate to conclude that in-vivo, like in-utero, mutations in TUBG1 alter neuronal
positioning and cortical layering during embryonic development. Additional investigations in the
migration dynamics of newborn neurons using video-microscopy are currently ongoing and will
allow us to identify the affected mechanism resulting in neuronal mis-positioning.

Interestingly, studies in proliferating progenitors in our KI mouse model did not reveal any
defects in the cell cycle, similarly to in-utero electroporation experiments. The majority of mu-
tations in centrosome-associated genes, have been shown to disrupt neurogenesis by affecting the
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proper formation of the cell cycle machinery, the orientation of the mitotic spindle, or the centro-
somal duplication and maturation. This further leads to reduced numbers in generated neurons
and microcephaly. Mutations in microcephalin (MCH1 ) affect mitotic entry and cause premature
switch from symmetric to asymmetric division mode, leading to increased production if early-born
neurons and decreased production of late-born neurons and thereby reduced thickness of the outer
layers (Gruber et al., 2011). No defects were observed for neuronal migration (Zhou et al., 2013).
Similarly, mutations in WDR62, one of the major microcephaly-related genes, cause decreased pro-
liferation due to disruption of centrosome integrity (Farag et al., 2013; Yu et al., 2010). In this
context, multiple mouse models with partial or complete loss of function of centrosomal proteins
have been characterized with neurogenic defects and subsequent cell death leading to microcephaly,
due to centrosome and mitotic spindle abnormalities (Feng and Walsh, 2004; Mcintyre et al., 2012).
For example, mutant Cdk5rap2 mice present with mitotic progression delay due to abnormal num-
ber of spindle poles which subsequently leads to increased cell death of progenitors and a smaller
cerebral cortex (Lizarraga et al., 2010). Similarly, depletion of Cenpj in mice led to centriole loss,
mitotic delay and subsequent delocalization of radial glial progenitors from the VZ followed by
apoptosis leading to a severe microcephaly (Insolera et al., 2014). However, the role of the cen-
trosome and centrioles in neurogenesis remains controversial. Even though multiple studies have
highlighted the importance of centrioles and mitotic spindles for the cell division in the developing
cortex, others have also shown a remarkable adaptability of neuronal progenitors in the absence of
these organelles (Basto et al., 2006; Insolera et al., 2014). In mouse RGs, direct contact with the
ventricular surface and mitotic spindle orientation were shown not to be essential for the balance
of symmetric and asymmetric divisions, suggesting that timing and type of cell divisions are intrin-
sically programmed in progenitors and are not dictated by centriolar organization (Insolera et al.,
2014; Shen et al., 2006). In Drosophila, loss of centrosomes and centrioles did not majorly affect the
development of larvae into morphologically normal adult flies (Basto et al., 2006). In this line of
thoughts, it is possible that g-tubulin centrosomal functions are dispensable for neurogenesis. The
fact the Tubg1 -/- embryos die at blastocyst stage, shows an essential role of g-tubulin during early
development but does not give any indication about its role in neurogenesis. If proper proliferation
of neuronal progenitors does not solely rely on the centrosome, this could provide one explanation
for the fact that the former is not majorly disrupted by TUBG1 mutations.

Another explanation could be that mutations do not affect the role of TUBG1 at the cen-
trosome. The greater part of up-to date described mutations in centrosomal and mitotic spindle
components are recessive and cause a loss of function phenotype. We have shown that TUBG1
mutations are dominant and exert their pathogenicity through a mechanism different from loss of
function. Moreover, missense mutations would generally affect a protein’s interactions rather that
abolishing its function (Li et al., 2014). TUBG1 mutations could therefore exert their pathogenicity
by modulating interactions of g-tubulin with partners involved mainly in post-mitotic processes.
This would explain why even though g-tubulin has been reported to be essential for the formation
of mitotic spindle microtubules (Joshi et al., 1992; Oakley, 2000; Oakley et al., 1990; Stearns et
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al., 1991; Wiese and Zheng, 2000) and for the coordination of mitotic events such as metaphase,
anaphase and cytokinesis (Hendrickson et al., 2001), we did not observe defects in cell cycle progres-
sion of neuronal progenitors, or in the numbers of progenitor cells and newborn neurons. Finally, it
should be noted that, a major part of MCDs secondary to abnormal neuronal migration have been
linked to mutations in tubulins (TUBA, TUBB) and MAP genes (LIS1, DCX, KIF5C, KIF2A,
DYNC1H1 ), or to mutations in proteins implicated in reelin signaling cascades (ARX, RELN,
VLDR) (Desikan and Barkovich, 2016; Desikan et al., 2017), which, as previously discussed, all
converge towards a pathophysiological mechanism of altered microtubule integrity, function or dy-
namics. The major phenotype caused by mutations in TUBG1 is altered neuronal migration and
positioning and therefore, seems to fit better in this category of malformations than in the one
containing malformation secondary to abnormal proliferation. An additional role for TUBG1 in
cortical development, uncoupled from the centrosomal function in cell division, and affected by the
identified mutations, is therefore our leading hypothesis.

4 Mutations in TUBG1 affect microtubule dynamics

In order to further strengthen our hypothesis according to which TUBG1 mutations would affect
cellular processes implicated in neuronal migration independently of g-tubulin role in prolifera-
tion, a series of cellular experiments were performed. First, fluorescence and biochemical analysis
showed that all four mutant forms are stable when overexpressed and present with subcellular
localization similar to the WT protein, with accumulation at the centrosome and dispersed cy-
toplasmic pool. The structure of the centrosome itself appeared unaltered and indistinguishable
from WT, as revealed by electron microscopy images. Immunoprecipitation assays showed that
recombinant TUBG1 forms co-precipitate with fewer gTuSC and gTuRC components, suggesting
reduced capacity to integrate these complexes. Mutant TUBG1 forms additionally exhibit reduced
capacity to interact with g-tubulin. Together these data show that pathogenic variants in TUBG1
decrease its ability to dimerize and to integrate g-tubulin complexes. Analysis of total g-tubulin
complexes, however, showed no decrease in their levels. This suggests that recombinant complexes
containing mutant g-tubulin represent a relatively small fraction of the total intracellular concen-
tration of gTuSC and gTuRC. Together with the previous observation that mutations act through
a dominant-negative mechanism, this leads us to hypothesize that the pathogenic phenotype results
from a defect in the normal function of recombinant g-tubulin complexes rather than from their
absence.

We further studied the effect of TUBG1 mutations on the microtubule structure and dynam-
ics. Analysis of microtubule organization in fibroblasts derived from a skin biopsy from two of the
subjects (bearing the Tyr92Cys and the Thr331Pro variants) showed normal microtubule network
with microtubules arrays emerging from centrosomes. Fibroblasts did not present any shape nor
morphology abnormalities. However, when microtubule nucleation after cold and nocodazole in-
duced depolymerization was investigated, we saw that newly nucleated microtubules were shorter
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and appeared less organized in affected subjects’ fibroblasts. We then tracked microtubule plus tips
using a construct with GFP-fused EB3 protein allowing visualisation of the dynamic microtubule
end by videomicroscopy (Galjart, 2010). The experiment was carried out in transfected HeLa cells,
and in fibroblasts derived from a skin biopsy from two of the patients. Reduced microtubule dy-
namics was observed for three recombinant TUBG1 forms: Tyr92Cys, Ser259Leu and Thr331Pro.
No phenotype was observed for the last variant, Leu387Pro. Two interpretations of these results
are possible: 1) mutations in TUBG1 alter both microtubule nucleation and microtubule plus-
end dynamics, or 2) altered microtubule nucleation after nocodazole treatment is due to reduced
microtubule dynamics.

The role of g-tubulin as microtubule nucleator has been investigated and highlighted since its
discovery in 1989. It is an indispensable component of almost all cellular MTOCs, like the cen-
trosome, Golgi apparatus, pre-existing microtubules. However, more and more data show that
g-tubulin has important but less well understood functions beyond of microtubule nucleation (Fig-
ure 41). Importantly, g-tubulin has been implicated in the regulation of plus-end microtubule
dynamics. In D. melanogaster, gTuRCs localize along interphase microtubules and stabilize them
by limiting catastrophe events at the plus tips (Bouissou et al., 2009, 2014). Depletion of gTuRCs
led to increased microtubules plus-end dynamics. Similarly, in S. pombe, gamma-tubulin has been
suggested to cooperate with the kinesin-like protein Pkl1p to regulate the dynamics and organiza-
tion of microtubules (Paluh et al., 2000). In fission yeast, loss of function of g-tubulin complexes
leads to abnormal microtubule plus-tips growth rates and defects in catastrophe events (Zimmer-
man and Chang, 2005). These observations are in contrast with the established localization of
g-tubulin at microtubule minus-ends. One hypothesis is that g-tubulin complexes could be trans-
ported from one microtubule end to the other by motor proteins or by binding to other MAPs
implicated in the catastrophe and rescue mechanisms (Oakley et al., 2015). Consistent with this
idea, g-tubulin has been suggested to interacts with motor proteins, like kinesin-14, kinesin-5 and
cytoplasmic dynein (Li et al., 2005; Olmsted et al., 2014).

It is therefore possible to hypothesize that mutations in TUBG1 could affect microtubule poly-
merization and depolymerization without affecting microtubule nucleation. Furthermore, disrup-
tion of microtubule dynamics could be a part of the pathophysiological mechanisms of the muta-
tions. In this context, mutations in tubulins have been shown to reduce microtubules dynamics in
CHO cultured cells, thereby altering their migration and increasing rest intervals (Ganguly et al.,
2012). In the brain, mutations in TUBB3, TUBA1A and TUBA8, implicated in neuronal migra-
tion defects were reported to a deleterious effect on microtubule dynamics (Belvindrah et al., 2017;
Poirier et al., 2010; Tian et al., 2010; Tischfield et al., 2010). In this line of thoughts, it is possible
to conclude that since TUBG1 mutations alter microtubule dynamics, this could affect locomotion
of newborn neurons and thereby neuronal positioning within the cortical wall.
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Figure 41: Roles of g-tubulin beyond microtubule nucleation.
Microtubules are nucleated from MTOCs containing g-tubulin complexes during both interphase
and mitosis. Microtubules are additionally nucleated at non centrosomal sites such as the surface
of pre-existing microtubules. In interphase and mitosis, g-tubulin has been shown to play a role in

the regulation of microtubule plus-end dynamics. In mitosis, it is important for the proper
mitotic spindle assembly and the control of mitotic index. Moreover, g-tubulin play a role in the
transition from the G1 to the S phase by interacting with the transcription factor E2F1. It also
appears play a role in the Rad51-mediated DNA damage response mediated by Rad51, a protein

which repairs DNA double strand breaks. Figure from Oakley et al., 2015.

5 TUBG1 vs. TUBG2

In most mammals, g-tubulin is encoded by two genes - TUBG1 and TUBG2 (Wise et al., 2000;
Yuba-Kubo et al., 2005). Up to date, TUBG1 and TUBG2 have been characterized in human
and mice, and have additionally been reported in genomic databases for chimpanzee, rat and dog.
The two isoforms are highly similar, with more than 96% of amino-acid identity and are located in

84



5 TUBG1 VS. TUBG2

tandem at the same chromosome (17 for human and 11 for mice) (Wise et al., 2000; Yuba-Kubo
et al., 2005). Furthermore, the two genes share the same intron-exon organization suggesting that
they result from a duplication event (Yuba-Kubo et al., 2005). Human g-tubulin 1 and 2 show,
respectively 98.9% and 97.6% identity with the corresponding mouse isoforms, highlighting a high
degree of conservation between species.

The reason for two separate isoforms of g-tubulin has not yet been entirely understood. In
human, RT-PCR studies showed that the two genes are coexpressed in a variety of examined
tissues (Wise et al., 2000). In mice, Tubg1 was shown to be ubiquitously expressed, while Tubg2
expression was restricted to the brain, leading to the hypothesis that g-tubulin 1 represents the
ubiquitous type and g-tubulin 2 has a specific role in the brain (Yuba-Kubo et al., 2005). More
recent studies have shown that g-tubulin 1 is the main isoform in human primary cortical neurons
and its expression levels remain constant throughout neuronal differentiation (Dráberová et al.,
2017). Inversely, TUBG2 expression levels increased with neuronal differentiation. In adult human
brain, one study reports equivalent protein levels for TUBG1 and TUBG2 (Ohashi et al., 2016),
while another study shows that TUBG1 is the predominant isoform both at mRNA and protein
levels (Dráberová et al., 2017). In line with these results, we have shown that Tubg1 mRNA levels
in the mouse cortex remain stable throughout development, while Tubg2 levels begin to increase
starting from E16.5. Similarly, Yonezawa et al. conducted qPCR experiments at different stages
of development in mice (E13.5, E17.5, one week post-natal and 3 weeks post-natal), and found
equal expression of Tubg1, while Tubg2 levels showed a tendency to increase with development
(Yonezawa et al., 2015).

Immunofluorescence studies have shown that both isoforms are concentrated at the centrosome
in interphase and mitotic cells (Moudjou et al., 1996; Ohashi et al., 2016; Vinopal et al., 2012).
Moreover, both isoforms have been shown to immunoprecipitate with the gTuSC and gTuRC
components GCP2 and GCP4. Further similarities include the ability of the two g-tubulins to
nucleate microtubules (Vinopal et al., 2012). However, while silencing of Tubg1 leads to cell
division abnormalities and mitotic arrest (Haren et al., 2006; Vinopal et al., 2012; Yuba-Kubo et al.,
2005), complete silencing of Tubg2 in mice did not affect their development and growth, indicating
that Tubg2 is dispensable for embryonic and cortical development. In this line of thoughts, even
though TUBG2 has been shown to substitute for TUBG1 downregulation and restore microtubule
nucleation (Vinopal et al., 2012), it is highly possible that the two proteins do not have entirely
redundant roles.

In our in-utero electroporation experiments, we have sought to investigate a possible functional
redundancy of the two g-tubulin isoforms during cortical development. Similarly to TUBG1, over-
expression of TUBG2 alone did not induce a particular phenotype in neuronal positioning. We then
performed a series of complementation experiments by co-electroporating the Tyr92Cys TUBG1
variant with increasing concentrations of either TUBG1 or TUBG2. Co-electroporation of TUBG1
was able to completely restore the phenotype, while rescue was only partial with TUBG2 even
when TUBG2 concentration was twice the one of the Tyr92Cys variant. To confirm these results,
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we performed shRNA knockdown of Tubg1 and aimed to rescue the phenotype with either TUBG1
or TUBG2. While co-electroporation of TUBG1 lead to an important increase in the number of
cells reaching the cortical plate, rescue with TUBG2 was again only partial. Together these results
show that g-tubulin 2 is not able to completely substitute for mutant or depleted TUBG1 during
cortical development. The roles of the two isoforms appear therefore to be not entirely redundant.
Given the difference in the expression profiles of the two g-tubulins, the inability of TUBG2 to
completely substitute for TUBG1 could be due to a different role of this isoform in later, post-natal
developmental stages or in the mature brain. This would explain why up to date no pathogenic
variants in TUBG2 have been described in MCD subjects.

6 Tubg1-KI mice represent a valuable model for MCD investiga-
tions

The techniques of in-utero electroporation and overexpression in cell lines are useful for large-scale
evaluation of pathogenic mechanisms of mutations identified in human patients, however they do
not entirely reflect the disorder conditions. We have therefore generated the transgenic mouse
line expressing the Tyr92Cys variant ubiquitously and at a heterozygous state with the aim to
phenocopy the MCD patient. Although mice do not entirely reflect the complex human behavior
and brain morphology, basic processes during cortical development and basic behavioral features are
highly conserved among mammals. Mice models of human disease have therefore greatly increased
our understanding of various disorders and our aim was to generate and validate a new mouse
model of MCDs related to mutations in TUBG1.

Adult Tubg1 Y92C/+ mice were analyzed for their brain neuroanatomical features, behavior and
epileptic susceptibility. Mutant mice presented with a mild generalized microcephaly. Layering
abnormalities or heterotopic cells within the cortex were not detected at first glance, however further
and more detailed investigations are currently being initiated and preliminary results suggest mild
defects in the overal cortical layered structure. Our analysis during embryonic development in these
mice have shown disruption of cortical layering which might still be present in the adult cortex.
Since we have not seen any results in support of altered neurogenesis, the microcephaly in Tubg1 -KI
mice could either develop after birth and/or result from increased cell death. To investigate whether
the microcephaly is congenital or post-natal, we are currently performing neuroanatomical studies
in newborn pups. Moreover, we have assessed cell death rates during different stages embryonic
development (E12.5; E14.5 and E16.5) and have shown a significant increase in apoptosis at E12.5
and E14.5. Apoptotic cells were mainly located within the intermediate zone and the developing
cortical plate, suggesting that cell death affects newborn neurons rather that progenitors.

Apoptosis during embryonic developments has been reported in multiple mouse models of mi-
crocephaly but its mechanisms remain not entirely understood. Recent works have however argued
that the etiology of reduced brain size is mainly due to cell death rather than to abnormal prolifer-
ation (Arquint and Nigg, 2014; Insolera et al., 2014; Marthiens and Basto, 2014; Marthiens et al.,
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2013). The microcephaly phenotype in Tubg1 -KI mice might therefore be a direct result from the
observed apoptosis. The increase in apoptosis during early cortical development could additionally
underlie the decreased thickness of layer VI we report in our unpublished results. The observation
that the total thickness of the cortical plate was preserved in KI E18.5 embryos could result from
the abnormal distribution of later-born neurons that will occupy layers II-V. Indeed, we have shown
an increase in the thickness of layer V, correlating with a decrease in cell density, and an additional
trend in increased thickness of layers II-IV. Therefore, it is possible that neurons from these layers
position in a loosely-organized manner thereby preserving the total thickness of the cortical plate.

Another possibility is that neurons in the wrong layer do not maturate and establish properly
their connectivity, which contributes to the reduced brain size in the Tubg1 -Ki mice. Abnormal
laminar position of neurons in the cortex has been shown to affect their normal morphology in
adulthood (Barnat et al., 2017). Mispositioned neurons presented with shorter dendrites and overall
less complex dendritic arborizations. Similarly, knock-down of DCX by in-utero electroporation
showed that after birth, misplaced neurons failed to properly form dendrites, spines and synapses
(Martineau et al., 2018). Since laminar positioning of cortical neurons strongly influences their
ability to form functional circuits, underdeveloped connectivity of misplaced neurons in Tubg1-KI
mice might be an underlying cause for their microcephaly.

Tubg1 -KI mice additionally exhibited a striking hippocampal heterotopia within the CA1 area.
Correlating with this hippocampal malformation, mice presented with memory deficits in the NOR
and the fear conditioning assays. Therefore, under physiological conditions in mice, the phenotype
related to mutations in TUBG1 appears to be more penetrant in the hippocampus than in the
neocortex. This has also been shown to be the case for other MCD-related genes. When studied
by IUE in the neocortex the majority of these genes led to defect in migration. However, in mice
models, the most affected structure is the hippocampus. Multiple mouse models of malformations
of cortical development related to anomalies in neuronal migration present with anomalies in the
hippocampal structure (Corbo et al., 2002; Gstrein et al., 2018; Keays et al., 2007). For example,
mutant Tuba1 mice present a fractured pyramidal layer in the CA1 and CA3 hippocampal areas
and mild layering defects in the neocortex (Keays et al., 2007). Hippocampal heterotopias were ad-
ditionally reported in Dab1 KO and Lis1 +/- mice (Assadi et al., 2003). Furthermore, heterozygous
Tubb2b mice with a point mutation, present with neuronal disorganization in the CA3 area, associ-
ated with cognitive defects and long term potentiation deficits (Stottmann et al., 2016). Similarly,
the CA3 region of hemizygous Dcx mice showed heterotopic neurons in both the stratum radiatum
and the stratum oriens with milder abnormalities in the CA2 and the CA1 regions (Corbo et al.,
2002). Tubb2b and Dcx mice have not been reported to show major abnormalities in the neocortical
architecture and lamination even though these genes have been shown to be involved in migration
of pyramidal neurons in the neocortex using in-utero electroporation (Bai et al., 2003; Jaglin et al.,
2009).

Neuronal migration in the hippocampal structure differs from that in the neocortex (Hayashi
et al., 2015; Kitazawa et al., 2014) which could be one possible explanation for the striking hip-
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pocampal abnormalities in MCD-modeling mice. One major difference that has been pointed out
is the “climbing” mode of migration of pyramidal hippocampal neurons. While cortical neurons
will attach to a single glial fiber and migrate along it during the glia-guided migration step in
an almost straight manner, hippocampal neurons will migrate in a zig-zag mode, detaching from
glial fibers and attaching to new ones (Kitazawa et al., 2014). Although underlying intracellular
dynamics have not yet been studied, it is possible that the more complex mode of migration of
pyramidal neurons requires more dynamic rearrangements of the cytoskeleton. Mutations affecting
microtubules dynamics and their ability to rapidly reorganize could therefore be more deleterious
for hippocampal than for neocortical migration.

Hippocampal anomalies are an almost constant element in the phenotype of mouse models of
cortical malformations, unlike abnormal layering, cortical heterotopias or microcephaly, which seem
like less robust features. It appears therefore, that in these mice, hippocampal malformations are
a hallmark of the disease and mimic human MCDs at the scale of the mouse brain. Surprisingly,
hippocampal heterotopias are not a feature usually described in MCD human subjects. However,
this might be explained either with the limits in the IRM imaging which does would not allow
visualization of a hippocampal heterotopia, or with the fact that screening for such heterotopias is
not systematical. Reexamination of MRI images from patients with a focus on the hippocampus
would therefore be relevant and provide some new insights into the clinical features of MCDs.

Finally, Tubg1 -KI mice showed an increased PTZ-induced epileptic activity originating from the
neocortical structure, indicating once more the presence of abnormal positioning or connectivity of
neurons, that need to be further investigated. Very few of MCD mouse models have been reported
to have pathological epileptic seizures, although the majority do show cognitive deficits (reviewed
in Wong & Roper 2016).

Together, the behavioral anomalies, namely hyperactivity, impaired object recognition and asso-
ciative learning, and the increased epileptic susceptibility highlight that Tubg1 Y92C/+ mice pheno-
copy the features intellectual disability and epilepsy described in MCD patients. Microcephaly and
abnormal cortical layering are an additional phenotype in the majority of patients with mutations
in TUBG1, present in our mouse model. Tubg1 Y92C/+ mice could therefore represent a relevant
model for further investigations of TUBG1-related cortical malformations.

7 General conclusion and perspectives

This work aimed to investigate the pathophysiological mechanisms underlying malformations of
cortical development associated with mutations in the g-tubulin gene TUBG1.

Using in-utero electroporation and in-cellulo approaches we have shown that TUBG1 plays a
major role in neuronal migration and positioning during cortical development. Mutations in TUBG1
disrupt the normal migration dynamics and layering both in the neocortical and the hippocampal
structure. The underlying cause appears to be independent of the process of neurogenesis since 1)
the phenotype of arrested migration after IUE is preserved in a context of neuron-specific (DCX
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promoter) expression of the mutations and 2) no major alterations in progenitor proliferation were
observed. Mutant TUBG1 proteins present with normal subcellular localization, do not seem to
disrupt the centrosomal structure and do not affect centrosomal positioning ahead of the nucleus
during neuronal migration. However, they cause a significant deregulation of microtubule dynamics.

We propose that mutant g-tubulin affects overall functioning of g-tubulin complexes, and in
particular their role in the regulation of plus-tips polymerization and depolymerization events.
Altered microtubule dynamics would not allow the proper formation and function of the perinuclear
microtubule cage during neuronal locomotion and would lead to the inability of bipolar neurons
to leave the IZ. Our hypothesis is that recombinant gTuCs display altered ability to bind direct
or indirect interactors implicated in these mechanisms. Future studies delineating exact binding
partners of gTuCs during neuronal migration would help confirm our hypothesis.

The developed KI model additionally confirms the effect of TUBG1 mutations of cortical de-
velopment observed in the in-utero electroporation experiments. Furthermore, Tubg1 Y92C/+ mice
present with global microcephaly, behavioral alterations and epileptic susceptibility, all features
that correlate with the phenotype of affected subjects and could therefore represent an interesting
model for studying MCDs. Further investigations of this mouse model are currently being initiated
and will potentially help decipher the exact nature of the cellular and molecular alterations induced
by TUBG1 mutations.
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1 Article 1: Homozygous Truncating Variants in TBC1D23 Cause
Pontocerebellar Hypoplasia and Alter Cortical Development

Am J Hum Genet. 2017 Sep 7;101(3):428-440. doi: 10.1016/j.ajhg.2017.07.010. Epub 2017 Aug
17.

Ivanova EL, Mau-Them FT, Riazuddin S, Kahrizi K, Laugel 5, Schaefer E, de Saint Martin A,
Runge K, Iqbal Z, Spitz MA, Laura M, Drouot N, Gérard B, Deleuze JF, de Brouwer APM, Razzaq
A, Dollfus H, Assir MZ, Nitchké P, Hinckelmann MV, Ropers H, Riazuddin S, Najmabadi H, van
Bokhoven H, Chelly J.

Abstract
Pontocerebellar hypoplasia (PCH) is a heterogeneous group of rare recessive disorders charac-

terized by hypoplasia of pons and cerebellum. There is a clinical heterogeneity with more than
10 subtypes defined by the presence of additional clinical and neurological features, such as micro-
cephaly, seizures and extra-neurological features. Mutations in a few genes have been reported to
cause PCH. The vast majority of PCH cases is explained by mutations in TSEN54, encoding a sub-
unit of the tRNA splicing endonuclease complex. Here we report three families with homozygous
truncating mutations in the TBC1D23 gene associated with moderate to severe intellectual disabil-
ity and microcephaly. Interestingly, all subjects for whom brain MRI was performed have in com-
mon PCH. In addition, brain MRI revealed a small normally proportioned cerebellum and corpus
callosum abnormalities. Furthermore, using in-utero electroporation we show that downregulation
of TBC1D23 affects cortical neurons positioning. TBC1D23 is a member of the Tre2-Bub2-Cdc16
(TBC) domain-containing RAB-specific GTPase-activating proteins (TBC/RABGAPs). Proteins
of this family act as negative regulators of RAB proteins and modulators of the signaling between
RABs and other small GTPases, some of which have a crucial role in the trafficking of intracellular
vesicles and have been involved in neurological disorders. Here, we demonstrate that dense core
vesicles and lysosomal trafficking dynamics is affected in subjects’s fibroblasts bearing TBC1D23
mutation. We propose that mutations in TBC1D23 are responsible for a form of PCH with butterfly
cerebellar shape and should be screened in patients with syndromic pontocereballar hypoplasia.
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Homozygous Truncating Variants in TBC1D23
Cause Pontocerebellar Hypoplasia
and Alter Cortical Development

Ekaterina L. Ivanova,2,3,4,5,18 Frédéric Tran Mau-Them,1,3,4,5,18 Saima Riazuddin,6,7,18 Kimia Kahrizi,8,18
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Marie-Aude Spitz,9,10 Mary Laura,1 Nathalie Drouot,2,3,4,5 Bénédicte Gérard,1 Jean-François Deleuze,13
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Hossein Najmabadi,8,19 Hans van Bokhoven,12,19 and Jamel Chelly1,2,3,4,5,10,19,*

Pontocerebellar hypoplasia (PCH) is a heterogeneous group of rare recessive disorders with prenatal onset, characterized by hypoplasia of

pons and cerebellum. Mutations in a small number of genes have been reported to cause PCH, and the vast majority of PCH cases are

explained by mutations in TSEN54, which encodes a subunit of the tRNA splicing endonuclease complex. Here we report three families

with homozygous truncating mutations in TBC1D23who display moderate to severe intellectual disability and microcephaly. MRI data

from available affected subjects revealed PCH, small normally proportioned cerebellum, and corpus callosum anomalies. Furthermore,

through in utero electroporation, we show that downregulation of TBC1D23 affects cortical neuron positioning. TBC1D23 is a member

of the Tre2-Bub2-Cdc16 (TBC) domain-containing RAB-specific GTPase-activating proteins (TBC/RABGAPs). Members of this protein

family negatively regulate RAB proteins and modulate the signaling between RABs and other small GTPases, some of which have a

crucial role in the trafficking of intracellular vesicles and are involved in neurological disorders. Here, we demonstrate that dense

core vesicles and lysosomal trafficking dynamics are affected in fibroblasts harboring TBC1D23 mutation. We propose that mutations

in TBC1D23 are responsible for a form of PCH with small, normally proportioned cerebellum and should be screened in individuals

with syndromic pontocereballar hypoplasia.
Introduction

Based on clinical andmolecular features, there are currently

ten described subtypes of PCH. These subtypes are classified

basedon thenatureof thebrain anomalies and thepresence

of associated clinical features,1 such as microcephaly,

seizures, and extra-neurological features, and are further

delineated by the underlying gene defect. Despite the iden-

tification of mutations in 13 genes to date, the principal

one being TSEN54 (MIM: 608755), more than 25% of

PCH cases remain uncharacterized at the molecular level.1

PCH1was first characterized by degeneration of cells from

the anterior horn of the spinal cord. Mutations in VRK1

(MIM: 602168) (PCH1A [MIM: 607596]) and EXOSC3

(MIM: 606489) (PCH1B [MIM: 614678]) have been reported

in affected individuals.2,3 In recent publications, EXOSC3

accounted for between 40% and 75% of PCH1-affected

subjects.1,2 PCH2, themost common formof PCH, is charac-
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Berlin, Germany; 17Department of Neurology, Oslo University Hospital, 0450
18These authors contributed equally to this work
19These authors contributed equally to this work

*Correspondence: chelly@igbmc.fr

http://dx.doi.org/10.1016/j.ajhg.2017.07.010.

428 The American Journal of Human Genetics 101, 428–440, Septem

� 2017 American Society of Human Genetics.
terized by dyskinesia and absence of spinal muscular atro-

phy.Approximately88%of subjectsharbor the recurrentho-

mozygousmissensemutations in exon 8 ofTSEN54 (PCH2A

[MIM: 277470]), a subunit of the transfer RNA splicing

endonuclease complex. The remaining PCH2-affected indi-

viduals harbor mutations in TSEN2 (MIM: 608753) (PCH2B

[MIM: 612389]), TSEN34 (MIM: 608754) (PCH2C [MIM:

612390]),4 and SEPSECS (MIM: 613009) (PCH2D [MIM:

613811]).5 PCH3 (MIM: 608027)-affected individuals are

characterizedbyPCHassociatedwith seizures, facial dysmor-

phism, and optic atrophy. Recently, homozygous nonsense

mutations of PCLO (MIM: 604918) have been reported in

subjects with PCH3.6 PCH4 (MIM: 225753) is similar to

PCH2 but with a more severe presentation and C-shaped

inferior olives on brain MRI.7 Subjects with PCH4 have

been reportedwith association of two deleteriousmutations

in TSEN54, one common missense mutation and one

nonsense mutation. PCH5 (MIM: 610204) is characterized
000 Strasbourg, France; 2Institut de Génétique et de Biologie Moléculaire et
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by prenatal seizure-like activity. Compound heterozygous

mutations in TSEN54 have been reported in these individ-

uals.4 PCH6 (MIM: 611523)-affected subjects are distinct

from other types of PCH by the occurrence of intractable ep-

ilepsy with elevated CSF lactate. This PCH phenotype is

caused by mutations in RARS2 (MIM: 611524), encoding a

mitochondrial arginyl transfer synthetase.8 PCH7 (MIM:

614969) is a recent subtype of PCH associated with hypogo-

nadism.9 To date, no gene has been found to be involved in

this form of PCH. PCH8 (MIM: 614961) subtype is distin-

guished by joint contractures and growth retardation.Muta-

tions in CHMP1A (MIM: 164010) have been reported in

two families.10 Recently, two additional PCH subtypes were

described that are not yet embedded in the official classifica-

tion: PCH9 (MIM: 615809) and PCH10 (MIM: 615803).

PCH9-affected subjects present with microcephaly and

progressive contractures and mutations in AMPD2 (MIM:

102771) that encodes an adenosine monophosphate deam-

inase.11 The last subtype, PCH10, is characterized by micro-

cephaly, hypertonia, and increased tendon reflexes. Exome

sequencing revealed mutations in CLP1 (MIM: 608757), a

kinase involved in tRNA splicing.12 Recently mutations in

RELN (MIM: 600514) and VLDLR (MIM: 192977), which

bothbelong to the samepathophysiological Reelinpathway,

were reported in subjects with severe cerebellar hypoplasia,

intellectual disability (ID), and a small and dysplastic cere-

bellar vermis. IndividualswithRELNmutationsoftenexhibit

cortical abnormalitiesandneonatal seizureswhereaspersons

with VLDLR mutations presented with non-progressive

congenital cerebellar ataxia.13

Here, we report three consanguineous families with an

autosomal-recessive form of ID and global developmental

delay associated with homozygous truncating mutations

in TBC1D23. Interestingly, all subjects for whom brain

MRI was performed have PCH in common. Moreover, re-

examination of MRI data revealed the presence of a small,

normally proportioned cerebellum associated with corpus

callosum abnormalities.

We further show that downregulation of TBC1D23 leads

to anomalies in neuronal positioning in the mouse cortex

during embryonic and early post-natal stages. Addition-

ally, we demonstrate intracellular trafficking defects associ-

ated with TBC1D23 mutations.
Subjects and Methods

Subjects
Families for this study were identified through sharing of exome

data of individuals with brain developmental anomalies between

members involved in Gencodys European research consortium.

For exome sequencing (ES) and validation of variants, blood or

DNA samples from affected individuals, healthy parents, and

other family members and informed consent were obtained

from all participants in accordance with the site-specific Institu-

tional Review Boards (IRB). Written parents’ consents were ob-

tained for conducting the study and showing MRIs and photo-

graphs of their affected children.
The American
Exome Sequencing and Variant Validation
Exome sequencing (ES) of selected family members included in

this study was performed using in solution exome capture kits

(Sure Select Human All Exome 50MB kit, Agilent Technology, or

Illumina TruSeq Exome Enrichment, Illumina) and IlluminaHiSeq

sequencing platforms (Illumina) to generate paired end reads se-

quences. Sequence analysis pipeline included alignment with

BWA-mem against the hg19 genome reference, GATK for base re-

calibration, indel realignment, and the GATK Unified Genotyper

for variant calling. Variants called were generated in the standard

VCF version and filtered for homozygous exonic and splice site

variants, and excluding known SNPs in the dbSNP131 database,

1000 Genomes, Exome Variant Server, the Exome Aggregation

Consortium (ExAC), and a local ES databases. Sequence validation

of potential relevant variants and segregation analysis were per-

formed by Sanger sequencing using standard procedures.

Plasmid Constructs
Three different 29-mer shRNA sequences targetingmouse Tbc1d23

(GenBank: NM_026254) commercially designed and provided by

Origene were cloned in the psiStrike vector under the control of a

U6 promoter: shRNA-1, targeting the sequence 50-AGAATCCATCT

GAGTTTGCACAGTCAGT-30, specific for both mouse and human

TBC1D23; shRNA-2, targeting the sequence 50-TTACATCCAGTC

TCGGCAAGCACTAAATT-30 and specific for mouse Tbc1d23; and

shRNA-3, targeting the sequence 50-TGTTAGCATTGCCAGTGGA

GGATTTATGG-30, also specific for mouse Tbc1d23. A 29-mer

non-effective oligonucleotide (Origene) cloned in the same vector

was used as control.MouseTbc1d23 cDNA fused toGFPwas cloned

in the psiStrike vector under the control of a CAG (chicken beta-

actin promoter with CMVenhancer) promoter. For in utero electro-

poration (IUE) experiment, a pCAGGS-IRES-Tomato (RFP) vector

was used as a reporter. For time-lapse experiments, we used neuro-

peptide Y (NPY) fused to GFP and expressed under the b-actin

promoter. This construct was a kind gift from M. Silverman.

Cell Culture
Mouse neuroblastoma N2a cells, control, and subject’s human fi-

broblasts carrying the TBC1D23 p.Val492Glyfs*8 variant were

cultured in DMEM (GIBCO) supplemented with 1 g/L of glucose

and 5% fetal calf serum. Transfection was performed using Lipo-

fectamine2000 (Invitrogen) according to the manufacturer’s in-

structions and cells were then cultured for 48 hr.

Primarycorticalneuronswereprepared fromE17mouse embryos.

Cortices were dissected in cold PBS with 2.56 mg/mL D-glucose,

3mg/mLBSA, and1.16mMMgSO4. Tissuedigestionwasperformed

enzymatically in a solution containing 0.25 mg/mL trypsin which

was then inhibited with 0.5 mg/mL trypsin soybean inhibitor,

followed by mechanical dissociation. 5 million neurons in suspen-

sion were electroporated using Amaxa Nucleofector kit for mouse

neurons (Lonza) following manufacturer’s instructions.

Western Blot
Cells were lysed in RIPA buffer (50 mM Tris-HCl [pH 7.7], 0.15 M

NaCl, 1 mM EDTA, and 1% Triton X-100) supplemented with pro-

teases inhibitors (Roche). Protein concentrations were determined

with a Bradford assay. Equal amounts of lysates were then loaded

on polyacrylamide gels and then transferred onto nitrocellulose

membranes. Membranes were blocked in 5% milk solution in

TBS-0.1% Tween and then were incubated with the following pri-

mary antibodies overnight at 4�C: rabbit TBC1D23 antibody
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(ab183478, Abcam) used at 1:500 and mouse actin antibody

(IGBMC) used at 1:1,000. HRP (horseradish)-conjugated second-

ary antibodies (Thermo Fischer) were used at 1:10,000.
In Utero Electroporation
In utero electroporation was performed as described previously14

using timed pregnant Swiss mice (Janvier). Animal experimenta-

tions were performed at the IGBMC animal facilities. The study

was conducted according to national and international guidelines

(authorization number 2017062811273521, French MESR) and

the procedures followed were in accordance with the ethical stan-

dards of the responsible committee on mouse experimentation

(Comité d’éthique pour l’expérimentation animale [Strasbourg,

France]). At E14.5, the pregnant mice were anaesthetized with iso-

flurane (2 L/min of oxygen, 3% isoflurane during induction and

2.5% during surgery). The uterine horns were exposed, and a

lateral ventricle of each embryo was injected using pulled glass

capillaries (Harvard Apparatus) with Fast Green (2 mg/mL; Sigma)

combined with the DNA constructs prepared with EndoFree

plasmid purification kit (Macherey Nagel) and the pCAGGS-

IRES-Tomato reporter vector at 1 mg/mL. For knockdown experi-

ments, different shRNAs and control shRNA were electroporated

at 1 mg/mL. For rescue experiments, the concentrations used were

either 1 mg/mL for shRNA and cDNA construct or 1 mg/mL shRNA

with 3 mg/mL cDNA. Mouse cDNA construct alone was electropo-

rated at 1 mg/mL. Plasmids were further electroporated into the

neuronal progenitors adjacent to the ventricle by delivering five

electric pulses at 50 V for 50 ms at 950-ms intervals using a

CUY21EDIT electroporator (Sonidel). After electroporation, em-

bryos were placed back in the abdominal cavity and development

was allowed to continue until E16, E18, or P3. Embryo or pup

brains were dissected and fixed in 4% paraformaldehyde in PBS

(phosphate-buffered saline) overnight and then sectioned at

80 mm slices using a VT1000S vibratome (Leica biosystems).
Immunohistochemistry and Immunofluorescence
Free floating sections were blocked in 2% donkey serum in PBS-

0.2% Triton-X and then incubated overnight at 4�C with the

following primary antibodies: rabbit CDP (Cux1) (M-222) (sc-

13024, Santa Cruz) at 1:100; rabbit Ki67 (IHC-00375, Bethyl

laboratories) at 1:200; rabbit prosphohistone 3 (06-570, Millipore)

at 1:500. Alexa-coupled secondary antibodies (Thermo Fischer)

were used at 1:500. Images were acquired using a confocal micro-

scope TCS SP8 X (Leica microsystems).

Human fibroblasts were fixed in 4% PFA, blocked in 5% donkey

serum in PBS-0.3% Triton-X, and then incubated for 1 hr with

rabbit TBC1D23 (17002-1-AP, Proteintech) primary antibody at

1:200. Alexa-coupled secondary antibody (Thermo Fischer) was

used at 1:500. Images were acquired using a confocal microscope

TCS SP5 (Leica microsystems).
Live-Cell Imaging and Analysis
Human fibroblasts were cultured in 35 mm bottom glass dishes

(Fluorodish, WPI) and either tranfected with NPY-GFP or treated

with lysotracker Green (Molecular Probes) following manufac-

turer’s instructions.

Primary cortical neurons electroporated with BDNF-mCherry

and either control shRNA or shRNA-2 were resuspended in neuro-

basal medium supplemented with 1xB-27, 0.5 mM L-glutamine,

and 100 IU/mL penicillin/streptomycin at 37�C in 5% CO2 and

were plated in AXIS microfluidic chambers (Millipore).
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Trafficking was monitored using a Confocal Spinning disk (Ni-

kon-Ti) with a 603 PLAN APO VC objective (Nikon Instruments)

and driven byMetamorph 7.0 (Molecular Devices). Cells were kept

at 37�C and 5% CO2 during acquisition. Images were taken every

0.2 s for 1 min. Kymographs were generated and analyzed using

KymoToolBox plugin for ImageJ (NIH, USA). Kymographs gener-

ated from maximal projections of the acquired movies were cali-

brated in space and time. Vesicles’ trajectories were manually

analyzed in order to obtain the dynamic parameters of the tracked

particles. Static vesicles were not taken into account and velocities

below 0.2 mm/s were considered as not moving segments.

Neurite Outgrowth Assay
Neuro2a cells were electroporated using the Amaxa V Nucleofec-

tor kit (Lonza) according to the manufacturer’s protocol with

either control shRNA or shRNA-2 together with the GFP-derived

reporter protein Venus. Cells were then mixed at a ratio of 1:3

with non-nucleofected Neuro2a cells, plated on 13 mm glass cov-

erslips, and cultured overnight. The next day, to induce differen-

tiation, the medium was replaced by DMED without serum and

supplemented with 1 mM Retinoic acid. After 48 hr cells were

fixed in 4% PFA and immunostained for GFP (Thermo Fisher,

A10262, 1:1,000), tubulin (Abcam, ab6160, 1:1,000), and DAPI.

Measurements of neurites were made using the Simple Neurite

Tracer plugin in ImageJ.15 Each coverslip was evaluated using at

least 10 different fields representing in total between 50 and

100 cells. The means of three independent experiments were

used.

Statistical Analysis
All experiments were done in at least three independent replicates.

All statistics were calculated with GraphPad Prism 6. Data are

presented as mean 5 SEM. For in utero electroporation data, a

two-way ANOVA was performed followed by a Tukey’s multiple

comparison test. For western blot quantification, a one-way

ANOVA was performed, followed by a Dunett’s multiple compari-

son test. For trafficking analysis and neurite outgrowth assays,

unpaired two-tailed Student’s t test was used. Data distribution

was assumed to be normal.
Results

Truncating Mutations in TBC1D23 Associated with

Pontocerebellar Hypoplasia and Microcephaly

Given the consanguineous relationships in the investi-

gated families, we hypothesized that the phenotype

was caused by homozygous mutations in each of the

families. For family 1, analysis of exome-sequencing

data of parents-affected children trio (Figure 1A; indi-

vidual II-2 and her parents) revealed a single potential

pathogenic variant: an intragenic 2-bp deletion on

chromosome 3 (100029306_100029307delTG), corre-

sponding to a homozygous frameshift mutation in exon

14 of TBC1D23 (GenBank: NM_001199198.2): c.1475_

1476delTG (p.Val492Glyfs*8) (Figure 2). The mutation

was confirmed by PCR and Sanger sequencing using

exon 14-specific primers of TBC1D23 (Figure 1A). Segrega-

tion analysis by PCR and direct sequencing of this frame-

shift mutation using parental and sibships blood DNA
ber 7, 2017



Figure 1. Mutations in TBC1D23 Cause PCH
(A) Each of the three families is represented by a pedigree showing the segregation of the identified mutation, and representative pho-
tographs of affected individuals illustrating the happy appearance and dysmorphic features. For each family, the mutation is also illus-
trated by Sanger sequencing chromatograms of heterozygous healthy parents and homozygous affected individuals. Each individual or
his or her parents provided informed consent for the publication if these photographs.
(B) Representative sections of brain MRIs for affected individuals with TBC1D23 mutations. First row, sagittal images in four different
individuals showing pontocerebellar hypoplasia (PCH) (white arrows); hypoplasia of the corpus callosum (F1 II-2 and F2 II-4, arrow-
heads), and agenesis of the corpus callosum (F1-II-3, double arrowheads). Second row, axial sections showing a small normally propor-
tioned cerebellum (red asterisks).
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Figure 2. Representation of the
TBC1D23 Polypeptide
Linear representation of TBC1D23 poly-
peptide showing positions of Rab-GAP-
TBC and rhodanese domains, as well as po-
sitions of premature stop codon resulting
from each of the mutation identified in
the families reported in this study.
showed that both affected individuals were homozygous

and the healthy parents and son were heterozygous.

In family 2, analysis of ES data of individual II-4

(Figure 1A) and subsequent Sanger sequencing revealed

a potentially pathogenic SNV in all affected individuals:

a homozygous frameshift mutation c.1526delinsAA

(p.Ile509Lysfs*31) in exon 14 of TBC1D23 (Figure 2).

Finally, in family 3, ES of affected individuals II-3 and

II-4 (Figure 1A) revealed a potential deleterious homozy-

gous mutation, c.1687þ2T>G (GenBank: NC_000003.11;

g.100035033T>G on hg19) in the canonical donor splice

site of intron 16 of TBC1D23, predicted to lead to a frame-

shift (p.Asp563Glyfs*33) secondary to skipping of exon 16

(Figure 2). In accordance with this prediction, the disrup-

tive impact of the mutation on the wild-type donor splice

site is estimated at 100% by the prediction programs

MaxEntScan, HSF, and NNsplice. Segregation analysis of

the mutation in the family showed that all affected indi-

viduals are homozygous and healthy parents and sibships

are heterozygous or wild-type at both alleles.

Overall, TBC1D23 variants identified in the three fam-

ilies reported in this study were unique and not repre-

sented in dbSNP, 1000 Genomes, or ExAC datasets and

co-segregated with the phenotype in each of the three

families. Moreover, all of the mutations were predicted to

lead to a disruption of the reading frame and premature

termination codons upstream of the 50–55 nucleotides

threshold of the final exon-exon junction.

MRI scans were available for evaluation from four indi-

viduals (Figure 1B). All four presented PCH and small nor-

mally proportioned cerebellum. In three subjects, anoma-

lies of the corpus callosum were revealed. Phenotypically,

all individuals present severe cognitive delay associated

in some with behavior abnormalities and autistic features

and happy facial expression with dysmorphic features.

Detailed clinical descriptions and radiological features of

the reported individuals are summarized in Table 1 and

the Supplementary Note.

In Vivo Effects of TBC1D23 Knockdown on Cortical

Development

The identified mutations in TBC1D23 are predicted to

result in a loss-of-function allele due to nonsense-mediated

RNA decay and truncation of the protein (Figure 2). We
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therefore downregulated endogenous

Tbc1d23 using short hairpin RNA

(shRNA) constructions and we

analyzed the effects on neurodevelop-
mental processes in the cortex using the in utero electro-

poration (IUE) method in mice.

Three different shRNAs targeting Tbc1d23 mRNA were

used. Western blot experiments on Neuro2a neuroblas-

toma cells transfected with the shRNAs showed that all

three of them lead to reduced levels of TBC1D23 (�23%
for shRNA1, �47% for shRNA2, and �57% for shRNA3,

compared to a scrambled control shRNA), confirming the

efficacy of the shRNAs (Figures S1A–S1B).

These shRNA constructs were individually electropo-

rated, together with a pCAGGS-IRES-Tomato (RFP) reporter

construct in progenitor cells adjacent to the ventricle in

E14.5 embryonic mouse cortices. We then studied the ef-

fects on neuronal positioning at E18.5. In brain sections

electroporated with the control shRNA, we observed a

normal pattern of distribution for projection neurons

with the majority of them reaching the cortical plate. By

contrast, IUE of each of the three shRNAs directed against

Tbc1d23 induced a faulty neuronal positioning at this

stage (Figures 3A and 3B). An important percentage of

the electroporated cells accumulate in the intermediate

zone and fewer cells reach the upper cortical plate

compared to the control shRNA, suggesting an important

role of Tbc1d23 in neuronal positioning.

In order to validate the specificity of the shRNA-induced

phenotype, we performed a rescue experiment by co-elec-

troporating the shRNA inducing the most severe pheno-

type (shRNA-2) together with the wild-type mouse

Tbc1d23 cDNA fused to GFP. All three designed shRNAs

target the coding cDNA sequence of Tbc1d23, and there-

fore it is inevitable that they also target the cDNA used

for the rescue experiment. In fact, western blot analysis

in transfected Neuro2a cells showed a significant decrease

in the GFP-fused TBC1D23 levels when either of the

shRNAs is added (�89% for shRNA1, �87% for shRNA2,

and �86% for shRNA3) (Figures S1C and S1D). In order

to overcome this limitation, we tested two different ratios

of cDNA/shRNA—either the same concentration of cDNA

and shRNA or three times more cDNA than shRNA. It

should be noted that overexpression of this mouse WT

form alone does not induce a particular phenotype (Figures

3C and 3D). We saw a significant restoration in the pheno-

type in a dose-dependent fashion contingent upon cDNA/

shRNA ratio (Figures 3C and 3D). Fewer cells accumulated



Table 1. Clinical and Radiological Features of Individuals with TBC1D23 Mutations

Family F1 F2 F3

Consanguinity yes yes yes

Individual II-2 II-3 II-2 II-4 II-3 II-4 II-5

Gender F M M F M F F

Age at onset postnatal postnatal postnatal postnatal postnatal postnatal postnatal

Development and
growth milestones
delay

þ þ þ þ þ þ þ

Seizures � � � � � � �

Age at last
examination

11 years 3 years 16 years 4 years 14 years 16 years 10 years

Weight (kg) 18.7 (< P3) 11.4 (< P3) 21 (< P3) 13 (< P3) 24 (< P3) 23 (< P3) 8 (< P3)

Height (cm) 122 (< P3) 90 (P15) 125 (< P3) 93 (P15) NA 147.3 (< P3) 104.1 (< P3)

HC (cm) 45.5 (< P3) 45 (< P3) 42 (< P3) 42 (< P3) 45.7 (< P3) 48.2 (< P3) 45.7 (< P3)

Spastic hypertonia þ þ þ þ þ þ þ

Cerebellar syndrome þ þ þ þ NR NR NR

Stereotypic
movements

þ þ þ þ NR NR NR

Cognitive delay (ID) severe severe severe severe severe severe severe

Motor weakness NR NR þ þ þ þ þ

Behavior
abnormalities/
autistic features

stereotypic
movements,
autistic
behavior

stereotypic movements,
autistic behavior, self-
injurious behavior

NA NA NA ADHD, poor
communication and
interaction, persistent
repetitive motor
behavior

poor communication
and interaction,
persistent repetitive
motor behavior

Happy expression þ þ þ þ þ þ þ

Ocular abnormalities NR hyperopia, strabismus � � coloboma coloboma coloboma, strabismus

Ears large large large large large large large

Nose bulbous tip bulbous tip bulbous
tip

bulbous tip bulbous tip prominent nasal
bridge

Brain MRI PCH, HCC PCH, ACC NA PCH,
HCCa

PCHb NA NA

Other features � feet and fingers
abnormalities,c

imperforate anus

flat feet flat feet dental
anomalies

� �

Abbreviations are as follows: HC, head circumference; PCH, pontocerebellar hypoplasia; ACC, agenesis of the corpus callosum; HCC, hypoplasia of the corpus
callosum; MRI, magnetic resonance imaging; NA, not available.
aFeatures of Dandy-Walker variant
bFeatures of mega cisterna magna
cFeet and finger abnormalities consist of bilateral talipes equinovarus and clinodactyly of the fifth finger
in the IZ and more cells reached the cortical plate under

these rescue conditions. These results are in favor of the

specificity of the shRNA-induced phenotype.

We further assessed the effect on neuron positioning

at post-natal day 3 (P3) by electroporation with the

shRNA-2. We immunolabeled the brain sections for

Cux1, a marker for the upper cortical layers II, III, and

IV, and did a Hoechst staining in order to distinguish be-

tween these upper cortical layers, the deeper ones (V and

VI), and the white matter (WM) (Figures 3E and 3F). In

the control condition, electroporated neurons were almost

exclusively found in the upper Cux1 layers of the cortex
The American
(98%). In the knockdown condition, a smaller proportion

of these neurons was found in the Cux1 layers (70%) and

there were also electroporated cells in the layers V (11%)

and VI (6%) and in the white matter (13%). These results

suggest that the phenotype caused by Tbc1d23 downregu-

lation persists at this post-natal stage.

Further on, considering the presence of microcephaly in

subjects, we sought to explore any Tbc1d23 knockdown-

related alterations in the proliferation of neuronal progeni-

tors that might be at the origin of this phenotype. We elec-

troporated the shRNA-2 at E14.5 and studied progenitors

proliferation 2 days later at E16.5. We saw no apparent
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Figure 3. Effects of TBC1D23 Downregulation on Neuronal Migration and Positioning
Short hairpin RNA and cDNA constructions were co-electroporated with a RFP-encoding reporter construction (Tomato) in progenitor
cells adjacent to the ventricle in E14.5 embryonic mouse cortices. Analyses were done at E18.5 or P3.
(A) Coronal sections of E18.5 brains electroporated at E14.5 with either a control shRNA or one of the three different anti-TBC1D23
shRNAs. Sections were stained with DAPI. CP, cortical plate; IZ, intermediate zone; VZ/SVZ, ventricular zone/subventricular zone. Scale
bar, 50 mm.
(B) Quantification of fluorescent neurons positioning in four different regions: up CP, down CP, IZ, and VZ/SVZ. Data are represented as
mean5 SEM. shRNA-1 versus control, p ¼ 0.0165 (IZ), p ¼ 0.041 (up CP); shRNA-2 versus control, p < 0.0001 (IZ), p < 0.0001 (up CP);
shRNA-3 versus control, p < 0.0001 (IZ), p < 0.0001 (up CP).

(legend continued on next page)
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anomalies in the percentage of mitotic cells (PH3 staining)

nor in the percentage of cells actively engaged in the cell cy-

cle (Ki67 staining) (Figures S1E–S1H). We also assessed cell

death and sawno increase in the cleavedCaspase-3-positive

cells electroporated with the shRNA (data not shown).
TBC1D23 Mutation Is Associated with Trafficking

Defects

TBC1D23 is a Rab-specific GTPase-activating-protein (Rab-

GAP). As a member of the TBC domain protein family, it

contains the conserved Tbc domain known to inactivate

RABsbyaccelerating theirGTPase activity and thuspromot-

ing their inactive GDP-bound state.16,17 As for RABs, they

are membrane trafficking proteins highly conserved in eu-

karyotic cells that function in a variety of vesicle trafficking

processes. Hence by controlling the activation state of Rabs,

Rab-GAPs play an important role in vesicular trafficking.

Thus, we wondered about the consequences of the

TBC1D23 mutations on intracellular trafficking. To this

end, we utilized available human fibroblasts from the indi-

vidual harboring the TBC1D23 p.Val492Glyfs*8 variant.

We first characterized the protein levels of TBC1D23 in

mutant fibroblasts and compared them to control fibro-

blasts. The truncating mutation leads to a lack of TBC1D23

as shown bywestern blot analysis (Figure 4A) and immuno-

staining in human fibroblasts (Figure 4B). We then trans-

fected these cells with the dense core vesicle-resident neuro-

peptide Y tagged to GFP (NPY-GFP) and used live-cell

imaging in order to study the dynamics of these vesicles.

In control fibroblasts, NPY-GFP-containing vesicles proces-

sivelymovedboth in the anterograde as in the retrograde di-

rections,with vesicles changingdirections andpausing, and

with the presence of static vesicles as shown by the kymo-

graphs. In mutant fibroblasts, we found that the average

velocity of NPY-containing vesicles was significantly

decreased. The presence of themutation leads to an increase

in the time vesicles spend at pause and a reduction in the

instantaneous velocity of particles moving in both direc-

tions (Figure 4C). We further validated these results by ex-

tending these observations to BDNF vesicles, also known

to be present in dense core vesicles (data not shown). Rab-

GTPases control the activation state of Rabs which in turn

are known to be associated specifically to different vesicular

compartments. However, whether TBC1D23 regulates one

particular Rab is still unknown. Therefore, to establish

whether TBC1D23 mutations alter specifically dense core

vesicle dynamics, orwhether the effect is general,we imaged
(C) Coronal sections of E18.5 brains electroporated at E14.5 with emp
shRNA-2 together with Tbc1d23-WT (Rescue). For rescue experiments
1 mg/mL Tbc1d23-WT and 1 mg/mL shRNA-2 þ 3 mg/mL Tbc1d23-WT. S
(D) Quantification of fluorescent neurons positioning in four differen
mean 5 SEM. shRNA-2 versus shRNA-2 þ Tbc1d23-WT p ¼ 0.0078 (
0.0113 (down CP).
(E) Coronal sections of P3 brains electroporated at E14.5 with either
layer marker Cux1 (cyan) and with DAPI in order to define upper and
(F) Fluorescent neurons were counted in four different regions: Cux1 l
mean 5 SEM. Control versus shRNA-2: p < 0.0001 (Cux1 layers), p
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and analyzed lysosomal movement. In line with the obser-

vations indense core vesicles, the presence ofTBC1D23mu-

tation also leads to less dynamic lysosomes with altered

anterograde and retrograde transport (Figure 4D).

In order to confirm the presence of such trafficking defect

inneurons,we conducted similar experiments inmouse pri-

mary cortical neurons. Neurons were transfected with the

shRNA-2 against Tbc1d23 and BDNF vesicles were tracked.

Results were similar to the ones obtained in fibroblasts

showing reduced instant and average velocity in both retro-

grade and anterograde transport and increasedpausing time

for neurons transfected with the shRNA-2 (Figure S2).

TBC1D23 Downregulation Affects Neurite Outgrowth

Given the effect of Tbc1d23 downregulation on neuronal

positioning in vivo and the phenotype of altered vesicular

trafficking in both fibroblasts and primary neurons, we as-

sessed the implication of TBC1D23 in neurite outgrowth,

sincemembrane trafficking and cargo delivery are essential

for axonal and dendritic growth. To this end we used

Neuro2a cells that we nucleofected with either the control

shRNA or shRNA-2 targeting TBC1D23 and then cultured

on serum-deprived medium in order to induce differentia-

tion. Transfected cells were visualized with co-transfection

of the GFP-derived Venus protein and processes were visu-

alized with immunolabelling for tubulin. Wemeasured the

length of individual neurites and the number of neurites

per cell. We also focused on the presence or the absence

of a principal axon-like process. In the control condition,

around 25% of the transfected GFP-positive cells had one

principal axon-like process and one or several additional

shorter processes (Figure 5). When N2a cells were nucleo-

fected with the shRNA-2, fewer cells with this morphology

could be observed (14.8%) (Figure 5C). The majority of the

cells presented with multiple neurites similar in size (61%)

with no principal process. Thus, when we measured the

mean length of all neurites, we found a significantly higher

value for the control condition (20.2 mm) than for the

shRNA condition (13.1 mm) (Figure 5B). Additionally, cells

transfected with the shRNA-2 tended to have more neu-

rites per cell.
Discussion

We report on three consanguineous families (seven affected

individuals)with recessive formsof IDassociatedwithPCH.

In the three families, we identified homozygous truncating
ty vector, mouse Tbc1d23-WT cDNA, control shRNA, shRNA-2, or
, two different concentration ratios were tested: 1 mg/mL shRNA-2þ
ections were stained with DAPI. Scale bar, 50 mm.
t regions: up CP, down CP, IZ, and VZ/SVZ. Data are represented as
IZ); shRNA-2 versus shRNA-2þ3*Tbc1d23-WT p < 0.0001 (IZ), p ¼

a control shRNA or shRNA-2. Sections were stained for the upper
deep cortical layers and the white matter (WM). Scale bar, 100 mm.
ayers (II–IV), layer V, layer VI, whitematter. Data are represented as
¼ 0.025 (WM).
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Figure 4. TBC1D23 Truncating Mutation
Alters Intracellular Transport
(A) Immunoblot from human fibroblasts
showing the absence of TBC1D23 in the
presence of the mutation.
(B) Immunofluoresence staining against
endogenous TBC1D23 of control and
mutant fibroblasts showing the lack of
the protein in mutants. Scale bar, 20 mm.
(C) Kymographs and colored kymographs
(green, anterograde; blue, static; red, retro-
grade) showing the trajectories of single
NPY-GFP vesicles. Histograms represent
mean 5 SEM of average velocity (t ¼
3.864; p ¼ 0.0028; n control ¼ 220,
n mutant ¼ 362), %pausing time (t ¼
4.448; p < 0.0001; n control ¼ 59,
n mutant ¼ 98), and instantaneous veloc-
ity (anterograde: t ¼ 2.668; p ¼ 0.0049;
n control ¼ 271, n mutant ¼ 152; retro-
grade: t ¼ 3.086; p ¼ 0.0041; n control ¼
267, n mutant ¼ 173) of NPY-GFP vesicles.
Scale bars: 5 mm and 5 s.
(D) Kymographs and colored kymographs
(green, anterograde; blue, static; red, retro-
grade) showing the trajectories of single
lysosomes. Histograms represent mean 5
SEM of average velocity (t ¼ 6.119; p <
0.0001; n control ¼ 224, n mutant ¼
137), %pausing time (t ¼ 4.600; p <
0.0001; n control ¼ 190, n mutant ¼
137), and instantaneous velocity (antero-
grade: t ¼ 4.545; p < 0.0001; n control ¼
318, n mutant ¼ 218; retrograde: t ¼
2.223; p ¼ 0.0264; n control ¼ 394,
n mutant ¼ 245) of lysosomes. Scale bars:
5 mm and 5 s.
mutations (one splice and two frameshift mutations) pre-

dicted to lead to TBC1D23 loss of function. The common

core phenotype of these individuals includes develop-

mental milestone delay, microcephaly, and severe ID, but

no history of seizure disorder. Additional features such as

cerebellar syndrome, stereotypic movements, and colo-

bomawerenoticed in some subjects (Table 1). Thepostnatal

course was also marked by a harmonious growth retarda-

tion and a common phenotype that included happy facial

expression and dysmorphic features such as large ears,

bulbous nasal tip, and eye abnormalities (Figure 1A). More-

over, brainMRI showed a small, normally proportioned cer-

ebellum and that the corpus callosum was hypoplastic

(Figure 1B). Interestingly, another distinctive cerebellum
436 The American Journal of Human Genetics 101, 428–440, September 7, 2017
shape has been observed in individ-

uals with TSEN54 mutations, namely

a cerebellum with flattened cerebral

hemispheres and a relatively preserved

vermis.4,7 Altogether these findings

along with those reported by Marin-

Valencia et al.18 suggest that

TBC1D23-related PCH and associated

clinical symptoms could not fit any

of the reported PCH subtypes high-
lighted in the current classification of PCH.1 In addition,

nomutation in the previously described PCH-related genes

was found through analysis of exome data from each indi-

vidual subjected to exome sequencing. It is worth

mentioning the recently reported homozygous truncating

mutation in TBC1D23 in individuals of a consanguineous

family with severe non-syndromic ID.19 Though the type

of the described mutation (truncated) is similar to those re-

ported in this study andone can therefore predict similar re-

sulting phenotypes, no MRI data were reported.

TBC1D23 belongs to the Tre2-Bub2-Cdc16 (TBC) family,

a recently described family of proteins that act as Rab in-

hibitors.17,20 Two TBC1D23 isoforms have been described,

which differ by adjunction of an exon 15 of 45 bp in the



Figure 5. TBC1D23 Downregulation Al-
ters Neurite Outgrowth
Cells were electroporated with either con-
trol shRNA or shRNA-2 along with GFP,
and then cultured in DMEM without
serum to induce differentiation and neu-
rites formation. After 48 hr cells were fixed
in 4% PFA and immunostained for GFP,
tubulin, and DAPI.
(A) Representative images of Neuro2a cells
transfected with either control shRNA
(left) or shRNA-2 targeting TBC1D23
(right); scale bar, 20 mm.
(B) Histograms representing the average
neurite length (control shRNA versus
shRNA-2, p¼ 0.0186). Data are represented
as mean 5 SEM.
(C) Cells were sorted in one of three cate-
gories: cells with one principal axon-like
process; cells with multiple similar in
size processes and round (most likely undif-
ferentiated) cells. Histograms represent
mean 5 SEM percentage of each category
out of the total cells counted. shRNA-2
versus control, p ¼ 0.0167 (cells with one
principal process), p ¼ 0.0219 (cells with
multiple similar in size processes).
longer form. The longer form contains 19 exons and en-

codes a 699 amino acid protein that contains two known

functional domains (Figure 2). Expression of TBC1D23

transcripts seems to be relatively ubiquitous in human tis-

sues, including the brain.

Although further investigations are required to assess

consequences of the mutations described in this study on

mRNA stability, it is worth mentioning that they are all

truncating mutations including the splice mutation pre-

dicted to lead to exon16 skipping. The loss of the reading

frame and resulting gained stop codons is predicted to

trigger nonsense-mediated mRNA decay (NMD) as the pre-

mature termination codon occurred before the 50–55 nu-

cleotides of the last exon-exon junction.21 This is in line

with our observations of the lack of TBC1D23 in individ-

uals’ fibroblasts.

The association between neurodevelopmental defects

and TBC1D23 truncating mutations contrasts with the

screening assay using RNAi that pinpointed a potential

implication of TBC1D23 in the regulation of innate

immune system.22 This potential finding was further

investigated by the same group using one mutant mouse

model developed by the International Gene Trap

Consortium with a gene trap cassette inserted in the

first intron of Tbc1d23. Mutant mice presented with

increased response to many Toll-like receptors as demon-

strated by higher IL-6 level compared to control. Interest-

ingly, this response was time dependent as reported

by Victorino et al.23 Cellular assay using mutant

Tbc1d23 altered at the highly conserved arginine residue

(p.Arg50Ala; GenBank: NM_026254) located in the RAB-

GAP domain showed that Tbc1d23 strongly affects innate

immunity signaling.22 The immune function of TBC1D23

is likely to be through the Rab-GAP signaling pathway.
The American
Though it is reasonable to hypothesize that nonsense mu-

tations reported here lead to loss of function as reported in

the transgenic mice, no symptom of innate immunity dis-

order has been pointed out in the herein reported individ-

uals with PCH. Neither were any neurological features

described for the Tbc1d23 transgenic mice.22,23 Possibly,

such neurological defects may have escaped attention, as

phenotypic analyses were targeted at the immune system.

Alternatively, these gene-trapmutants do notmanifest any

neurological phenotype, because of the residual Tbc1d23

expression.22,23

Our in utero electroporation results show that downre-

gulation of Tbc1d23 causes a defect in the positioning of

cortical projection neurons at pre- and early post-natal

stages, suggesting that functional TBC1D23 is required

for correct cortical development. In affected subjects, we

observed no gyration or lamination anomalies, nor heter-

otopia, which are usually but not always present in cases

of altered neuronal positioning during development.24

However, for three of the four individuals for whom

MRI images were available, a hypoplasia of the corpus

callosum was present. The corpus callosum is made by

myelinated axons of cortical projection neurons whose

bodies reside in the upper cortical layers, principally

in layers II–III but also V and VI.25 Aberrations in the

development of these projection neurons such as

delay in migration could affect their specification as

callosally projecting neurons and could potentially alter

the correct formation of their projections which could

be at the origin of a partial or complete agenesis of

the corpus callosum.26 Additionally, our findings in

Neuro2a cells suggest an implication of TBC1D23 in neu-

rite extension and in particular in the formation of a prin-

cipal axon-like process. Downregulation or absence of
Journal of Human Genetics 101, 428–440, September 7, 2017 437



TBC1D23 in neurons could disrupt axonogenesis and

thus the proper formation of corpus callosum. The exact

mechanisms leading to the corpus callosum abnormalities

in affected individuals, though, remains to be further

investigated.

We saw no effect of Tbc1d23 knockdown on progenitor

proliferation or cell death that could provide insights to

understand the microcephaly phenotype observed in

affected persons. However, in our shRNA experiment,

silencing of Tbc1d23 was not complete as shown by

the presence of protein in the immunoblotting assays

(Figure S1A), while no TBC1D23 was detected in fibroblasts

from affected individuals (Figure 4A). This residual

TBC1D23 could explain why no proliferation effect was

observed.

The precise function of TBC1D23 and its role during

brain development is poorly understood. However, like

many other members of Tre2-Bub2-Cdc16 (TBC) family,

TBC1D23 has a GTPase-activating protein (GAP) domain

that catalyzes GTP hydrolysis. The proposed mechanism

of how TBC works is through a unique feature of the

Tre2-Bub2-Cdc16 domain, which uses two catalytic resi-

dues, Arg and Gln, to stabilize the transition state and cata-

lyze the GTP hydrolysis of RABs.27 Strikingly, TBC1D23 is

classified as an unconventional TBC due to the lack of

these two indispensable residues.20 However, some TBC

proteins that lack the Arg or Gln residues are conserved

between subgroups, suggesting evolution constraints.28

Nevertheless, our results showing altered vesicular traf-

ficking associated with TBC1D23 downregulation and

pathogenic mutations suggest a possible role for

TBC1D23 in Rab regulation. The exact mechanism by

which this occurs and the impact on the proper develop-

ment of the brain is still to be uncovered, even though neu-

rite extension and outgrowth anomalies could be one un-

derlying mechanism. It would be relevant to further

investigate the in vivo consequences of the altered intracel-

lular transport on membrane reorganization, trophic

factors release, and signaling in the context of TBC1D23

deficiency. TBC1D23 is also the only member of TBC fam-

ily to possess a rhodanese domain. The function of this

domain is still elusive, but thiosulfate sulfutransferase ac-

tivity with cyanide detoxification has been reported.29,30

Until recently no substrates were known for TBC1D23.20

Interestingly, TBC1D23 is a central partner of an interact-

ing network of proteins implicating WDR62, STK11,

UBC, PRKAR2B, TBC1D8, KIAA1033, and VPS26A.

Some of these proteins are also involved in neurodevelop-

mental disorders.31 Additionally, recessive mutations in

the related TBC1D24 (MIM: 613577) were shown to be

involved in a large spectrum of neurodevelopmental disor-

ders, which include focal seizures withmild tomoderate ID

and brain abnormalities. MRI of individuals reported with

mutations in TBC1D24 showed subtle cortical thickening

with cerebellar atrophy.32 Moreover, implication of Tre2-

Bub2-Cdc16 (TBC) proteins in developmental processes is

also illustrated by association between mutations of
438 The American Journal of Human Genetics 101, 428–440, Septem
TBC1D1 (MIM: 609850) and congenital anomalies of the

kidneys and urinary tract (CAKUT [MIM: 610805]).33 It is

well established that most of the previously reported genes

responsible for PCH are involved in essential processes in

protein synthesis in general and tRNA processing in partic-

ular.1,7 Though these latter functions were not described

for Tre2-Bub2-Cdc16 (TBC) proteins, in view of the find-

ings reported in this study, one can question whether

TBC1D23 as well could be implicated in one of these two

pathways.

In this paper, we describe seven individuals in three

families presenting with PCH and harboring homozygous

nonsense or splice mutations in TBC1D23, likely to cause

a loss of function. This work widened the role of

TBC1D23 to a more severe and global phenotype in hu-

mans. We strongly believe that TBC1D23 is an additional

gene responsible for PCH of a yet to be discovered mecha-

nism. Based on these data, it appears legitimate to propose

TBC1D23 as a PCH-associated disorder gene and to suggest

molecular screening in individuals presenting syndromic

PCH and negatives for known genes responsible for this

disorder.
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Supplemental Note: Case Reports 

 

Family 1 (MCD-S001) 

Affected sister and brother were referred to the Pediatric and Genetics Departments for 

neurodevelopmental delay, microcephaly and agenesis of the corpus callosum (2/2) associated with 

imperforate anus and bilateral talipes equinovarus (only present for the boy). They were the second and 

third children born to healthy consanguineous parents (first cousins) originating from Turkey. Of 

particular interest was the description of a first-degree maternal cousin presenting with the same 

symptomatology. Regarding the male subject, pregnancy was marked by discovery of corpus callosum 

agenesis at 32WA (weeks of amenorrhea). Delivery occurred at 38WA and birth measurements were in 

the normal range with weight: 2760g (P15), length: 46cm (P5), Occipital Frontal Circumference (OFC): 

32.5cm (P25). Imperforate anus and bilateral talipes equinovarus were noticed and surgically removed. 

Development was marked by severe ID associated with postnatal microcephaly, poor ocular contact, 

neurologic abnormalities and autistic behavior. Brain MRI revealed PCH with agenesis of the corpus 

callosum. Ophthalmologic examination found severe hyperopia, astigmatism and strabismus. Audition 

was normal. 

For the affected sister, prenatal factors and birth parameters were not available. She was examined by a 

clinical geneticist at 10 years old as she presented the same symptomatology as her brother. The 

microcephaly and the developmental delay were diagnosed at an age of 9 months. The language is limited 

to few syllables. The neurological evolution was similar to her brother with severe developmental delay, 

microcephaly, poor ocular contact, autistic behavior and stereotypic behavior. Imaging showed PCH with 

thin corpus callosum. 

 

 



Family 2 (M268) 

The two subjects were born from second cousin healthy parents originating from Khuzestan province in the 

south-western part of Iran. Both individuals were born with an unremarkable pregnancy, delivery, and 

neonatal period. They had normal birth OFC but height had not been documented. The male individual 

started to speak few simple words at 4 years and to walk at 5 years. He had strabismus, prominent incisors, 

and protruding ears. He had a slender body and was able to walk slowly. Serum CK (creatine kinase) level 

was normal and EMG (electromyogram) showed no muscular deficit pattern. Developmental testing at age 

13 years using an adapted version of WISC-IV showed an IQ of 55, in the range of moderate ID. He died 

at age 18 years as a result of severe pneumonia. 

The female individual started to sit at age 9 months, to stand at 18 months, to speak a few simple words at 

age 4 years, and to walk at age 3 years. She had also a slender body, strabismus, prominent incisors, happy 

expression, and protruding ears. Brain MRI showed a mild abnormal white matter, and hypoplastic corpus 

callosum with severe cerebellar hypoplasia and vermis agenesis. Dandy-Walker variant anomaly was noted 

and the junction of pons and cerebral peduncles showed signs of a molar tooth. Developmental testing at 

age 4 years using WISC-IV showed an IQ of 30, in the range of severe ID. 

 

Family 3 (PKMR52) 

Three affected siblings (one male and two females) born to healthy consanguineous parents of Pakistani 

origin were evaluated for ID. Two other sibs (one male and one female) were unaffected. Prenatal factors 

and birth parameters were not available due to birth of these individuals at home. All affected individuals 

had developmental milestones (motor, speech and social) delay. The oldest affected girl could sit at 10 

years of age but was unable to walk. Her younger sister was able to sit at the age of 5 years and walk at the 

age of 7 years. The boy just started to stand at 14 years of age. All three could hardly repeat sounds. There 

was no history of a seizure disorder. At the time of last evaluation, physical examination was remarkable 



for growth retardation and microcephaly in all affected individuals. There was also marked motor weakness 

and spasticity. Attention deficit hyperactivity disorder (ADHD) was observed in one patient. Both affected 

females had poor social communication and interaction and persistent repetitive motor behavior suggestive 

of Autism Spectrum Disorder (ASD). Dysmorphic features included coloboma (3/3), convergent squint 

(1/3), wide prominent nasal bridge (1/3) and widely spaced dysplastic teeth (1/3). Brain MRI was only 

available for the male patient and revealed PCH and mega cisterna magna. 

  



Figure S1 

 

 

 



Figure S1. TBC1D23 knockdown immunoblotting analysis and effects on progenitor’s proliferation. 

(A) Representative immunoblots showing the effect of TBC1D23 shRNAs on endogenous TBC1D23 

levels in Nero2a cells transfected respectively with: a control shRNA, shRNA-1, shRNA-2, shRNA-3. (B) 

Relative quantification of band intensity as compared to average control band intensity and normalized to 

respective actin band. Data are represented as mean ± SEM. shRNA-2 vs Control P = 0.0014; shRNA-3 

vs Control P = 0.0002. 

(C) Representative immunoblots showing the effect of TBC1D23 shRNAs on exogenous GFP-fused 

Tbc1d23 mouse cDNA in Neuro2a cells transfected respectively with: control shRNA, shRNA-2, 

TBC1D23-WT fused to GFP; TBC1D23-WT-GFP + shRNA-1; TBC1D23-WT-GFP + shRNA-2; 

TBC1D23-WT-GFP + shRNA-3. (D)  Relative quantification of band intensity for lanes 3 to 6 as 

compared to average TBC1D23-WT band intensity and normalized to respective actin band. Data are 

represented as mean ± SEM. ****P ≤ 0.0001.  

(E) Coronal sections of E16.5 brains electroporated at E14.5 with either a control shRNA or shRNA-2 

together with a GFP-reporter construct. Sections were immunolabeled for the mitotic marker PH3 

(magenta). VZ: ventricular zone. Scalebar 10µm. (F) Double-positive GFP and PH3 cells were counted 

in the ventricular zone and reported to the total number of electroporated GFP-positive cells in order to 

calculate the mitotic index (percentage of cells currently in mitosis). Data are represented as mean ± SEM. 

(G) Coronal sections of E16.5 brains electroporated at E14.5 with either a control shRNA or shRNA-2 

together with a GFP-reporter construct. Sections were immunolabeled for the proliferating progenitor 

marker Ki67 (magenta). VZ: vebtricular zone; SVZ: subventricular zone. Scalebar 10µm. (H) Double-

positive GFP and Ki67 cells were counted in the ventricular and subventricular zones and reported to the 

total number of electroporated GFP-positive cells in order to calculate the percentage of proliferative cells. 

Data are represented as mean ± SEM. 

 



Figure S2 

 

 

Figure S2. TBC1D23 knockdown in primary neurons alters BDNF trafficking. 

Kymographs and colored kymographs (green=anterograde, blue=static, red=retrograde) showing the 

trajectories of single BDNF-mCherry containing vesicles. Histograms represent mean ± SEM of average 

velocity (t=13.11; p=0.0058; n=3), %pausing time (t=23.53; p=0.0018; n=3) and instantaneous velocity 

(Anterograde: t=8.668; p=0.0131; n=3. Retrograde: t=10.14; p=0.0096; n=3) of BDNF-mCherry vesicles. 

Scale bars: 10µm and 10sec. 

 

 



2 Article 2: Mutations in the HECT domain of NEDD4L lead to
AKT-mTOR pathway deregulation and cause periventricular
nodular heterotopia

Nat Genet. 2016 Nov;48(11):1349-1358. doi: 10.1038/ng.3676. Epub 2016 Oct 3.

Broix L, Jagline H, Ivanova EL, Schmucker S, Drouot N, Clayton-Smith J, Pagnamenta AT,
Metcalfe KA, Isidor B, Louvier UW, Poduri A, Taylor J, Tilly P, Poirier K, Saillour Y, Lebrun
N, Stemmelen T, Rudolf G, Muraca G, Saintpierre B, Elmorjani A; Deciphering Developmental
Disorders study, Moïse M, Weirauch NB, Guerrini R, Boland A, Olaso R, Masson C, Tripathy R,
Keays D, Beldjord C, Nguyen L, Godin J, Kini U, Nischké P, Deleuze JF, Bahi-Buisson N, Sumara
I, Hinckelmann MV, Chelly J.

Abstract
Neurodevelopmental disorders with periventricular nodular heterotopia (PNH) are etiologically

heterogeneous, and their genetic causes remain in many cases unknown. Here we show that mis-
sense mutations in NEDD4L mapping to the HECT domain of the encoded E3 ubiquitin ligase lead
to PNH associated with toe syndactyly, cleft palate and neurodevelopmental delay. Cellular and
expression data showed sensitivity of PNH-associated mutants to proteasome degradation. More-
over, an in-utero electroporation approach showed that PNH-related mutants and excess wild-type
NEDD4L affect neurogenesis, neuronal positioning and terminal translocation. Further investiga-
tions, including rapamycin-based experiments, found differential deregulation of pathways involved.
Excess wild-type NEDD4L leads to disruption of Dab1 and mTORC1 pathways, while PNH-related
mutations are associated with deregulation of mTORC1 and AKT activities. Altogether, these data
provide insights into the critical role of NEDD4L in the regulation of mTOR pathways and their
contributions in cortical development.
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Development of the human cerebral cortex requires coordinated 
spatial and temporal regulation of interdependent developmental 
processes that include proliferation, migration and layering, as well 
as differentiation of distinct neuronal populations1,2. Disruption of 
any of these processes can result in a wide range of developmental 
disorders. Many of these disorders are classified within the group 
of malformations of cortical development (MCD) that includes 
lissencephaly, pachygyria, polymicrogyria (PMG), microcephaly  
and PNH3–5. MCD are often associated with severe intellectual  
disability and epilepsy, and their evolving classification is based on 

the developmental process thought to be affected first in combination 
with the underlying disrupted genes and biological pathways3.

Within the group of MCD associated with neuronal migration 
abnormalities, PNH represents about 31% of MCD (R.G., unpub-
lished data). Anatomically, PNH is characterized by bilateral ectopic 
nodules of gray matter lining the lateral ventricles. Clinical presenta-
tions in patients with PNH are heterogeneous, although seizures and 
learning difficulties are the most common clinical features5.

So far, mutations in the X-linked FLNA gene (filamin A)6, encoding 
a widely expressed 280-kDa actin-binding phosphoprotein, account 

Mutations in the HECT domain of NEDD4L lead 
to AKT–mTOR pathway deregulation and cause 
periventricular nodular heterotopia
Loïc Broix1–5,22, Hélène Jagline1–4,22, Ekaterina L Ivanova1–4, Stéphane Schmucker1–4, Nathalie Drouot1–4, 
Jill Clayton-Smith6, Alistair T Pagnamenta7, Kay A Metcalfe6, Bertrand Isidor8, Ulrike Walther Louvier9, 
Annapurna Poduri10, Jenny C Taylor7, Peggy Tilly1–4, Karine Poirier5, Yoann Saillour5, Nicolas Lebrun5, 
Tristan Stemmelen1–4, Gabrielle Rudolf1–4, Giuseppe Muraca5, Benjamin Saintpierre5, Adrienne Elmorjani5, 
Deciphering Developmental Disorders study11, Martin Moïse12, Nathalie Bednarek Weirauch13, Renzo Guerrini14,  
Anne Boland15, Robert Olaso15, Cecile Masson16, Ratna Tripathy17, David Keays17, Cherif Beldjord18,  
Laurent Nguyen12, Juliette Godin1–4, Usha Kini19, Patrick Nischké16, Jean-François Deleuze15, Nadia Bahi-Buisson20,  
Izabela Sumara1–4, Maria-Victoria Hinckelmann1–4 & Jamel Chelly1–4,21

Neurodevelopmental disorders with periventricular nodular heterotopia (PNH) are etiologically heterogeneous, and their 
genetic causes remain in many cases unknown. Here we show that missense mutations in NEDD4L mapping to the HECT 
domain of the encoded E3 ubiquitin ligase lead to PNH associated with toe syndactyly, cleft palate and neurodevelopmental 
delay. Cellular and expression data showed sensitivity of PNH-associated mutants to proteasome degradation. Moreover, an  
in utero electroporation approach showed that PNH-related mutants and excess wild-type NEDD4L affect neurogenesis, 
neuronal positioning and terminal translocation. Further investigations, including rapamycin-based experiments, found 
differential deregulation of pathways involved. Excess wild-type NEDD4L leads to disruption of Dab� and mTORC� pathways, 
while PNH-related mutations are associated with deregulation of mTORC� and AKT activities. Altogether, these data provide 
insights into the critical role of NEDD4L in the regulation of mTOR pathways and their contributions in cortical development. 
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for about 50% of bilateral PNH and the associated Ehler–Danlos  
conditions affecting mostly females7. Compelling studies suggested 
that FLNA-related PNH results from the combination of defects 
affecting the polarized radial glia scaffold and its adhesion to the 
neuroependymal membrane, neural progenitor proliferation and neu-
ronal migration8–10. Other mechanisms contributing to PNH devel-
opment were proposed following the identification of rare familial  
forms of PNH associated with recessive mutations in ARFGEF2, 
which encodes the ADP–ribosylation factor guanine exchange factor 2  
(GEF2)11. Finally, other genetic forms of PNH have been mapped 
through array comparative genomic hybridization (aCGH) studies, 
but only one potential causal gene, C6orf70 (ERMARD) located at 
6q27, has been identified12.

Here we provide evidence implicating the E3 ubiquitin ligase gene 
NEDD4L in the development of PNH. We report the identification 
of missense mutations in NEDD4L in patients with PNH, bilateral 
syndactyly, cleft palate and neurodevelopmental delay. We further 
show that PNH-related NEDD4L mutants disrupt neurodevelopmen-
tal processes, likely through dysregulation of the mTOR and AKT 
signaling pathways.

RESULTS
Patients with PNH analyzed by whole-exome sequencing  
and mutations in NEDD4L
We used clinical and brain magnetic resonance imaging (MRI) data 
from patients with MCD referred for genetic investigations and 
selected 15 patient–parent trios for analysis by whole-exome sequenc-
ing. All families had a single affected patient with bilateral PNH.  

For the whole-exome sequencing approach, we applied a previously 
described experimental workflow to detect and prioritize sequence 
variants and validate significant findings13,14. We then analyzed fil-
tered exome data and searched for recurrence of de novo mutations 
in the same gene in unrelated patients. We identified de novo mis-
sense changes in NEDD4L in two patients with bilateral contiguous 
PNH, bilateral syndactyly of the second and third toes, and neu-
rodevelopmental delay (P158 and BRC217; Fig. 1a,b, Table 1 and 
Supplementary Note). After validation of the mutations by Sanger 
sequencing (Supplementary Fig. 1a,b), we screened NEDD4L (coding  
exons and their flanking sequences) in a cohort of 96 patients with 
MCD and identified the c.2677G>A mutation (already detected 
in BRC217) in one additional patient (P347; Fig. 1c, Table 1 and 
Supplementary Fig. 1c). Interestingly, the phenotype of this patient 
was also characterized by bilateral PNH, bilateral syndactyly of the 
second and third toes, and neurodevelopmental delay (Table 1 and 
Supplementary Note). As the family of patient P347 consisted of two 
affected children (P347 and her brother), a healthy girl and healthy 
parents (Supplementary Fig. 1c), we tested the segregation of the var-
iant in all members of the family. We found the variant to be present in 
a heterozygous state in the affected brother but absent from the DNA 
of the healthy sister and father. For the mother, however, sequencing 
traces consistently showed an imbalance in the height of the peaks 
corresponding to normal and variant alleles (Supplementary Fig. 1c).  
Altogether, these results were suggestive of germline and somatic 
mosaicism of a NEDD4L variant in the mother. To confirm this and 
evaluate the level of somatic mosaicism, we analyzed the mother’s 
DNA by digital droplet PCR and found that the frequency of the 
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Figure 1 Mutations in NEDD4L cause PNH and syndactyly. (a–e) Photographs and representative sections of brain MRIs for affected individuals 
illustrating frequent toe syndactyly and constant PNH. For each patient, two axial sections, or one axial and one coronal section, show confluent nodules 
of heterotopia lining the lateral ventricles (arrowheads). Sagittal sections show thin (c) or dysmorphic (a and c, II-3) corpus callosum. In d, in addition  
to PNH (arrowheads), the MRI section shows frontal PMG (white arrows). MRIs were performed at the age of 8 years (a), 12 months (b), 9 and  
12 months (c), 7 months (d) and 8 months (e). MRIs were not available for patient Pnh31124 with the c.2082G>T; p.Gln694His mutation. Written consent  
was obtained to publish patient photographs. (f) Linear representation of the NEDD4L polypeptide showing the positions in the HECT domain of the 
heterozygous PNH-associated mutations. NEDD4L protein is characterized by an N-terminal C2 domain known to bind Ca2+ and phospholipids17, two to 
four WW protein–protein interaction domains16 responsible for recognition of the substrate, and the C-terminal catalytic HECT domain18.
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mutated allele was around 16% (Supplementary Table 1). In view of 
these molecular data, the mother was reexamined and neurological, 
cognitive and behavioral evaluations were found to be normal.

Shortly after these initial findings, we reinforced the implication 
of NEDD4L by the identification of additional de novo mutations in 
three unrelated patients with PNH (Table 1). The first patient (PNC: 
Fig. 1d, Table 1 and Supplementary Fig. 1d) was identified through 
targeted screening of an MCD-related panel of genes in which we 
included NEDD4L. The second and third patients—DDDP110533 
(Fig. 1e, Table 1 and Supplementary Fig. 1e) and Pnh31124 (Table 1  
and Supplementary Fig. 1f)—were identified through data sharing 
of trios exome sequenced and analyzed as part of the Deciphering 
Developmental Disorders and Epi4K Consortium studies. For all 
three patients, brain MRI results also showed the presence of PNH 
associated with syndactyly and neurodevelopmental delay (Fig. 1d,e, 
Table 1 and Supplementary Note).

NEDD4L15 (also known as NEDD4-2) encodes a member of the 
NEDD4 family of HECT-type E3 ubiquitin ligases known to regulate 
the turnover and function of a number of proteins involved in funda-
mental cellular pathways and processes16–19. Interestingly, all muta-
tions associated with PNH mapped to the HECT domain (Fig. 1f), and 
relevance of their pathogenic effect was suggested by the high degree 
of conservation of the affected residues (Supplementary Fig. 2a), bio-
informatics predictions (from the MutationTester tool) and structural 
modeling of the HECT domain (Supplementary Fig. 2b–j).

Functional effects of wild-type NEDD4L and NEDD4L mutants
We first analyzed the expression of Nedd4l during mouse brain  
development. As illustrated in Supplementary Figure 3a (in situ hybridi-
zation at embryonic day (E) 15), Nedd4l transcripts were homogenously 
distributed in the cortical plate, ventricular zone and ganglionic emi-
nences. Moreover, analysis of Nedd4l expression by real-time qPCR in 

developing mouse cortex from E12.5 to E18.5 showed a peak of expres-
sion at E16.5 (Supplementary Fig. 3b), a developmental stage character-
ized by both proliferation and migration.

To assess the cellular consequences of PNH-related mutations, we 
transfected N2A cells with cDNA constructs for wild-type NEDD4L 
and three different mutants and compared expression levels and  
localization by immunofluorescence (Fig. 2). We found that wild-type 
NEDD4L was highly expressed (Fig. 2a and Supplementary Fig. 4), 
and its localization was in line with what was previously reported20. In 
contrast, PNH-related mutant proteins were hardly detectable. Indeed, 
48 h after transfection, we only detected a faint signal, comparable to 
the background signal of cells transfected with control empty vector 
(Fig. 2a). Similar results were observed upon transfection of primary 
cultured mouse neurons (Supplementary Fig. 4). We also confirmed 
the lack of mutant NEDD4L expression by immunoblotting using 
protein extracts from transfected N2A cells (Fig. 2b). In view of these 
results, we hypothesized that PNH-associated mutants are unstable 
and examined NEDD4L protein expression in transfected cells treated 
with the proteasome inhibitor MG132. We observed by immunofluo-
rescence and immunoblot experiments high levels of expression of 
PNH-related NEDD4L mutants (Fig. 2a,b).

To further ascertain that the instability of NEDD4L mutant proteins 
represents a disease-relevant phenotype, we tested the expression of three 
control variants reported in the ClinVar and/or Exome Aggregation 
Consortium (ExAC) databases. Referring to NM_001144967, these 
variants are c.698C>T, p.Ser233Leu; c.535T>A, p.Ser179Thr and 
c.2614G>A, p.Gly872Ser (located in the HECT domain). Cellular 
localization and expression levels for the different control versions 
of NEDD4L constructs were similar to those of wild-type NEDD4L 
(Supplementary Fig. 5a,b).

To strengthen the implication of a post-transcriptional mechanism, 
we analyzed the expression of NEDD4L transcripts by qRT–PCR using 

table 1 summary of clinical and neuroimaging features of patients harboring NEDD4L mutations

Patients with PNH
P158 c.2690G>A  

p. Arg897Gln
P347 c.2677G>A  

p.Glu893Lys P347-II.2 P347-II.3

BRC217 
c.2677G>A 
p.Glu893Lys

PNC c.2677G>A 
p.Glu893Lys

Pnh31124 
c.2082G>T 
p.Gln694His

DDDP110533 
c.2036A>G  
Tyr679Cys

Inheritance De novo
Maternal  

mosaicism
Maternal  

mosaicism De novo De novo De novo De novo
Sex M F M F F F M

Birth (GW) 40 41 41 41 38 Full term 40

Birth weight 3,750 3,160 NA 3,120 3,360 NA 3,000

Syndactyly + + + + − + +

Hypotonia + (at birth) NA NA ++ (at 2 months) + (axial hypotonia  
at 34 months)

+ + (unable to sit or walk 
at 6 years)

Cleft palate − + Bifid uvula + + + + (with micrognathia)

Age at last examination 6 years 12 years 2 years 4 months 4 years 8 months 6.2 years

HC (cm) 54 (+1.5 s.d.) 50 (−2.4 s.d.) 49.8 (+0.7 s.d.) 39 (−1.2 s.d.) 48 (−1.2 s.d.) 43 (−1 s.d.) 49.7(−2.32 s.d.)

Height (cm) 1.08 (−1.5 s.d.) 125 (−3.5 s.d.) 88 (+0.8 s.d.) 61 (M) 100 (+2 s.d.) 68 (−0.5 s.d.) NA

Weight (kg) 16.5 (−1.5 s.d.) 25 (−2.5 s.d.) 10.9 (+0.7 s.d.) 5.29 (−1.1 s.d.) 14 (−0.8 s.d.) 7.6 (−2 s.d.) 20 (−0.51 s.d.)

Developmental delay + + (severe) + (severe) + + + + (severe)

Seizures − + (late onset) + − − + (IS at 5 months) +

Brain MRI findings At 8 years At 9 months At 2 months At 12 months At 7 months At 8 months At 8 months

PNH + (bilateral) + (bilateral) + (bilateral) + (bilateral) + (bilateral) + (bilateral) + (bilateral)

CC anomalies − − − Dysmorphic Dysmorphic − −

Cortex anomalies − Cerebral atrophy − Frontal cortical 
dysplasia

PMG − −

Cerebellum anomalies − − − − − − −

Other Myopia Optic atrophy  
Hearing  

impairment

Convergent  
Strabismus  

cryptorchidism

Hearing  
impairment,

Dysmorphic 
features

Abnormal visual 
evoked potentials, 
optic nerve pallor

Arthrogyposis,  
cryptorchidism, ptosis, 

complex strabismus

PNH, periventricular nodular heterotopia; PMG, polymycrogyria; CC, corpus callosum; GW, gestational week; HC, head circumference; IS, infantile spasm; NA, not available; +, 
present; −, absent. Transcript NM_001144967.2 (ENST00000400345) and protein Q96PU5 were used for annotation of nucleotide and protein changes, respectively.

http://www.ncbi.nlm.nih.gov/nuccore/NM_001144967
http://www.ncbi.nlm.nih.gov/nuccore/NM_001144967.2
http://www.ncbi.nlm.nih.gov/protein/Q96PU5
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cotransfected reporter GFP as a normalizer. We found that wild-type 
NEDD4L transcript levels were approximately 1.5- to 2-fold higher than 
mutant levels (Supplementary Fig. 6), a range of difference that does 
not explain the almost complete absence of the mutant proteins.

Because all the mutations map to the catalytic HECT domain of the 
NEDD4L E3 ligase and lead to protein instability, we sought to assess 
the consequences of disease-causing variants for enzymatic activity 
and self-ubiquitination. To this end, we focused on the Arg897Gln 
mutant and compared by two different approaches the ubiquitination 
ability of wild-type NEDD4L and the mutant.

First, to test specifically for NEDD4L ubiquitination, we transfected 
N2A cells with cDNA constructs encoding N-terminally V5-tagged 
NEDD4L, immunoprecipitated NEDD4L from lysates using antibody 
to V5 and immunoblotted with an antibody to ubiquitin to detect 
conjugation of ubiquitin. Long exposure times for the immunoblots  
showed a high-molecular-mass smear mainly representing self- 
ubiquitinated wild-type and mutant NEDD4L. Interestingly, despite 
the instability of the V5-tagged mutant protein and its low amount, 
the intensity of the smear detected by antibody to ubiquitin was com-
parable to that for the wild-type protein (Supplementary Fig. 7a).
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Figure 2 Expression and cellular localization of wild-type and mutant NEDD4L. (a) Tomato/DAPI and NEDD4L detection in N2A cells transfected 
with empty vector or cDNA constructs encoding wild-type (WT) or mutant NEDD4L. For each construct, cultured cells were treated with either DMSO 
or MG132. NEDD4L immunostaining shows a cytoplasmic distribution with enrichment in the periphery of N2A cells for wild-type NEDD4L, whereas 
the Gln694His, Glu893Lys and Arg897Gln mutants are not detectable. Scale bar, 50 µm. (b) Immunoblots using protein extracts from N2A cells 
transfected with constructs encoding wild-type and mutant NEDD4L and cultured in the presence of either DMSO or MG132. Blots show lack of 
expression of PNH-associated mutants, while transfection for wild-type NEDD4L led to a high level of expression for NEDD4L protein. Note that  
PNH-associated NEDD4L mutants become detectable upon treatment of N2A cells with MG132.
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Second, we compared the ubiquitination ability of immunopurified 
V5-tagged NEDD4L (wild type and mutant) in an in vitro assay using 
recombinant E1 and E2 (UbcH7) enzymes with or without ubiquitin.  
In the presence of ubiquitin, both wild-type and mutant NEDD4L 

exhibited ubiquitination activity as illustrated by the high-molecular-mass 
smear detected by antibody to NEDD4L (Supplementary Fig. 7b).

To further confirm and better visualize the ubiquitination  
activity of the NEDD4L mutant, we performed another series of 
immunoprecipitation and in vitro assays and immunoblot analysis 
in which we loaded four times less protein products to the assay with 
wild-type NEDD4L than to the one with mutant NEDD4L (Fig. 3). 
Although accurate comparison of wild-type and mutant NEDD4L 
ubiquitination activities is difficult, both immunoprecipitation  
(Fig. 3a) and in vitro ubiquitination (Fig. 3b) approaches showed that 
mutant NEDD4L induced a high-molecular-mass smear detected with 
antibodies to V5 and NEDD4L.

These results suggest that the ubiquitination activity of  
mutant NEDD4L is preserved and possibly enhanced if we take into 
account the substantial level of ubiquitination activity despite the 
instability of the protein.

At first sight, the fact that PNH-related NEDD4L mutants are 
unstable led us to consider a haploinsufficiency mechanism. However, 
previously reported findings and our data made this hypothesis 
questionable. For instance, postmitotic neurons deficient for both 
Nedd4-1 and Nedd4l (analyzed in conditional double-knockout  
mice) migrate properly to the cortical plate21. Also, neuronal migra-
tion disorders and PNH are not among the features associated with 
haploinsufficiency resulting from heterozygous copy number vari-
ations (CNVs) reported in DECIPHER databases. Moreover, one 
stop-gain and three frameshift mutations were reported in the ExAC 
data set from which individuals affected by severe pediatric disease 
have been excluded. Finally, we used an in utero RNA interference 
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Figure 3 Ubiquitination activity of mutant NEDD4L. (a) Immunoprecipitation 
assay (IP; using antibody to V5 to precipitate tagged NEDD4L), with 
precipitates analyzed by immunoblot (IB) using antibodies to ubiquitin 
and V5 to detect ubiquitinated NEDD4L (FT, flow through). (b) Analysis of 
NEDD4L ubiquitination activity in an in vitro assay using wild-type and 
mutant NEDD4L immunopurified from the lysates of transfected N2A 
cells and incubated with ATP, E1 enzyme and E2 (UbcH7) enzyme with 
(+) or without (−) ubiquitin (Ub). Reaction mixtures were analyzed by 
immunoblotting with antibodies to V5 and NEDD4L. Note that, because 
of the instability of mutant NEDD4L and the resulting imbalance in the 
amounts of wild-type and mutant NEDD4L and corresponding immunoblot 
signals, as shown in supplementary Figure 7, immunoblot analysis was 
performed using four times less reaction mixture for wild-type NEDD4L 
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Figure 4 Effect of wild-type and mutant NEDD4L on neuronal position and progenitor proliferation. (a) Coronal sections of mouse brains at E18.5,  
4 d after IUEP with empty vector, wild-type NEDD4L or mutant NEDD4L constructs in combination with a Tomato reporter construct. CP, cortical  
plate; IZ, intermediate zone; VZ/SVZ, ventricular zone/subventricular zone. Scale bar, 100 µm. (b) Fluorescent neurons were quantified in the regions 
highlighted in a: VZ/SVZ: empty vector (EV) vs. Glu893Lys, P = 0.0078; IZ: EV vs. WT, P < 0.0001, EV vs. Glu893Lys, P < 0.0001, EV vs. Arg897Gln, 
P < 0.0001; CP: EV vs. WT, P < 0.0001, EV vs. Glu893Lys, P < 0.0001, EV vs. Arg897Gln, P < 0.0001. Bars represent the means of fluorescent 
neurons ± s.e.m. of independent brains (EV, n = 4; WT, n = 3; Glu893Lys, n = 4; Arg897Gln, n = 3). (c) Immunofluorescence staining of NEDD4L in 
Tomato-positive neurons in the intermediate zone of E18.5 brains electroporated at E14.5 with NEDD4L constructs. Scale bar, 5 µm. (d) Percentage  
of electroporated neurons positive for the PH3 marker against all electroporated cells (mitotic index) in the ventricular zone as in a (supplementary  
Fig. 9d): EV vs. WT, P < 0.0001, EV vs. Glu893Lys, P = 0.0021, EV vs. Arg897Gln, P = 0.0001. Numbers of analyzed brains are as follows: EV, n = 4; WT, n = 3;  
Glu893Lys, n = 4; Arg897Gln, n = 3). Error bars, s.e.m. (e) Quantification of Pax6+Tomato+ and Tbr2+Tomato+ cells in the ventricular zone/subventricular  
zone as in a (supplementary Fig. 9e) 2 d after electroporation at E14.5: Pax6: EV vs. Glu893Lys, P = 0.0003, EV vs. Arg897Gln, P = 0.0001;  
Tbr2: EV vs. Glu893Lys, P = 0.0147, EV vs. Arg897Gln, P = 0.0014 (EV, n = 4; WT, n = 3; Glu893Lys, n = 4; Arg897Gln, n = 3). Error bars, s.e.m.  
*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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approach to analyze the consequences of Nedd4l downregulation 
on cortical neuronal migration in mice and found no significant 
difference between embryo brains transfected with short hairpin 
RNA (shRNA) targeting Nedd4l and scrambled shRNA control 
(Supplementary Fig. 8a,b).

In view of these convergent arguments, we then sought to study 
the consequences of PNH-related mutations for neurodevelopmental 
processes. We used an in utero electroporation (IUEP) approach and 
compared the consequences of expression of wild-type NEDD4L and 
mutants (Glu893Lys and Arg897Gln) for neuronal positioning, neu-
ronal progenitor proliferation and terminal translocation. To assess 
effects on projection neuron positioning, we electroporated NEDD4L 
constructs in combination with Tomato reporter construct into pro-
genitor cells located in the ventricular zone of E14.5 mouse neocortices 
and analyzed embryo brains 4 d later (E18.5). In E18.5 brain sections, 
we observed that neurons electroporated with the empty vector reached 
the cortical plate (Fig. 4a,b). However, IUEP of wild-type NEDD4L and 
PNH-related mutants induced significant arrest of cells within the ven-
tricular zone and subventricular zone and intermediate zone with cor-
responding depletion in the cortical plate (Fig. 4a,b). We also assessed 
the effect on neuron positioning at postnatal day (P) 2 and highlighted 
differences that paralleled those observed at E18.5. Whereas neurons 
electroporated with empty vector were mainly located in superficial 
layers II–IV of the cortical plate, we found that neurons electroporated 
with constructs for wild-type NEDD4L and PNH-related mutants were 
abnormally distributed in the white matter and in layers V and VI of 
the cortical plate (Supplementary Fig. 9a,b).

As our cellular data suggested that PNH-related NEDD4L mutants 
are unstable, we also assessed whether the same effect could be 
observed in vivo in electroporated migrating neuronal cells. We found 
that cells electroporated with construct for wild-type NEDD4L exhib-
ited strong cytoplasmic immunolabeling (Fig. 4c and Supplementary 
Fig. 9c), consistent with a high level of NEDD4L expression. However, 
in neurons electroporated with mutant constructs, we only detected 
a faint signal that could correspond to endogenously expressed 
NEDD4L (Fig. 4c and Supplementary Fig. 9c).

To study terminal translocation22–25, we conducted IUEP of the 
different constructs at E14.5 and collected brains 6 d later (P2) from 
the pups. We then assessed the distribution of electroporated neurons 
with a leading process adhering to the extracellular matrix (ECM)  in 
the region previously defined as the primitive cortical zone (PCZ)24, 
and in the upper and lower Cux1 regions corresponding to two equal 
parts of the remaining Cux1-positive layer (Supplementary Fig. 10). 
We found that expression of wild-type and mutant NEDD4L led to an 
abnormal distribution of neuronal cells with a deviating enrichment 
in the lower Cux1 region (Supplementary Fig. 10), suggesting that 
terminal translocation was disrupted.

To test the consequences of the NEDD4L mutations on apical and 
basal progenitor proliferation, we performed IUEP at E14.5 and col-
lected embryos 48 h later for immunohistochemistry using antibodies 
against PH3, Pax6, Tbr2 and Ki67. We found a significantly higher per-
centage of Tomato-positive and PH3-positive co-labeled cells express-
ing wild-type protein or HECT-domain mutants in the ventricular 
zone when compared to Tomato-positive cells expressing the control 
empty vector (Fig. 4d and Supplementary Fig. 9d). These results sug-
gested an increased mitotic index of apical progenitors electroporated 
with wild-type NEDD4L and PNH-related mutants. We also quantified 
electroporated Pax6-positive and Tbr2-positive cells in the ventricu-
lar zone and subventricular zone and found an increased number of 
these cell populations only in brains electroporated with PNH-related 
mutant constructs (Fig. 4e and Supplementary Fig. 9e).

To assess the pool of proliferating cells, we evaluated cells positive for 
both Tomato and Ki67 in the ventricular zone and subventricular zone; 
in both regions, we did not observe any differences following electro-
poration with control empty vector and cDNA constructs encoding 
wild-type and mutant NEDD4L (Supplementary Fig. 9f,g).

We also performed immunohistochemistry against the Cux1 
marker at E18.5 and observed that arrested neurons electroporated 
with wild-type NEDD4L or PNH-related mutants expressed Cux1, 
indicating that misplaced neurons in deep layers of the cortex are 
differentiated and fated for upper layers (Supplementary Fig. 9h).

Finally, we labeled brain slices (E16.5 and E18.5) with anti-
body to cleaved caspase-3 to evaluate cell death rate and found no  
difference following electroporation with the different constructs 
(data not shown).

Pathways disrupted by wild-type and mutant NEDD4L  
causing PNH
Although the best known target of NEDD4L is the epithelial sodium 
channel (ENaC), shown to be involved in Liddle syndrome, a heredi-
tary hypertension caused by elevated ENaC activity26, compelling 
evidence demonstrating crucial regulatory roles of NEDD4L in devel-
opmental processes has recently emerged19,27. In this study, we sought 
to investigate the consequences of wild-type and mutant NEDD4L 
on mTOR-dependent pathways for the following main reasons.  
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Figure 5 Wild-type NEDD4L and PNH-related mutants induce 
deregulation of mTORC1 and AKT activities. (a,b) Representative 
immunoblots using protein extracts from N2A cells transfected with  
empty vector or constructs for wild-type and mutant NEDD4L, showing  
the effect of wild-type and mutant NEDD4L on the levels of 
phosphorylated S6 (p-S6; reflecting mTORC1 activity) (a) and 
phosphorylated Akt (p-Akt; Thr308/Ser473) (b). (c) Histograms of 
densitometric measurements illustrating S6 and Akt phosphorylation. 
Data represent means ± s.e.m. from three independent experiments 
(Online Methods and supplementary table 2). *P ≤ 0.05, **P ≤ 0.01, 
***P ≤ 0.001, ****P ≤ 0.0001.
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First, in view of the association of MCD and distal-limb abnormalities 
observed in patients described in this study, we wondered whether 
these developmental abnormalities represent a particular condition  
in the wide range of developmental brain and body disorders caused 
by dysfunctions of the interdependent phosphatidylinositol 3-kinase 
(PI3K)–AKT–mTOR pathways5,14. Second, among the many iden-
tified signaling pathways that modulate neuronal migration, the 
recently reported insights linking neuronal migration deficit in 
tuberous sclerosis complex (TSC) pathology with a cascade involving  
mTOR signaling, E3 ubiquitin ligase Cul5 expression and Dab1 
expression28 also led us to consider a potential effect of NEDD4L on 
mTOR and Dab1 signaling pathways. Third, NEDD4L was recently 
identified as a critical player in regulation of the crosstalk between 
PI3K–mTORC2 and TGF-β–activin–Smad2–Smad3 (Smad2/3)  
signaling pathways29,30.

Therefore, we first tested by cellular and immunoblot assays the 
effect of wild-type and mutant NEDD4L on mTORC1, Akt and 
Smad2/3 signaling activities. Following transfection of N2A cells with 
constructs for wild-type NEDD4L and PNH-associated mutants, we 
observed an increased level of phosphorylated S6 (Ser240/Ser244) 
that reflects elevated mTORC1 signaling activity (Fig. 5a,c). In con-
trast, for Akt, only PNH-associated NEDD4L mutants were associated 
with significantly increased levels of Akt forms phosphorylated at 
Thr308 and Ser473 (Fig. 5b,c).

To reinforce the relevance and specificity of NEDD4L mutant 
expression to the above highlighted findings, we tested the effect of 
the three control variants on S6 and Akt phosphorylation and found 

that overexpression of the three NEDD4L variants was associated with 
a phosphorylation pattern that was similar to the one with wild-type 
NEDD4L (Supplementary Fig. 5b).

For Smad2/3 activity, we tested the effect of wild-type and 
Arg897Gln NEDD4L under the basal condition and upon activation  
of the TGF-β pathway by activin A on the expression levels of Smad2 
phosphorylated at Ser465/Ser467, Smad3 phosphorylated at Ser423/
Ser425 and Akt phosphorylated at Ser473. Under the basal condition, 
we found that overexpression of wild-type NEDD4L had no effect 
on the activation level of Smad2/3, whereas expression of mutant 
NEDD4L was associated with a substantial increase in the levels of 
phosphorylated Smad2/3 (Supplementary Fig. 11). Upon activa-
tion by activin A of the TGF-β pathway, we found that overexpres-
sion of wild-type NEDD4L was associated with an increase in the 
levels of phosphorylated Akt and Smad2/3, whereas expression of 
the NEDD4L mutant was associated with a substantial decrease in 
the levels of phosphorylated Akt and stable levels of phosphorylated 
Smad2/3 (Supplementary Fig. 11). Collectively, these results sug-
gested that expression of the NEDD4L mutant leads to disruption 
of the regulated crosstalk between Akt and Smad2/3 signaling in 
activin–TGF-β pathways.

To assess the in vivo contributions of these pathways to the devel-
opmental defects described above, we used an IUEP approach in 
combination with treatment with rapamycin (a well-known mTORC1 
inhibitor) on pregnant mice and analyzed the effect on projection neu-
ron positioning. Interestingly, in E18.5 brain sections from embryos 
electroporated at E14.5 with wild-type NEDD4L and subjected to 
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Figure 6 Effect of rapamycin treatment on neuronal positioning and Dab1 localization. (a) Confocal microscopy images of coronal sections from E18.5 
brains electroporated at E14.5 with empty vector or constructs for wild-type and mutant NEDD4L together with a Tomato reporter vector. After IUEP, 
pregnant mice were treated with either vehicle (DMSO) or rapamycin (0.5 mg/kg/d). Scale bar, 100 µm. (b) Electroporated neurons were quantified 
in the regions indicated in a: VZ/SVZ: WT DMSO vs. WT rapamycin, P = 0.012, IZ: WT DMSO vs. WT rapamycin, P < 0.0001, Glu893Lys DMSO vs. 
Glu893Lys rapamycin, P = 0.0377, Arg897Gln DMSO vs. Arg897Gln rapamycin, P = 0.0004; CP: WT DMSO vs. WT rapamycin, P < 0.0001,  
Arg897Gln DMSO vs. Arg897Gln rapamycin, P = 0.0013. Bars represent the means of electroporated neurons in each region ± s.e.m. from three 
independent brains. (c) Immunolabeling of Dab1 on cortical slices at E18.5 from the brains of embryos subjected to DMSO or rapamycin treatment. 
Panels to the right of each coronal section are higher-magnification views of the regions enclosed in white boxes in the cortical plate (1) and 
intermediate zone (2) showing the distribution of Dab1. In arrested neurons electroporated with construct for wild-type NEDD4L from non-treated  
mice, note the specific pattern of Dab1 distribution and its enrichment in the periphery of the cytoplasm (mainly in arrested neurons of the intermediate 
zone and, to a lesser extent, neurons of the cortical plate). Scale bars, 100 µm and 10 µm (higher-magnification images). *P ≤ 0.05, **P ≤ 0.01,  
***P ≤ 0.001, ****P ≤ 0.0001.
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rapamycin treatment, we found clear rescue of the neuronal position-
ing defect with a distribution of electroporated cells across the cortex 
similar to what was observed in embryos electroporated with control 
empty vector (Fig. 6a,b). For this latter condition, the distribution  
of neuronal cells with or without rapamycin treatment was similar 
(Fig. 6a,b). However, rapamycin treatment induced only a partial 
rescue of the neuronal position defect resulting from IUEP with 
constructs for PNH-related mutants (Fig. 6a,b). We found that the 
number of Tomato-positive neurons with delayed migration was 
reduced in the intermediate zone, while the number of neurons that 
reached the cortical plate was significantly increased (Fig. 6a,b). We 
also analyzed the expression of NEDD4L in neuronal cells that reached 
the cortical plate after rapamycin treatment and found an absence of 
NEDD4L expression in neurons electroporated with constructs for 
PNH-associated mutants (data not shown), whereas neurons electro-
porated with construct for wild-type NEDD4L still expressed a high 
level of NEDD4L (Supplementary Fig. 12).

We then analyzed brain sections by immunohistochemistry using 
antibodies against Dab1 and assessed whether rapamycin-rescued 
neuronal position correlates with relevant changes in Dab1 expression 
and distribution in electroporated neurons. In arrested neuronal cells 
electroporated with construct for wild-type NEDD4L, we found strik-
ing labeling suggesting enrichment and nearly exclusive localization 
of Dab1 in the periphery of the cytoplasm, a distribution that is easily 
distinguishable from the diffuse pattern found in neurons electropo-
rated with empty vector or mutant constructs (Fig. 6c). Interestingly, 
following rapamycin treatment, in the predominant pool of neurons 
that reached the cortical plate and that still expressed a high level 
of wild-type NEDD4L, we found restoration of the diffuse pattern 
of Dab1 localization (Fig. 6c). However, in neurons electroporated 
with constructs for PNH-associated mutants, no significant change in 
Dab1 cellular localization was observed, either in misplaced neurons 
or in the rescued neurons that reached the cortical plate (Fig. 6c).

DISCUSSION
Our findings demonstrate the critical role of NEDD4L in the regu-
lation of processes involved in cortex development and implicate 

mutations in the HECT domain of NEDD4L in PNH. We report the 
identification of one transmitted and five de novo mutations in seven 
patients (two siblings and five unrelated patients) with a common dis-
tinguishable phenotype characterized by PNH, intellectual disability, 
cleft palate and syndactyly (in six of seven patients). All mutations 
associated with this phenotype are located in the region of NEDD4L 
encoding the HECT domain of the E3 ubiquitin ligase NEDD4L, and 
one of these mutations, c.2677G>A, p.Glu893Lys, is a recurrent muta-
tion that was found in three unrelated families (Table 1).

One of the intriguing effects of the PNH-related mutations was 
the likely increase in sensitivity of the corresponding mutants to 
proteasome degradation. To explain this sensitivity, we propose the 
hypothesis illustrated by the model in Figure 7a. Mutations causing 
amino acid changes in the HECT domain could lead to conformation 
changes and constitutive activation of catalytic function, which in 
turn could trigger autoubiquitination of NEDD4L mutant variants 
and their degradation. This hypothesis is based on previously reported 
studies suggesting that catalytic activity, including autoubiquitination 
of HECT E3 ligases, is dependent on NEDD4L conformation31–34.

With the model of constitutive activation due to mutations in the 
HECT domain, one could expect not only autoubiquitination but 
also aberrant ubiquitination of other NEDD4L substrates, whereas 
a conventional loss-of-function mechanism is expected to lead to a 
deficit in ubiquitination activity. Moreover, despite autoubiquitina-
tion and degradation, the predicted state of constitutive activation for 
NEDD4L mutants could mimic the increased activity resulting from 
the overexpression of wild-type NEDD4L. This model could therefore 
reconcile, at least partially, the apparent discrepancy regarding the 
observed similar neurodevelopmental defects resulting from IUEP of 
stable wild-type NEDD4L and the unstable NEDD4L mutants.

Another finding that was observed with wild-type and mutant 
NEDD4L corresponds to a positioning defect of postmitotic neuro-
nal cells. In the misplaced neuronal cells overexpressing wild-type 
NEDD4L, we observed a distinct pattern of Dab1 distribution. It is 
worth mentioning that this finding is in line with previously reported 
studies that demonstrated association between excess nucleocytoplas-
mic Dab1 in the cytoplasm of postmitotic neurons and its inhibitory 
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Figure 7 Models depicting the consequences of PNH-related mutations for NEDD4L stability and PI3K–Akt–mTOR and TGF-β–Smad pathways.  
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effect on neuronal migration35. In arrested neuronal cells electropo-
rated with NEDD4L mutants, the unchanged distribution of Dab1 sug-
gests that the neuronal migration defect caused by NEDD4L mutants 
could be mediated by a mechanism divergent from the one disrupted by 
overexpression of wild-type NEDD4L. In favor of this view is evidence 
suggesting that excess wild-type NEDD4L is associated with the disrup-
tion of signaling pathways regulated by mTORC1 and Dab1. In contrast, 
PNH-related mutants might act through deregulation of mTORC1, Akt, 
mTORC2 and TGF-β–Smad2/3 pathway activities (Fig. 7b). Although 
further investigations are required to define the exact mechanisms by 
which NEDD4L overexpression and variants affect these pathways, 
these hypotheses are supported by a recent study showing that NEDD4L 
catalyzes ubiquitination of PIK3CA and regulates PI3K–AKT signal-
ing35 and by our rapamycin-based experiments. Indeed, the consistent 
rescue of the neuronal position defect and restoration of the cellular 
distribution of Dab1 by rapamycin treatment suggest that the migra-
tion and positioning defects induced by overexpression of wild-type 
NEDD4L could be mediated by mTORC1 pathway deregulation.

For PNH-related mutants, in addition to the increased activity of 
mTORC1, the deregulation of Akt and Smad2/3 activities under basal 
conditions and upon TGF-β activation provides an interesting entry 
point to understand further the role of NEDD4L in the regulation 
of neurodevelopmental processes underlying cortical development 
and the established implication of PI3K–AKT signaling pathways in 
a large spectrum of neurodevelopmental syndromes caused by acti-
vating mutations in AKT3, PIK3R2 and PIK3C, some of which are 
associated with phenotypic features of MCD5,14,36,37.

As a whole and to the best of our knowledge, we have for the first 
time shown that mutations in NEDD4L altering the HECT domain 
are associated with PNH and that excess NEDD4L is likely to be del-
eterious for brain development and functioning. This latter finding 
therefore provides a basis for a better understanding of phenotypes 
associated with duplications encompassing NEDD4L. In this study, 
we also reported evidence highlighting the disruptive consequences 
of NEDD4L mutations on the AKT–mTOR and TGF-β–Smad2/3 sig-
naling pathways. Moreover, our study identified a potential novel 
disease-causing molecular mechanism, in which missense muta-
tions might lead to a constitutively active state and loss of the mutant  
protein, but with functional consequences that are different from 
constitutive haploinsufficiency.

URLs. Exome Aggregation Consortium (ExAC), http://exac. 
broadinstitute.org/; MutationTester, http://www.mutationtaster.org/; 
DECIPHER, https://decipher.sanger.ac.uk/; Epi4K Consortium,  
http://www.epgp.org/; Deciphering Developmental Disorders Study, 
http://www.ddduk.org/; SubRVIS, http://www.subrvis.org/; Phyre web 
portal, http://www.sbg.bio.ic.ac.uk/phyre2/.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Human NEDD4L (NM_001144967), mouse Nedd4l 
(NM_001114386). ClinVar accessions: SCV000267106–SCV000267109.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Subjects, whole-exome sequencing and variant validation. Blood or DNA 
samples from affected individuals and their parents and informed consent were 
obtained from all participants in accordance with site-specific institutional 
review boards. Written consent was obtained to publish patient photographs. 
For the selected 15 patients with PNH in association with developmental delay 
and/or epilepsy, 3 of the 15 patients also had PMG. For all patients, mutations 
in known PNH-related genes (FLNA, ARFGEF2 and C6orf70) and patho-
genic copy number variations (CNVs) had previously been excluded. DNA 
processing, library generation, exome enrichment and whole-exome sequenc-
ing in trios comprising affected subjects and their parents were performed 
and data were analyzed at the French National Centre for Genotyping (CNG, 
Evry, France), the Paris Descartes Bioinformatics platform and the Sanger 
Sequencing Centre as previously described13,14,38. Available genomic databases 
(dbSNP, 1000 Genomes Project, Exome Variant Server, Exome Aggregation 
Consortium and a local Paris Descartes Bioinformatics platform database) 
were used to filter exome variants and exclude variants with a frequency 
greater than 1%. De novo variants were analyzed by PCR and direct Sanger 
sequencing using DNA from patients and their parents. In the family with two 
affected siblings and suspected maternal somatic mosaicism, confirmation and 
estimation of the percentage of cells bearing the variant was performed by the 
droplet digital PCR approach (QX100 Droplet Digital PCR System, Bio-Rad 
Life Science Research) using DNA extracted from the peripheral blood of all 
members of the family (the two patients, the parents and the unaffected indi-
vidual) and primers specific to the variant and wild-type sequences. Data were 
analyzed with QuantaSoft v.1.4 software (Bio-Rad Life Science Research).

Protein modeling. Amino acid substitutions were plotted onto the solved 
protein structure for the catalytic domain of the human NEDD4-like E3 ligase 
using the Phyre web portal. Models were built by homology modeling using 
Research Collaboratory for Structural Bioinformatics Protein Data Bank 
(PDB) code 2ONI. The images in Supplementary Figure 2 were rendered 
using Chimera.

Cloning and plasmid constructs. Human untagged NEDD4L cDNA  
(NM_001144967.1) cloned into pCMV6-Entry vector (SC326303) was purchased  
from Origene. Mutations were introduced by site-directed mutagenesis  
using the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies). 
Wild-type and mutated cDNAs encoding human NEDD4L were then inserted 
into the multiple-cloning site of psiSTRIKE vector under the control of the 
CAG promoter, pCDNA3-nV5. For IUEP experiments, psiSTRIKE-NEDD4L 
vectors were electroporated in combination with a pCAGGS-IRES-Tomato 
vector to visualize electroporated cells.

For RNA interference (RNAi) experiments, a 29-mer sequence targeting 
mouse Nedd4l mRNA and a HuSH 29-mer non-effective shRNA scrambled 
cassette, both commercially designed and provided by Origene in the p-GFP-
V-RS vector (TG505433), were inserted into psiSTRIKE vector under the 
control of the U6 promoter. The Nedd4l shRNA directed against the coding 
sequence was checked for specificity in sequence databases. Because of the very 
low level of expression of NEDD4L, efficiency experiments were conducted 
using cotransfection with wild-type human NEDD4L cDNA and shRNA  
constructs in N2A cells and immunoblot analysis.

In situ hybridization. Mouse Nedd4l sense and antisense probes (nucleotides 
462 to 1,470 of transcript NM_001114386) were synthesized using T7 RNA 
polymerase (Roche) from pJET2.1-Nedd4l (nucleotides 462 to 1,470) and 
pJET2.1-Nedd4l (nucleotides 1,470 to 462) plasmids. Non-radioactive RNA 
in situ hybridization on frozen brain sections was performed as previously 
described39.

qRT–PCR. Total RNA was prepared from the brains of mouse embryos at 
different time points of development and from cultured transfected cells with 
TRIzol reagent (Thermo Fisher Scientific), and cDNA samples were syn-
thetized with SuperScript II Reverse Transcriptase (Invitrogen). qRT–PCR 
was performed in a LightCycler PCR instrument (Roche) using SYBR Green 
Master Mix (Roche). For transfection-based experiments, we used GFP as a 
normalizer (that is, systematically cotransfected as a reporter). For qRT–PCR 

of transcripts expressed from transfected cDNA constructs, RNA samples were 
treated with Turbo DNase (Ambion, Life Technology) to avoid amplification 
from plasmid DNA. Also, to ensure that we amplified transcripts expressed 
from transfected constructs, for each sample real-time qPCR (in triplicate) 
was performed using the cDNA reaction products obtained with or without 
reverse transcriptase and primers specific to NEDD4L and GFP.

Cell culture, transfections and immunofluorescence. Mouse neuroblastoma 
N2A cells were cultured in DMEM (Gibco) supplemented with 5% FCS and 
transfected using Lipofectamine 2000 (Invitrogen). MG132 (Calbiochem) was 
dissolved in DMSO solution buffer. DMSO was used as a control vehicle. Cells 
were treated with MG132 at a 10 µM concentration for 15 h before the end of 
culture. Expression of transfected genes was analyzed 48 h after transfection 
by immunocytochemistry and immunoblotting.

For primary cultures of neuronal cells, embryonic mouse cortical neurons 
(E17) were electroporated using the Amaxa mouse Nucleofector kit (Lonza) 
and maintained in Neurobasal medium supplemented with 2% B27, 1% 
glutamine and 1% penicillin-streptomycin. Cells were fixed in 4% parafor-
maldehyde 96 h after electroporation. Immunocytochemistry was performed 
according to standard procedures using antibody to Nedd4l (13690-1-AP, 
rabbit, Proteintech; 1:200 dilution) as the primary antibody and donkey anti-
rabbit IgG 647 (A-21208, Life Technologies; 1:800 dilution) as the secondary 
antibody. Results were observed and photographed using a TCS SP5 confocal 
microscope (Leica Microsystems).

Immunoblotting. Cells were lysed in RIPA buffer (50 mM Tris-HCl,  
pH 7.7, 0.15 M NaCl, 1 mM EDTA and 1% Triton X-100) supplemented with 
protease inhibitors (Roche) and phosphatases inhibitors (Sigma-Aldrich). 
Protein concentration was measured using Bio-Rad protein assay reagent. 
Samples were denatured at 95 °C for 10 min in loading buffer and then resolved 
by SDS–PAGE and transferred onto nitrocellulose membranes. Membranes 
were blocked in 5% nonfat milk in TBS buffer with 0.1% Tween and then 
immunoblotted using the following primary antibodies at the specified 
concentrations: Nedd4l (13690-1-AP, rabbit, Proteintech; 1:1,000 dilution), 
actin (mouse, IGBMC; 1:1,000 dilution), Akt-pSer473 (4060, rabbit, Cell 
Signaling Technology; 1:1,000 dilution), Akt-pThr308 (2965, rabbit, Cell 
Signaling Technology; 1:1,000 dilution), Akt (pan) (4691, rabbit, Cell Signaling 
Technology; 1:1,000 dilution), S6-pSer236/236 (2211, rabbit, Cell Signaling 
Technology; 1:1,000 dilution), S6 (2217, rabbit, Cell Signaling Technology; 
1:1,000 dilution), ubiquitin (sc-8017, mouse, Santa Cruz Biotechnology; 1:250 
dilution) and V5 (R96025, mouse, Invitrogen; 1:5,000 dilution). All immuno-
blot experiments consisted of at least three independent replicates.

Immunohistochemistry. Mouse embryo brains were fixed by incubation over-
night at 4 °C in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains 
were placed in a solution of 4% low-melting agarose (Bio-Rad) and cut into 
coronal sections (80 µm) using a vibrating-blade microtome (Leica VT1000S, 
Leica Microsystems). Sections were maintained in 0.01% azide in PBS buffer. 
For immunodetection, sections were blocked with 1× PBS with 2% normal 
donkey serum (Dominique Dutscher) and 0.3% Triton X-100 (PBS-T-NGS) 
for 30 min at room temperature. Primary antibodies were diluted in PBS-T-
NGS and incubated with sections overnight at 4 °C. The following primary  
antibodies were used: Dab1 (AB5840, rabbit, Millipore; 1:500 dilution), Cux1 
(sc-13024, rabbit, Santa Cruz Biotechnology; 1:100 dilution), Ki67 (IHC-00375, 
rabbit, Bethyl Laboratories; 1:250 dilution), NEDD4L (13690-1-AP, rabbit, 
Proteintech; 1:300 dilution), NeuN (MAB377, mouse, Millipore; 1:100 dilu-
tion), Pax6 (PRB-278P, rabbit, Covance; 1:200 dilution), PH3 (06-570, rabbit, 
Millipore; 1:500 dilution) and TBR2 (14-4875, rat, eBioscience; 1:200 dilution). 
After washes in 1× PBS, sections were incubated with Alexa Fluor–conjugated 
secondary antibodies (A-31573, donkey anti-rabbit IgG 647; A-21208, don-
key anti-rat IgG 488; A-21206, donkey anti-rabbit IgG 488; A-31571, donkey 
anti-mouse IgG 647; all from Life Technologies) diluted 1:500 in PBS-T for 
1.5 h at room temperature. Sections were washed and then mounted with 
Fluoromount-G mounting medium (Interchim). All images were acquired 
using a TCS SP8 confocal microscope (Leica Microsystems), and position-
ing analysis was achieved with ImageJ software (NIH) and proliferation  
analysis was performed with LAS AF software (Leica Microsystems). Graphs 
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were generated in GraphPad Prism 6 (GraphPad), and images were assembled 
with Adobe Photoshop 13.0.1 (Adobe Systems).

Ubiquitination assays. For immunoprecipitation assays, transfected cells were 
lysed with RIPA buffer supplemented with protease inhibitors (Roche), MG132 
(25 µM) and PR-619 (20 mM) and protein extracts were incubated with anti-V5 
agarose beads (A7345, Sigma) for 2 h at 4 °C under constant rotation in RIPA 
buffer. Immunoprecipitated proteins were eluted in Laemmli SDS buffer at  
95 °C and subjected to SDS–PAGE. For in vitro ubiquitination assays, immu-
nopurified NEDD4L from transfected N2A cells was incubated in reaction  
mixtures containing 200 nM E1 ubiquitin-activating enzyme (BostonBiochem), 
400 nM E2 ubiquitin-conjugating enzyme (UbcH7; BostonBiochem), 400 µM  
ubiquitin (Sigma) and 2 mM ATP in reaction buffer (25 mM Tris-HCl  
(pH 7.5), 50 mM NaCl, 0.1 µM DTT and 4 mM MgCl2). Reactions were  
incubated for 1 h at 30 °C and analyzed by immunoblotting with antibodies 
to ubiquitin, V5 and NEDD4L.

In utero electroporation. In utero electroporation was performed as described 
previously13,40 using Swiss mice (Janvier). Animal experimentations were  
performed at the IGBMC animal facilities. The study has Animal 
Experimentation Research Ethics Committee approval (2014-059). Briefly, 
timed pregnant mice (E14.5) were anaesthetized with isoflurane (2 l per min 
of oxygen, 4% isoflurane during sleep and 2% isoflurane during surgery; 
Minerve). The uterine horns were exposed, and a lateral ventricle of each 
embryo was injected using pulled-glass capillaries with Fast Green (2 µg/ml; 
Sigma) combined with a final concentration of 1 µg/µl of DNA constructs 
prepared with the EndoFree plasmid purification kit (Macherey Nagel). The 
expression vector pCAGGS-Tomato was systematically co-electroporated, and 
fluorescent Tomato protein was used to visualize electroporated cells. Plasmids 
were further electroporated into the neuronal progenitors adjacent to the  
ventricle by delivering five electric pulses at 50 V for 50 ms at 950-ms intervals 
using a CUY21EDIT electroporator (Sonidel). After electroporation, embryos 
were placed back in the abdominal cavity and development was allowed to 
continue until E16, E18 or P2. Embryo or pup brains were dissected and fixed 
in 4% paraformaldehyde in PBS overnight.

Rapamycin treatment. Rapamycin Ready-Made Solution (2.5 mg/ml  
in DMSO; Sigma) was previously diluted in PBS and then injected intra-
peritoneally at a concentration of 0.5 mg/kg daily from E15.5 to E17.5 into  
pregnant females electroporated at E14.5. Embryos were collected at  
E18.5 for analysis.

Statistics. All statistics were calculated with GraphPad Prism 6. Final counts 
are presented as the mean percentages ± s.e.m. One- or two-way ANOVA was 
performed for multiple comparisons followed by Dunnett’s or Sidak’s post-hoc 
tests, respectively, whereas unpaired two-tailed Student’s t tests were used for 
dual comparisons. P < 0.05 was considered significant: *P < 0.05, **P < 0.01,  
***P < 0.001, ****P < 0.0001. On the basis of previous IUEP experiments 
performed in our laboratory, we considered that at least three embryos per 
condition would be necessary. After histological examination, only brains 
with comparable electroporated regions and efficiencies were retained  
for quantification. Data distribution was not tested but was assumed to be 
normal. Blinding was not applied for data collection and analysis. Statistical 
details are included in Supplementary Table 2.

Exome sequencing data deposition. Exome sequencing data have been 
deposited in the database of Genotypes and Phenotypes (dbGaP) under study 
accession phs000653.v1.p1 for the Pnh31124 trio (proband EPGP012746) 
and the European Genome-phenome Archive (EGA) under accession 
EGAD00001001848 for the DDDP110533 trios. For the other patients analyzed 
by the whole-exome sequencing approach, no consent was obtained from the 
patients to deposit the data in a repository.

38. Wright, C.F. et al. Genetic diagnosis of developmental disorders in the DDD study: 
a scalable analysis of genome-wide research data. Lancet 385, 1305–1314 
(2015).

39. Cau, E., Gradwohl, G., Fode, C. & Guillemot, F. Mash1 activates a cascade of bHLH 
regulators in olfactory neuron progenitors. Development 124, 1611–1621 
(1997).

40. Kielar, M. et al. Mutations in Eml1 lead to ectopic progenitors and neuronal 
heterotopia in mouse and human. Nat. Neurosci. 17, 923–933 (2014).
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Abstract
De novo missense variants in the KIF2A gene have been reported to underlie malformations

of brain development called pachygyria and microcephaly. Though KIF2A is known as member
of the Kinesin-13 family involved in the regulation of microtubule end dynamics through its ATP
dependent MT-depolymerase activity, how KIF2A variants lead to brain malformations is still
largely unknown. Using cellular and in-utero electroporation approaches, we show here that KIF2A
disease-causing variants disrupts projection neuron positioning and interneuron migration, as well
as progenitors proliferation. Interestingly, further dissection of this latter process revealed that
ciliogenesis regulation is also altered during progenitors cell cycle. Altogether, our data suggest that
deregulation of the coupling between ciliogenesis and cell cycle might contribute to the pathogenesis
of KIF2A-related brain malformations. They also raise the issue whether ciliogenesis defects are a
hallmark of other brain malformations, such as those related to tubulins and MT-motor proteins
variants.
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Abstract
Genetic findings reported by our group and others showed that de novo missense variants in the KIF2A gene underlie
malformations of brain development called pachygyria and microcephaly. Though KIF2A is known as member of the
Kinesin-13 family involved in the regulation of microtubule end dynamics through its ATP dependent MT-depolymerase
activity, how KIF2A variants lead to brain malformations is still largely unknown. Using cellular and in utero electroporation
approaches, we show here that KIF2A disease-causing variants disrupts projection neuron positioning and interneuron
migration, as well as progenitors proliferation. Interestingly, further dissection of this latter process revealed that ciliogenesis
regulation is also altered during progenitors cell cycle. Altogether, our data suggest that deregulation of the coupling between
ciliogenesis and cell cycle might contribute to the pathogenesis of KIF2A-related brain malformations. They also raise the
issue whether ciliogenesis defects are a hallmark of other brain malformations, such as those related to tubulins and MT-
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Introduction
The formation of the complex architecture of the mammalian
cortex relies on coordinated developmental processes begin-
ning with an intense phase of progenitor’s proliferation in the
ventricular zone (VZ). Following this initial phase, waves of
committed post mitotic cells exit the cell cycle to undergo an
active phase of migration. Excitatory projection neurons origi-
nate from the VZ and subventricular zone (SVZ) and migrate
radially along the radial glia fibers throughout the cortical wall
to reach their final destination forming the laminar cortex.
Neurons finally differentiate and acquire identities to establish
cortical connectivity by axonal and dendritic extensions.

In humans, alterations in one of these processes can lead to
neurodevelopmental disorders including malformations of cort-
ical development (MCD) that represent frequent causes of intel-
lectual disability, psychomotor delay and severe epilepsy (1).

Among the genetic causes involved in MCD disorders, the
predominance of genes encoding microtubule (MT)-related pro-
teins is increasingly convincing. For example, mutations in LIS1
and DCX, both of which encode proteins involved in MT homeo-
stasis, are associated with a large spectrum of neuronal migra-
tion disorders encompassing agyria, pachygyria and laminar
heterotopias (2–5). In addition to DCX and LIS1 genes, the impor-
tance of MTs in the development of the cortex is reflected in the
finding that mutations in various tubulin genes, including a-
tubulin TUBA1A, b-tubulin TUBB2B, TUBB3 and TUBB and c-tubu-
lin TUBG1, cause a range of MCD syndromes, now referred to as
the tubulinopathies (6–11). These tubulin-related cortical dys-
geneses are thought to involve a combination of abnormal neu-
ronal proliferation, migration, differentiation and axonal
growth (7,9,10,12–14). More recently, we have reported through
whole-exome sequencing, mutations in genes encoding MT-
dependent motor proteins DYNC1H1, KIF5C and KIF2A in a wide
range of cortical and gyral pattern abnormalities associated
with microcephaly, reinforcing the idea that MT-dependent
mitotic and post-mitotic processes are major contributors to the
pathogenesis of MCD (10).

As far as KIF2A is concerned, several missense variants
(c.950G>A, p.Ser317Asn; c.959C>T, p.Thr320Ile; c.961C>G,
p.His321Asp and c.962A>C, p.His321Pro) located in the motor
domain of KIF2A were identified as being causative of MCD
(Supplementary Material, Fig. S2A). Individuals presented with
cortical gyration abnormalities and microcephaly (10,15,16),
highlighting the crucial role of KIF2A during cortical
development.

KIF2A belongs to the Kinesin-13 family which regulates MT
end dynamics through its ATP dependent MT-depolymerase
activity (17,18). Kinesin-13 proteins are largely described for
their critical roles during the cell cycle (19). KIF2A was shown to
be localized at spindle poles to control bipolar spindle assembly
and anaphase chromosome movements by destabilizing
minus-end MTs (20–24). In addition to its role in regulation of
the mitotic process, KIF2A is also implicated in various func-
tions in the nervous system. KIF2A is enriched in developing
neurons and predominantly accumulated in growth cones
where it is required for the regulation of axonal collateral
branching, as well as playing a role in axonal pruning (25–27).
Recently, KIF2A was shown to be a key regulator of primary cilia
disassembly through its MT-depolymerizing activity at the
mother centriole and this activity is regulated by the mitotic
kinase PLK1 that plays a crucial role in the coupling between
cilia disassembly and cell proliferation (28).

In order to better understand pathophysiological mecha-
nisms underlying MCD resulting from KIF2A dysfunction, we
investigated the consequences of KIF2A pathogenic variants on
cortical development. Here we provide evidence revealing that
KIF2A mutants lead to neurodevelopmental defects that com-
bine deregulation of neurogenesis and neuronal migration.
Importantly, we showed that KIF2A variants disrupt ciliogenesis
and the cell cycle of neuronal progenitors, suggesting the
involvement of these two cellular processes in KIF2A-related
MCD.

Results
KIF2A is expressed in the developing cerebral cortex

In view of previous observations showing that mutations in
KIF2A result in MCD in humans (10,15,16), and keeping in mind
that these pathologies are tightly associated with alterations in
cortical development (29), we first examined the expression pat-
tern of the KIF2A protein at different stages of brain corticogen-
esis in mice. KIF2A was detected throughout the cortical wall at
different developmental stages (E14, E16 and E18) with an
enrichment in the ventricular zone (VZ) and cortical plate (CP),
as shown by immunostainings against the endogenous protein
in coronal sections of mouse brains (Supplementary Material,
Fig. S1A), and in agreement with previous observations (30).
This expression remained ubiquitous but became more homo-
geneous at postnatal day 2 (P2) where a uniform staining
throughout the cortex was observed.

We then focused on embryonic day 16, a developmental
stage in which there is active cell proliferation and neuronal
migration. At this developmental stage, endogenous KIF2A is
expressed both in proliferating cells as well as in postmitotic
neurons, as shown by its localization in Pax6 positive radial glia
in the VZ (Supplementary Material, Fig. S1B) and b-III tubulin
(Tuj1) in the CP and intermediate zone (IZ) (Supplementary
Material, Fig. S1B). Taken together, MCD caused by KIF2A variant
as well as KIF2A expression profile in developing mouse cortex
suggest a role in different stages of corticogenesis.

Mutant KIF2A alters cortical neuronal positioning

To investigate the consequences of MCD-related KIF2A variants
p.Ser317Asn and p.His321Asp reported by our group (10)
(Supplementary Material, Fig. S2A), we used in utero electropora-
tion to induce the expression of different human KIF2A con-
structs combined with a Tomato reporter into cortical
progenitors of embryonic day 14.5 (E14.5) mouse embryos. First,
in line with previously reported data (10), we showed that in
utero electroporation of mutant KIF2A constructs leads to an
abnormal distribution of mutant proteins in migrating projec-
tion neurons (Supplementary Material, Fig. S2B). Whereas the
overexpressed wild type (WT) protein is mainly diffusely dis-
persed within the cytoplasm, mutant KIF2A localization resem-
bles that of MTs. This mislocalization was also observed in Cos7
cells overexpressing the p.His321Asp variant. While WT KIF2A
is dispersed within the cell, without any specific association to
MTs, the pathogenic form of KIF2A appears to be sequestered to
MTs. The mutant protein heavily co-localizes with tyrosinated-
tubulin, and is almost devoided from acetylated-tubulin, sug-
gesting a strong association with dynamic MTs (Supplementary
Material, Fig. S2C and D).

We then studied the consequences of the MCD-related KIF2A
mutants initially identified (p.Ser317Asn and p.His321Asp) on
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neuronal positioning. For this, we analysed the distribution of
electroporated projection neurons within the E18.5 cortical wall,
four days after in utero electroporation. At this stage, Tomato-
positive neurons expressing either of the two KIF2A mutants
were mainly clustered in the IZ, with very few neurons migrating
towards or reaching the cortical plate (Fig. 1A). On the other
hand, neurons expressing the wild type form of KIF2A were dis-
persed throughout the cortical wall. Indeed, compared with the
control empty vector, the overexpression of wild type KIF2A
leads to an accumulation of neurons in the IZ. However, this
effect is less severe compared with the mutants which show an
almost complete absence of electroporated cells in superficial
layers of the developing cortex (Fig. 1A).

To explore whether the embryonic phenotype persists after
birth, we studied the positioning of E14.5 electroporated
neurons at P2. As shown in Figure 1B, most of the neurons
electroporated with the control empty vector reach the most

superficial cortical layers (IV-II, Cux1-positive). As in the control
situation, the overexpression of the WT form of KIF2A, leads to
an almost complete absence of electroporated cells in the
white matter, although there is a small but significantly
lower proportion of electroporated cells reaching layers IV-II.
These results suggest that the WT KIF2A phenotype is mostly
transient as, with time, there is a recovery of the phenotype
observed in early stages. In the case of cells expressing mutant
KIF2A, abnormally positioned neurons at E18.5 remained
arrested in the white matter (WM) at P2 (Fig. 1B). In this case,
over 40% of electroporated neurons accumulate in the WM
compared with less than 5% observed in the control. Consistent
with this, only 30% of mutant-expressing neurons are located
in the Cux1 positive layers. Taken together, these results
indicate that KIF2A has a key role in determining neuronal
positioning during cortical development, and that both patho-
genic KIF2A variants result in a similar phenotype consisting

Figure 1. KIF2A mutations and overexpression affects neuronal positioning. (A) Coronal sections of the cerebral cortex electroporated at E14.5 and analysed at E18.5.

Histograms show the distribution of Tomato-positive cells expressing different constructs in the ventricular/subventricular zone (VZ/SVZ), intermediate zone (IZ) and

the cortical plate (CP). One-way ANOVA with Dunnett’s post hoc test used to compare conditions (n¼3 embryonic brains for each condition). Scale bar, 50 lm.

(B) Representative images of brain cortices electroporated at E14.5 and analysed at P2. Sections were stained for a neuronal marker, NeuN, and an upper-layer marker,

Cux1, and were counterstained with DAPI to determine neuronal positioning. Histograms show the quantification of the distribution of electroporated cells in the

white matter (WM), and different cortical layers (II–VI). One-way ANOVA with Dunnett’s post hoc test used to compare conditions (n¼3 embryonic brains for Empty

vector and KIF2A WT conditions and n¼4 for KIF2A p.His321Asp and KIF2A p.Ser317Asn). Scale bar, 100 lm. Dots on top of bar graph represent individual data points

for each condition. Error bars are meanþ/- s.e.m. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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of an accumulation of ectopic neurons in the deep layers and
WM.

Implication of postmitotic processes in the positioning
defects

To further understand the mechanisms underlying the ectopic
localization of neurons expressing KIF2A constructs, we first
focused on the migration of pyramidal neurons. As a strong and
consistent phenotype was found for the two mutants, we spe-
cifically focused our study on the p.His321Asp variant. We ini-
tially controlled the integrity of radial glia, which acts as the
scaffold along which post-mitotic neurons migrate, being
essential for proper migration (31). We co-electroporated KIF2A
constructs and GFP construct driven by the radial glia specific
promoter BLBP (BLBP-GFP), and we observed no evident altera-
tion of glial scaffolding (Supplementary Material, Fig. S3). We
then focused on the postmitotic effect of the p.His321Asp var-
iant on neuronal positioning. For this, we in utero electroporated
at E14.5 constructs that express GFP and the different versions
of KIF2A under the neuron-specific Doublecortin (DCX) pro-
moter. At E18.5, the specific expression of both wild type and
mutant KIF2A in postmitotic neurons, resulted in an increased
fraction of GFP-positive neurons remaining in the IZ with a cor-
responding depletion of cells reaching the CP (Fig. 2A). It is
worth mentioning that the postmitotic effect of the wild type
construct in the distribution of electroporated cells highly
resembles that of the overexpression of the protein starting at
progenitor stages (Fig. 1A). However, the mutant construct leads
to a less severe phenotype (Fig. 1A).

In view of the similar phenotype observed for the wild type
and mutant overexpression, we focused on the dynamics of the
different steps of radial migration to further search for differen-
tially regulated processes between the WT and mutant condi-
tions. For this, we performed time-lapse videomicroscopy
acquisitions of DCX-KIF2A expressing neurons in organotypic
cultures. Time-lapse acquisitions showed that expression of
both WT and mutant constructs affect the initial multipolar to
bipolar transition required to start locomotion (Fig. 2B), the
velocity of locomotion of bipolar pyramidal neurons (Fig. 2C and
D) as well as the total duration and number of pauses were sig-
nificantly affected (Fig. 2E and F), leading to an overall delay of
radial migration (Fig. 2G). Though these data suggest that level
of expression of KIF2A is critical and migration defects could
contribute to the phenotype resulting from KIF2A mutants
expression, they do not allow to differentiate between dosage
effect and the suspected dominant negative (or gain of function)
effect of the MCD-related KIF2A variants.

Mutant KIF2A expression leads to interneuron
migration defects

The correct formation of a fully functional cortex requires the
timed migration and insertion of interneurons in cortical net-
works. Cortical interneurons initially migrate through tangen-
tial routes, adopting later on a radial mode of migration. Both
types of migration depend on cytoskeleton remodeling. To
examine the consequences of KIF2A pathogenic variant on
interneuron migration and therefore assess the potential contri-
bution of this process in the pathogenicity of KIF2A-related
MCD, we performed real-time imaging of electroporated medial
ganglionic eminence (MGE) explants cultured on wild type corti-
cal feeders. This in vitro system allowed us to study the effect of

KIF2A overexpression in the migration of interneurons, inde-
pendently from defects in pyramidal neurons. These experi-
ments revealed that, although interneurons were able to
migrate out of the explant, cells expressing the mutant form of
KIF2A moved significantly slower than the control empty vector
or those overexpressing the wild type construct (Fig. 3A and B).
Additionally, KIF2A variant affected the directionality of this
displacement. In the control situation interneurons migrated
with a higher persistence of movement, whereas those express-
ing the pathogenic form of KIF2A frequently changed directions
(Fig. 3A and C). Interneurons use a saltatory mode of migration
consisting of nuclear displacements (nucleokinesis) and pauses
(32). During nucleokinesis, cells acquire a higher instantaneous
speed. We thus, analysed in more detail the kinematics of these
cells. As expected, KIF2A pathogenic variant decreased the fre-
quency and amplitude of the nucleokinesis (Fig. 3D–F).
Conversely, interneurons overexpressing the wild type version
of the protein moved faster by performing a higher number of
nuclear translocations. Together, these data show that MCD-
related KIF2A variant delays interneuron migration.

Mutant KIF2A alters neural progenitor proliferation and
cell cycle exit

In view of the high expression of KIF2A in proliferative zones of the
developing cortex (Supplementary Material, Fig. S1) we investi-
gated whether proliferation defects could contribute to the patho-
physiology of KIF2A-related MCD. To explore this, we
electroporated KIF2A constructs in E14.5 embryos and analysed the
expression of PH3, Pax6 and Tbr2 in electroporated cells two days
later. First, we focused on the regulation of progenitor proliferation
and we observed that mutant KIF2A overexpression induced an
increased proportion of VZ progenitors undergoing mitosis,
reflected by a higher mitotic index (Fig. 4A). We further estimated
the balance between proliferative and neurogenic divisions of
radial glia. Although the mutant did not affect the amount of apical
progenitors (APs) (Pax6þ/Tbr2-), we observed an increased percent-
age of newborn intermediate progenitors (IPs) (Pax6þ/Tbr2þ) in
the mutant condition, with a concomitant reduction of neurons
(Pax6-/Tbr2-) in the VZ/SVZ (Fig. 4B). This suggests a decreased
generation of neurons in favor of the production of progenitors.
We also examined the apical junctions of radial precursors, known
to be involved in symmetric versus asymmetric divisions in these
cells (33,34), and observed no apparent change in b-catenin distri-
bution, indicating that apical junction integrity was not altered
(Supplementary Material, Fig. S4). These data show that mutant
KIF2A, but not the overexpression of the wild type protein, inter-
feres with the process of neurogenesis by favoring the generation
of progenitors at the expense of neurons.

To further study the basis of this increase in proliferative
cells, we analysed the consequences of KIF2A variant on cell
cycle regulation. To investigate this, the electroporation of the
different constructs at E14.5 was followed by a pulse of EdU
(5-ethynyl-2’-deoxyuridin, a thymidine analogue) one day after
to label progenitors undergoing DNA replication. Brains were
collected and stained for the proliferative marker Ki67 at E16.5.
Although there were no significant differences in the percent-
age of electroporated cells undergoing S-phase (EdUþ), we
observed a significantly larger population of Ki67þ cells in the
mutant condition. This resulted from a reduced number of cells
exiting the cell cycle in the pathogenic condition (Fig. 4C). These
results suggest that progenitors expressing the KIF2A variant
remain longer as cycling progenitors. These proliferation
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defects are specific to the mutation and hence potentially rele-
vant for the pathophysiology of MCD.

Mutant KIF2A alters mitotic spindle integrity and
impairs mitotic progression

To better understand the cellular mechanisms underlying
mitotic division impairments upon expression of mutant KIF2A,

we used the available fibroblasts derived from a female subject
bearing the heterozygous KIF2A p.His321Asp variant and that
presented with frontal band heterotopia, posterior predominant
pachygyria and microcephaly. We first investigated the distribu-
tion of KIF2A in metaphasis cells. As previously described (35),
KIF2A mainly localizes to spindle poles as seen by its co-
localization with c-tubulin, and is present at the mitotic spindle
(Fig. 5A), while the mutated version of the protein is

Figure 2. Postmitotic effects of mutant KIF2A (A) Distribution of postmitotic GFP-positive neurons expressing different KIF2A constructs under the DCX promoter in

mouse cortex. Brains were electroporated at E14.5 and analysed at E18.5. Histograms represent the percentage of electroporated neurons that reside in the IZ and CP of

the developing cortex. Dots on top of the bar graph represent individual data points for each condition. Error bars are meanþ/- s.e.m. Scale bar, 50lm. One-way ANOVA

with Dunnett’s post hoc test used to compare conditions (n¼3 embryonic brains for each conditions). (B–G) Real-time imaging of DCX-empty vector, DCX-KIF2A-WT or

DCX-KIF2A p.His321Asp electroporated neurons at E14 in E16 brain slices cultured for a day. (B) Percentage of electroporated cells persisting with a multipolar morphology

in the IZ during 10 h recording (n¼5 (Empty vector), n¼5 (WT), n¼8 (p.His321Asp), mean per explant). Quantification of (C) migration velocity (n¼76 cells (Empty vector),

n¼79 (WT), n¼114 (p.His321Asp) from at least 3 explants), (D) migration velocity rate (e.g. migration velocity without the pauses) (n¼76 cells (Empty vector), n¼79 (WT),

n¼114 (p.His321Asp) from at least 3 explants), (E) average pause number (n¼56 cells (Empty vector), n¼64 (WT), n¼61 (p.His321Asp) from at least 3 explants) and (F) total

pause duration during 10 hr of recording (n¼56 cells (Empty vector), n¼64 (WT), n¼105 (p.His321Asp) from at least 3 explants). (G) Locomotory paths (colored lines) of

electroporated neurons recorded during time-lapse imaging for 10 hr. From (B) to (F), the central line represents the median, the box limits the interquartile range, and

the whiskers the minimum and maximum. One-way ANOVA with Tukey’s post hoc test used to compare conditions. *P<0.05, **P< 0.01, ***P<0.001, ****P<0.0001.
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mislocalized and predominantly accumulated at the spindle
poles, surrounding this structure. We first sought to analyse
spindle orientation during mitosis, which is generally known to
regulate the balance between symmetric and asymmetric divi-
sions and therefore cell fate, which could explain the increased
pool of proliferative progenitors. However, no significant differ-
ences were observed between the control and mutant fibro-
blasts (Fig. 5B) and was further confirmed in in utero

electroporated brains, as no differences were observed in the
orientation of the cleavage plane during anaphase

(Supplementary Material, Fig. S5). We then characterized the
morphology of mitotic spindles in fibroblasts by measuring their
length, which is the distance from spindle pole to spindle pole,
and the spindle width, considered to be the distance between
the upper and lower extremities of the mitotic spindle in the
metaphase plate (Fig. 5B). As shown by the quantifications,
mutant fibroblasts displayed shorter spindles with a reduction
in the spindle width. To sum up, mutant KIF2A is abnormally
localized during mitosis and is associated with an alteration of
mitotic spindle integrity.

Figure 3. Mutant KIF2A alters interneuron migration dynamics (A) depicting the displacement of an interneuron (indicated by the yellow arrow) overexpressing WT

KIF2A (left) or mutated KIF2A (right). The red arrows show the orientation of this interneuron during the recording time. Time corresponds to hours.

(B–E) Quantification of migration parameters such as average speed, persistence, frequency and amplitude of nuclear translocations of interneurons electroporated

with an empty vector, WT or mutated KIF2A. One-way ANOVA with Tukey’s post hoc test used to compare conditions (n¼20 cells per conditions from 3 explants).

(F) Kymographs describing the saltatory behavior profile of interneurons electroporated with an empty vector, WT or mutated KIF2A. The dashed line represents the

threshold for nuclear translocations. From data (B) to (E), the central line represents the median, the box limits the interquartile range, and the whiskers the minimum

and maximum. *P<0.05, **P< 0.01, ****P<0.0001.
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Figure 4. Effect of pathogenic KIF2A mutation on progenitor proliferation (A) Confocal images of E16.5 brain cortices electroporated two days before, showing electropo-

rated cells (GFPþ) and co-labeled with PH3. Quantifications represent the percentage of electroporated cells that co-express PH3 (Mitotic index). The dotted line delimits

the area of quantification. Scale bar, 30 lm. (B) Distribution of Pax6þand Tbr2þ in GFPþ cells on E16.5 coronal sections from brains electroporated at E14.5 (left panels).

Right panels represent the localization of electroporated cells that colocalize with Pax6 (magenta dots), Tbr2 (gray dots) or both (yellow dots). Dotted line delimits the

area of quantification. Histograms show the percentage of electroporated cells that express the different markers. Scale bar, 50 lm. (C) Coronal sections of E16.5 corti-

ces, in utero electroporated at E14.5, followed by EdU injection at E15.5 and immunolabeled for Ki67 and EdU (left panels). Right panels represent the distribution of elec-

troporated cells expressing Ki67 (magenta dots), EdU (gray dots) or both (yellow dots). Quantifications represent the percentage of electroporated cells that

incorporated EdU (upper right), that were positive for Ki67 (middle right) and that exit the cell cycle (GFPþ EdUþKi67-/GFPþEdUþ) (bottom right). Scale bar, 50 lm.

Dots on top of bar graph represent individual data points for each condition. Error bars are meanþ/- s.e.m. One-way ANOVA with Dunnett’s post hoc test used to com-

pare conditions (n¼ 3 embryonic brains for each condition). *P< 0.05, **P<0.01, ***P<0.001, ns: non significant.
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To further investigate the functional consequences resulting
from these morphological defects, we focused on mitotic pro-
gression. In order to assess this, we used HeLa cells which stably
express Histone2B tagged with RFP, and perform time-lapse live
imaging to study the dynamics of mitosis. Cells were either
transfected with a control empty vector, the wild type or the

mutant version of KIF2A, and were imaged for 12 h. Cells
expressing the mutant KIF2A protein, exhibit a delay in mitotic
progression, with a particular impact in metaphase alignment
of chromosomes (Fig. 5C). This delay in mitosis progression
could therefore explain the increased percentage of in utero elec-
troporated PH3þ cells in the mutant condition.

Figure 5. Mutant KIF2A alters mitotic spindles and mitotic progression in mutant fibroblasts (A) Immunofluorescent images of metaphasic fibroblasts expressing wild

type or mutant KIF2A and stained for KIF2A (magenta), c-tubulin (cyan) and a-tubulin (green). Scale bar, 5 lm. (B) Representative image depicting spindle width, length

(upper panel) and spindle angle measurements (lower panel). Scale bar, 5 lm (upper view), Scale bar, 2 lm (side view). Quantification of spindle orientation (upper left,

n¼69 cells from 4 experiments), length (upper right, n¼69 cells from 4 experiments) and width [bottom, n¼70 cells (WT) and 68 cells (KIF2A p.His321Asp)] from 4

experiments in metaphasic fibroblasts. Data are represented as meanþ/- SD. Unpaired t-test used to compare conditions. (C) Representative time-lapse sequence of

HeLa cells expressing H2B-RFP and transfected with empty vector, WT KIF2A or mutant KIF2A construct. Arrows indicate unaligned chromosomes. Quantifications of

time spent in mitosis and time to metaphase alignment. One-way ANOVA with Dunnett’s post-hoc test used to compare conditions (n¼3, mean from 3 independent

experiments). Scale bar, 5 lm. Data are represented as meansþ/- s.e.m. Dots represent individual data points. *P<0.05, ***P<0.001, ****P<0.0001.

231Human Molecular Genetics, 2018, Vol. 27, No. 2 |

Downloaded from https://academic.oup.com/hmg/article-abstract/27/2/224/4565495
by Université Strasbourg Service Commun de la Documentation user
on 26 July 2018



Mutant KIF2A alters ciliogenesis in apical progenitors

It has been well established that KIF2A localizes to the basal
body, where it acts as a negative regulator of ciliogenesis con-
trolling axonemal MT disassembly (28). On the other hand,
defects in primary cilia structure and function have been associ-
ated to numerous genetic diseases with neurodevelopmental
consequences (36). We therefore analysed the localization of
endogenous KIF2A on primary cilia in mutant fibroblasts. As
previously described, we found that wild type KIF2A is enriched
in the basal body as seen by its localization in the basal part of
the primary cilia (Fig. 6A). On the other hand, the mutant ver-
sion of the protein is less accumulated in the basal body and
dispersed within the primary cilia, as shown by its colocaliza-
tion with acetylated-tubulin (Fig. 6A).

Since KIF2A is abnormally localized in mutant fibroblasts,
and its MT-depolymerizing activity at the basal body is essential
for cilia disassembly in proliferating cells (28), we assessed the
impact of KIF2A variant on ciliogenesis. For this, we analysed
cilia number and morphology in fibroblasts derived from
affected individuals 24h after serum stimulation. In order to
assess specifically cilia disassembly, we focused on cells in S-G2
phase of cell cycle, which is when primary cilia are reabsorbed.
We observed no difference between the proportion of cells in S/
G2 as shown by the percentage of gemininþ cells
(Supplementary Material, Fig. S6A), and no variation in the per-
centage of ciliated cells in this phase (Supplementary Material,
Fig. S6B). However, when we examined the length of cilia in re-
stimulated fibroblasts in S/G2, we observed that the mutant
fibroblasts had longer cilia than those in the control fibroblasts
(Fig. 6B). During cortical development, proper ciliogenesis is
essential for the correct progression of cell cycle in APs. To fur-
ther explore the in vivo consequences of KIF2A mutant on cilio-
genesis and the potential implication in cortical development,
cilia length and frequency were determined in APs of in utero
electroporated brain slices. E14.5 embryos were electroporated
with KIF2A constructs, BLBP-GFP and V5-tagged Arl13b. Co-
immunostaining of brain at E15.5 for V5 and the S/G2 marker
geminin in the ventricular zone revealed cilia alterations. In line
with our cellular observations, the proportion of electroporated
cells in S/G2 phase was not altered in vivo (Supplementary
Material, Fig. S6C). Furthermore, gemininþneurons overex-
pressing mutant KIF2A have longer cilia compared with those
electroporated with the empty vector or wild type construct
(Fig. 6C and D). Additionally, we observed an increase of 20% in
the percentage of ciliated APs in the mutant condition (Fig. 6C
and E), which strengthens the idea of a possible defect in the
disassembly of cilia during these phases. However, the apparent
absence of accumulation of electroported S/G2 APs was intrigu-
ing. As geminin marker does not allow to distinguish cells in G2
and S phases, we sought to assess the distribution with respect
to the ventricular surface of ciliated gemininþAPs nuclei that
had been electroporated. For this we divided the VZ in equal-
sized bins parallel to the ventricle and quantified the number of
nuclei present in each bin. We observed that the dispersion of
the nuclei was significantly different between mutant express-
ing cells than in those expressing either the WT form of KIF2A
or the empty vector (Fig. 6F). Indeed, the percentage of cells
expressing the mutated form of the protein are clearly enriched
in lower half of the VZ compared with the controls (Fig. 6G) con-
sistent with an enrichment of electroporated cells in G2-phase
(37,38). Together, these findings suggest a defective regulation
of ciliogenesis in APs during cortical development that could
contribute to the pathophysiology of KIF2A-associated MCD.

Discussion
KIF2A is an MT-associated motor protein which has been well
described for its MT-depolymerizing activity (18). Currently, all
of the identified variants in this gene associated to MCDs are
located in or in close vicinity of the nucleotide binding pocket
within the motor domain of the protein (Supplementary
Material, Fig. S2A). Here, we performed a combination of in vivo
and in cellulo studies, to better understand the pathophysiologi-
cal mechanisms underlying MCD associated with p.His321Asp
and p.Ser317Asn variants, thought to be different from KIF2A
loss-of-function related cortical development defects previously
reported in the mouse (25). Indeed, Kif2a knock-out mice
(kif2a-/-) are viable only until one day after birth, and presented
multiple brain alterations including cortical lamination defects
as a result of a faulty migration of newborn neurons, emphasiz-
ing the importance of KIF2A during brain development. In fact,
KIF2A seems to be relatively intolerant to loss-of-function var-
iants according to ExAC database (pLi¼ 1) though the number of
synonymous variations are similar to the expected, standing
against a loss-of-function mechanism. Our work demonstrates
that KIF2A pathogenic mutants are stable and lead to an abnor-
mal localization of neurons within the deep layers of neocortex
during development and that persists in the white matter after
birth. Although the developmental phenotype observed due to
the expression of the mutant protein resembles that of the
downregulation (Figs 1 and 3, Supplementary Material, Fig. S7)
and the knock-out animal model, the molecular mechanisms
involved may be different. First, it is worth mentioning that
most pathogenic variants identified so far in genes related to
MCD correspond to heterozygous missense variants but not
loss-of-function variants. Additionally, clinical data argue
against an haploinsufficiency, as individuals with proximal
5q12 deletions that contain KIF2A presented neurocognitive
defects but without any evidence of MCDs in the brain MRI (39).
Second, and consistent with a dominant negative effect, pre-
vious data showed that in heterozygous fibroblasts bearing
KIF2A pathogenic variants, endogenous KIF2A is mainly mislo-
calized along microtubules (10,16). The present study expands
this phenotype to migrating neurons overexpressing a KIF2A
mutant. Given that KIF2A functions as a dimer (40), these obser-
vations suggest that in interphase mutant KIF2A could seques-
ter the wild type protein to MTs, probably blocking its function.
Altogether, these data indicate that MCD-related KIF2A mutants
act through a potential dominant negative effect in dividing
cells, post-mitotic migrating neurons and primary cilia, and
could therefore disrupt neuronal processes during cortical
development (Fig. 7).

Here, we provide evidence showing that expression of
mutant KIF2A leads to a mislocalization of pyramidal neurons,
likely resulting from the combination of migration and prolifer-
ation defects. We found that mutant KIF2A engenders a loco-
motion defect in migrating projection neurons. Cytoskeleton
remodeling is essential for this, as it ensures the dynamic cell-
shape changes required for the proper migration of pyramidal
neurons during development (41–44). In line with this, the
downregulation of the MT-associated proteins LIS1 and DCX,
also known to be implicated in MCDs, have severe consequen-
ces in neuronal migration (45,46). More rarely studied, but
nevertheless as important as projection neurons, are interneur-
ons and their contributions in pathophysiological processes
underlying MCD. In this study, we showed that KIF2A variants
not only alter migration of pyramidal neurons, but also inter-
neuron migration dynamics. During cortical development,
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Figure 6. KIF2A mutation alters ciliogenesis. (A) Immunofluorescent staining of KIF2A (green) and acetylated-tubulin labeling primary cilia (magenta) in KIF2A

p.His321Asp and control human fibroblasts. Scale bar, 10 lm. (B) Representative images showing primary cilia (purple) in geminin positive (cyan) fibroblasts.

Quantification represents the percentage of ciliated cells and cilia length in control and patient fibroblasts that are gemininþ. Unpaired t-test used to compare condi-

tions [n¼29 cells (Control)] and n¼39 cells (p.His321Asp/þ) from 4 experiments). Scale bar, 5 lm (C) Confocal images of E15.5 brain cortices electroporated one day

before with either control empty vector, KIF2A WT or KIF2A p.His321Asp constructs in combination with BLBP-GFP and V5-tagged Arl13b expressing vectors. Brain sec-

tions were immunolabeled against GFP (green), V5 (magenta) and geminin. White arrows indicate the geminin positive and ciliated cells. Right panels show high mag-

nification of the dotted boxes. VZ: ventricular zone. Scale bar, 5 mm. (D) Quantification of cilia length and (E) percentage of ciliated cells in GFPþprogenitors that contact

the ventricular surface and are gemininþ (S/G2). One-way ANOVA with Dunnett’s post hoc test used to compare conditions (n¼4 embryonic brains for each condition).

(F) Measurements correspond to the distance between the surface of ventricle to the center of the nucleus of S/G2 ciliated AP cells in E15.5 brains electroporated at

E14.5. Kolmogorov-Smirnov test used for non-parametric distributions [n¼76 cells (Empty vector)], n¼ 67 (WT), n¼103 (p.His321Asp) from 4 brains). (G) Data in (F) are

represented as the frequency of electroporated S/G2 ciliated AP cells in each bin of distances. In (B) and from (D) to (E), the central line represents the median, the box

limits the interquartile range, and the whiskers the minimum and maximum. In (F), error bars represent the medianþ/- the interquartile range. *P<0.05.
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interneurons migrate tangentially from the ganglionic eminen-
ces to reach their appropriate location in the cerebral cortex.
We observed a reduction in migration velocity with defective
nucleokinesis, all of this highly dependent on MT remodeling.
This suggests a possible contribution of tangential migration in
the pathogenesis of these MCDs.

Interestingly, we found that mutant KIF2A is associated with
cell cycle defects (Fig. 7). Indeed, we observe a higher mitotic
index and an increase in the number of newborn intermediate
progenitors. We then showed that this is not due to an increase
in proliferation per se, but rather to a delay in cell cycle progres-
sion with a longer duration of mitosis that could be reflected by
the higher percentage of PH3 positive cells observed in vivo. This
idea is supported by several sets of data. First, our video-
microscopy analysis shows a delay in mitotic progression, as a
result of a defect during chromosome alignment in metaphase.
Indeed, it has been shown that KIF2A regulates mitotic spindle
formation and disassembly and the consequences of KIF2A
downregulation is consistent with our observations (20).
Second, the increased amount of progenitors seems not to be
due to an imbalance between symmetric and asymmetric divi-
sions. This process is known to regulate cell fate and highly

depends on mitotic spindle orientation. However, we did not
observe any alteration in spindle angle during mitosis in cul-
tured cells or in vivo (Fig. 5B, Supplementary Material, Fig. S5),
implying that the increase in the progenitor pool could be due
to a prolonged cell cycle. Finally, there is a decrease in cell cycle
exit in vivo, consistent with the proposed hypothesis. It is well
established that the date of birth of neurons is crucial in defin-
ing their identity and positioning within the cerebral cortex (47).
The delay in cell cycle exit observed in the mutant condition
could therefore modify the fate of newly formed neurons as
well as influence their positioning in the cerebral cortex, which
could contribute to the layering abnormalities observed in the
pathology.

Our study also raises the possibility of an implication of pri-
mary cilia in the pathogenesis of the observed defects (Fig. 7).
Though the cause and effect concept between the convincing
observed ciliogenesis abnormalities and progenitors prolifera-
tion deregulation remains to be further reinforced (mainly
because KIF2A acts also as a regulator of MT dynamics at the
mitotic spindle) our study clearly raises the possibility of an
implication of primary cilia in the pathogenesis of the observed
defects and therefore in the pathogenicity of KIF2A-related
MCD. First, convergent evidence indicates that mutant KIF2A
localization in primary cilia is disrupted. Instead of being
enriched at the basal body, mutant KIF2A is predominantly dis-
tributed at the axoneme. Though MT disassembly occurs
mainly at the ciliary tip, it has been clearly shown that the MT-
depolymerizing activity of KIF2A at the basal body is essential
for its role in ciliogenesis (28). Moreover, in vivo and in cellulo
data revealed that MCD-related KIF2A variant results in cilia
reabsorption defects during S/G2 phases and an increased num-
ber of ciliated APs. Primary cilia are known to be dynamically
regulated during cell cycle and seem to control the transition
between different cell cycle phases (48). Indeed, it has been sug-
gested that the initiation of cilia disassembly during late G1 is
necessary for the transition to S phase (49,50). Deregulations in
cilia reabsorption seem to retain cells in G1 phase and as a
result alter the balance between proliferation and differentia-
tion of AP cells (50). Yet, no study has ever assessed the role of
G2 cilia disassembly prior to mitosis entry in neuronal progeni-
tors. However, it is important to highlight that KIF2A
MT-depolymerizing activity is enhanced through PLK1 phos-
phorylation, which is specifically expressed during S/G2 (28). In
view of these data, primary cilia disassembly defect and its
dependent cell cycle deregulation could be seen as coherent
consequences of mutant KIF2A expression if we take into
account its depletion from the basal body and the fact that
MCD-related variants act very likely through a dominant nega-
tive mechanism and affect therefore the distribution of wild
type KIF2A.

So far, several studies have focused on the role of
centrosome-related genes encoding for centrosomal proteins in
the pathogeny of microcephaly (51). Lately, it has been proposed
that microcephaly could be described as a ‘centriolopathy’ (52).
However, a recent study highlighted that disruption of primary
cilia dynamics, rather than centrosome biogenesis, could also
contribute to the pathogenesis underlying microcephaly (53).
Moreover, it is worth mentioning that examination of primary
cilia proteomics and the centrosome-cilium protein interaction
landscape during ciliogenesis reveal the presence of most of the
MCD-related genes, such as LIS1, TUBA1A, TUBB2B, DYNC1H1,
KIF5C, TUBG1 and KIF2A (54–56). In conclusion, in view of the
findings indicating that MCD-related KIF2A variants affect pro-
genitors ciliogenesis and possibly the interplay between

Figure 7. Model depicting the consequences of MCD-related KIF2A mutations on

neurogenesis and neuronal migration during cortical development. The left

panel shows that expression of mutant KIF2A alters progenitor pool, favoring

the generation of basal progenitors (BPs: yellow circles) at the expense of neu-

rons (blue symbols) and the neuronal migration velocity (blue arrows in control

condition and red arrows in KIF2A WT and KIF2A mutant conditions), leading to

abnormal localization of neurons within the deep layers of the cortex. The right

panel summarizes cell cycle and ciliogenesis defects resulting from KIF2A

mutant expression including a delay in mitotic progression, a reduced number

of cells exiting the cell cycle and a longer cilia in S/G2 phase of the cell cycle.

APs: apical progenitors, VZ: ventricular zone, SVZ: Subventricular zone, IZ: inter-

mediate zone, CP: cortical plate.
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ciliogenesis and progenitors cell cycle, this strongly warrant
widening investigations to assess whether mutations in other
MCD-related genes are associated with primary cilia defects,
and whether such defects, yet to be identified, contribute to bet-
ter understand disrupted processes and pathophysiological
mechanism underlying the heterogeneous group of MCD.

Materials and Methods
Western blot

Cells were lysed in RIPA buffer (Tris HCl 1M, pH 7.7; NaCl 5M;
EDTA 0.5M; Triton X-100) supplemented with protease inhibi-
tors (Roche) and phosphatase inhibitors (Sigma Aldrich). Protein
concentration was measured using Bio-Rad protein assay
reagent (Biorad Laboratories, CA). Samples were denatured at
95 �C for 10 min in loading buffer then resolved in SDS-PAGE
and transferred onto nitrocellulose membranes. Membranes
were then blocked in 5% non-fat milk in TBS buffer, 0.1% Tween
and then immunoblotted using anti-Kif2A (ab37005, rabbit,
Abcam, 1: 10000), anti-Actin (mouse, IGBMC, 1: 1000) antibodies.

In utero electroporation

In utero electroporation was performed as described previously
(10) using adult Swiss mice (Janvier). Animal experimentations
were performed at the IGBMC animal facilities. The light/dark
cycle for animals housed was 12h and all experiments were
conducted during the light cycle. Timed pregnant mice (E14.5)
were anesthetized with isoflurane (2 l per min of oxygen, 4% iso-
flurane during sleep and 2% isoflurane during surgery opera-
tion; Minerve). The uterine horns were exposed, and a lateral
ventricle of each embryo was injected using pulled glass capilla-
ries with Fast Green (2 mg/ml; Sigma) combined with 1 mg/ml of
DNA constructs. Plasmids were further electroporated into the
neuronal progenitors adjacent to the ventricle by discharging
five electric pulses at 45V for 50 ms at 950 ms intervals using a
CUY21EDIT electroporator (Sonidel Ltd). After electroporation,
embryos were placed back in the abdominal cavity and develop-
ment was allowed to continue until E16, E18 or P2. Embryos or
pups brains were dissected and fixed in 4% PFA in PBS
overnight.

Ex vivo electroporation of medial ganglionic eminence
explants (MGE)

The heads of E13.5 NMRI embryos were harvested and the cor-
tex removed in order to expose the ganglionic eminences.
Plasmids to overexpress empty vector, wild type KIF2A, KIF2A
mutants, control or Kif2A shRNA were used at a concentration
of 1.5 mg/ml and were directly injected in the MGE. These plas-
mids were co-electroporated with a Tomato red plasmid used at
a concentration of 0.5 mg/ml. Electroporation conditions: 50V, 5
pulses of 50ms duration spaced by 1s interval.

Culture of MGE explants

After electroporation, the MGE was microdissected from the
embryo’s heads and cut into pieces of approximately 1 mm2.
These explants were placed on top of a cortical feeder layer pre-
pared at least 24 h before. The feeder layer was prepared from
homochronic cortices, dissociated and plated at high density
(1–2�106 cells on a 35 mm glass bottom dishes (MatTek
Corporation) previously coated with poly-L-ornithine and

laminin (SIGMA). The explants were maintained in culture in
Neurobasal medium supplemented with B27 minus vitamin A
(GIBCO) and penicillin/streptomycin. The feeders were main-
tained in at 37 �C in humidified incubators with 5% CO2 for at
least 24h before time-lapse video recording.

Immunohistochemistry

Fixed mouse brains were placed in a solution of 4% low melting
agarose (Bio-Rad) and cut in coronal sections (80 lm) using a
vibrating blade microtome (Leica VT1000S, Leica Microsystems).
Sections were blocked in PBS with 0.3% Triton-X100 and 2% of
the appropriate serum at room temperature for 30 min. All pri-
mary antibodies were incubated overnight at 4 �C with PBS, 0.3%
Triton-X100 and 2% of serum. The following antibodies were
used: anti-phospho Histone H3 (06–570, rabbit, 1: 500, Millipore),
anti-Tbr2 (14–4875-80, rat, 1: 200, eBiosciences), anti-Pax6 (PRB-
278P, rabbit, 1: 200, Covance), anti-Kif2a (ab37005, rabbit, 1: 6000,
abcam), anti-GFP (A10262, chicken, 1: 6000, ThermoFisher), anti-
Cux1 (sc-13024, rabbit, 1: 100, Santa Cruz), anti-Ki67 (IHC-00375,
rabbit, 1: 250, Bethyl Laboratories, Inc), anti-NeuN (MAB377,
mouse, 1: 100, Millipore), anti-bcatenin (610153, mouse, 1: 500,
BD Transduction Laboratories), anti-Arl13b (17711–1-AP, rabbit,
1: 500, Proteintech), anti-RFP (5F8, rat, 1: 1000, Chromotek), anti-
geminin (sc-13015, rabbit, 1: 200, Santa Cruz), anti-V5 (R96025,
mouse, 1: 500, Invitrogen). After washing in 1X PBS, sections
were incubated with corresponding Alexa Fluor conjugated sec-
ondary antibodies (Life Technologies) in a 1: 500 dilution in 1X
PBS for 1h30 at room temperature. After washing, sections were
mounted with DAPI Fluoromount-G mounting medium
(Interchim). Microscopy was performed on a TCS SP8 or a TCS
SP5 II confocal microscopes (Leica Microsystems) and position-
ing analysis was achieved using ImageJ software (NIH) and pro-
liferation and primary cilium analysis with LAS AF software
(Leica Microsystems). Graphs were made in GraphPad Prism 6
(GraphPad Software) and images were assembled with Adobe
Photoshop 13.0.1 (Adobe Systems).

EdU incorporation

For cell-cycle exit experiments, E14.5 electroporated pregnant
mice were intraperitoneally injected 24h later with EdU
(5-ethynyl-2’-deoxyuridine solution, Invitrogen) diluted in ster-
ile normal saline at the dose of 40 mg EdU/kg of body weight
and embryos were harvested and fixed at E16.5. EdU staining
was conducted using Click-iT EdU Alexa Fluor 647 Imaging Kit
(Invitrogen) according to manufacturer’s protocol.

Expression constructs

Commercially available Human untagged KIF2A cDNA (NM_004520)
cloned in pCMV6-XL5 vector (SC117315) were purchased from
Origene. Variants (p.His321Asp and p.Ser317Asn) were introduced
by site directed mutagenesis using QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies). WT and mutated cDNAs
encoding human KIF2A were then inserted in the multiple cloning
site of psiSTRIKE vector under the CAG promoter and between the
DCX promoter and IRES-EGFP sequences in DCX-IRES-GFP vector
kindly provided by U. Mueller (TSRI, CA, USA). BLBP-GFP plasmid
was kindly provided by N. Heintz (The Rockefeller university, NY,
USA). pDEST40-Arl13b11 expressing V5 tagged Arl13b was pur-
chased from Addgene (#40873). For short hairpin Kif2a silencing
constructs, a 29-mer sequence targeting the 3’UTR of the mouse
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Kif2a transcript and a HuSH 29-mer non-effective shRNA scrambled
cassette, both commercially designed and provided by Origene in
the p-GFP-V-RS vector (TG505433), were then subcloned in the
psiSTRIKE vector under the U6 promoter. Plasmid DNAs used in
this study were prepared using the EndoFree plasmid purification
kit (Macherey Nagel).

Cell culture, transfections and immunofluorescence

Control and mutant fibroblasts carrying the KIF2A pHis321Asp
variant were maintained in DMEM supplemented with 10% foe-
tal bovine serum at 37 �C. Cos-7 and mouse neuroblastoma N2A
cell lines were cultured in DMEM supplemented with 5% foetal
bovine serum and gentamicin (40 mg/ml) at 37 �C. HeLa cells sta-
bly expressing H2B-RFP were grown in DMEM supplemented
with 10% foetal bovine serum, 2 mM Glutamine, 0.5mg/ml of
G418 and puromycin at 0.5 mg/ml. All the cell lines were not
listed in database of commonly misidentified cell lines main-
tained by ICLAC. Cell lines have been tested for mycoplasma
but not authenticated. Transfection of plasmids was done using
Lipofectamine 2000 (Life Technologies) following manufac-
turer’s instructions. For cilia analysis, fibroblasts at 70% conflu-
ence were serum starved for 24 h before fixation.

Immunofluorescence images were performed by fixing cells
with 4% paraformaldehyde solution for 20 min. Slides were
blocked by a 30 min incubation with 0.3% Triton-X100 and 2% of
the appropriate serum in PBS. Primary antibodies were incu-
bated overnight in blocking solution in the following concentra-
tions: acetylated-tubulin (32–2700, mouse, 1: 500, Thermofisher),
a-tubulin (ab6160, rat, 1: 1000, Abcam), c-tubulin (T6557, mouse,
1: 500, Sigma Aldrich), tyrosinated tubulin (ab6160, rat, 1: 1000,
abcam). Following, slides were incubated with the corresponding
Alexa Fluor conjugated secondary antibodies (Life Technologies)
in a 1: 500 dilution in 1X PBS for 30 min at room temperature.
Slides were mounted with a Dapi containing Fluoromount-G
mounting medium (Interchim). Images were acquired using TCS
SP8 or a TCS SP5 II confocal microscopes (Leica Microsystems).

Videomicroscopy

For mitotic progression studies, HeLa cells stably expressing
H2B-RFP, were cultured in 35 mm diameter bottom glass petri-
dishes (MatTek). 48h after transfection, mitosis progression was
imaged using a TCS SP8 confocal microscope kept at 37 �C with
5% CO2. Acquisitions were every 3 min for 12 h. For slice culture,
E16 brains from E14 DCX-empty vector or DCX-KIF2A-WT or
DCX-KIF2A p.His321Asp electroporated embryos from Swiss
mice, were embedded in 3% low-melt agarose (BioRad) diluted
in HBSS (Hank’s Balanced Salt Solution, ThermoFisher
Scientific) and sliced (300 lm) with a vibratome (Leica VT1000S,
Leica Microsystems). Brain slices were cultured 16 to 24 h in
semi-dry conditions (Millicell inserts, Merck Millipore), in a
humidified incubator at 37 �C in a 5% CO2 atmosphere in wells
containing Neurobasal medium supplemented with 2% B27, 1%
N2, and 1% penicillin/streptomycin (Gibco, Life Technologies).
Slice cultures were placed in a humidified and thermo-
regulated chamber maintained at 37 �C on the stage of an
inverted confocal microscope. Time-lapse confocal microscopy
was performed with a Leica SP8 scanning confocal microscope.
Images were taken with a 25X objective and 25 successive ‘z’
optical plans spanning 50 lm every 30 min during 10 h.
Sequences were analysed using Image J.

Spindle parameters assays

To increase the proportion of cells in mitosis, fibroblasts were
synchronized by incubating cells with 9 lM RO-3306 (Roche) for
18 h. Cells were released from inhibition by incubating with
fresh media for 35 min before fixation. Spindle parameters were
calculated using ImageJ. The spindle angle was considered to be
the one formed by between pole-pole axis and the substratum
plane. Spindle length was measured as the distance between
the two spindle poles. Spindle width is the distance between
the upper and lower extremities of the mitotic spindle in the
metaphase plate.

Statistics

All statistics were calculated with GraphPad Prism 6 (GraphPad
Software). One-way ANOVA was performed for multiple com-
parisons (Empty vector, KIF2A WT, KIF2A p.His321Asp and
KIF2A p.Ser317Asn) followed by the appropriate post hoc tests,
whereas unpaired two-tailed Student’s t-test was used for dual
comparisons (Scramble vs. sh-KIF2A). P< 0.05 was considered
significant with *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001. All
the statistical tests were two-sided. No statistical methods were
used to predetermine sample sizes but sample sizes were esti-
mated on the basis of previous experiments in the laboratory
and are similar to those generally employed in the field. After
histological examination, only brains with comparative electro-
porated regions and efficiencies were conserved for quantifica-
tion. For cellular experiments no data points were excluded and
all data collected from each individual experiment was used for
the analysis. No randomization procedure was applied in this
study. Data distribution was not tested but assumed to be nor-
mal. The investigator was not blinded for data collection and
analysis. All the statistical details are reported in supplemental
material.

Study approval

The collection of primary cultures of fibroblasts was established
from affected individuals skin biopsies at the Cochin Hospital-
Cochin Institute. For the MCD affected person (female, 1 year
old) included in this study, signed informed consent was
obtained to collect and study biological resources, and establish
primary cultures of fibroblasts at the Hospital Cell Bank-Cochin
Assistance Publique Hôpitaux de Paris (APHP). This collection of
fibroblasts was declared to legal and ethical authorities at the
Ministry of Research (number of declaration, 701, n� of the
modified declaration, 701–1) via the medical hosting institution,
APHP, and to the ‘Commission Nationale de l’Informatique et
des Libertés’ (CNIL) (number of declaration, 1154515).

The study has the Animal Experimentation Research Ethics
Committee approval (N� 2014–059).

Supplementary Material
Supplementary Material is available at HMG online.
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Resumé En Français

1 Introduction

Le cortex est la couche la plus externe du cerveau des mammifères. Il contient une forte densité de

neurones et synapses et c'est le centre de coordination pour les fonctions cognitives supérieures telles que

l'attention, perception, émotion, mémoire, apprentissage et langage. Le cortex peut être divisé en deux

(à gauche et à droite) hémisphères, communicants et reliés par un gros faisceau de �bres, le corps calleux.

Avec l'évolution, le cortex a augmenté de volume et a acquis une structure repliée avec des convolutions

de surface, lui fournissant une plus grande surface. Structurellement, le cortex peut être divisé en deux

parties : le néocortex et l'allocortex. Le néocortex a une structure en six couches, caractérisée par

di�érentes populations neuronales et des modèles de connectivité distincts. Le allocortex, comprenant le

système olfactif et l'hippocampe, a moins de couches et occupe une zone beaucoup plus petite.

Le développement du cortex s'organise autour de trois processus majeurs fortement régulés: le la pro-

lifération des cellules progénitrices, la migration des neurones post-mitotiques et leur maturation ultérieure.

Deux zones prolifératives principales vont générer la majorité des neurones corticaux : la zone ventricu-

laire dorsale, où naissent les neurones pyramidaux de projection, et les éminences ganglionnaires où les

interneurones sont générés. Les neurones de projection migreront alors radialement le long des �bres

gliales radiales (Rakic, 1988), tandis que les interneurones migreront tangentiellement sur de plus longues

distances et indépendamment des cellules gliales radiales (Anderson et al., 1997). Finalement, selon leur

position �nale dans la plaque corticale, les neurones acquerront des propriétés morphologiques distinctes,

di�érencieront davantage et commenceront à former la connectivité du futur cortex.

Des altérations dans ces processus �nement orchestrés sont capables d'entraîner des troubles neu-

rodéveloppementaux tels que des malformations du développement cortical (MDC). Les malformations du

développement cortical (MDC) sont une classe de troubles neurodéveloppementaux a�ectant la taille et le

repliement du cortex cérébral, généralement détectés par imagerie par résonance magnétique (IRM). Les

MDCs représentent une cause fréquente d'épilepsie et de dé�cience intellectuelle. Il existe de nombreuses

causes de MCD comme des facteurs environnementaux, des troubles métaboliques et immunitaires, des

maladies infectieuses au traumatisme physique. Cependant, avec les progrès de la biologie moléculaire, de

plus en plus MDCs sont révélés avoir des origines génétiques.

La physiopathologie de ces malformations reste largement inconnue, mais au cours des dernières dé-

cennies, des études génétiques ont permis d'identi�er de nombreuses mutations causales chez des sujets

atteints de MCD. Ces études ont considérablement approfondi nos connaissances sur les mécanismes et les

voies biologiques impliquées dans la formation corticale ainsi que sur les mécanismes physiopathologiques

des MDC. Ces travaux ont également souligné l'importance des microtubules à chaque étape du développe-

ment cortical suggérant que les processus neurodéveloppementaux tels que la prolifération, la migration

et la neuritogenèse requièrent tous une organisation et une polarisation régulées des microtubules.

Notre équipe a déjà identi�é trois mutations faux-sens dans le gène de la gamma-tubuline (g-tubuline)

TUBG1, chez des sujets avec pachygyrie postérieure, des anomalies du corps calleux et une microcéphalie,

associés à de l'épilepsie et à une dé�cience intellectuelle (Poirrier et al., 2013). Une étude récente décrit

quatre autres mutations faux-sens hétérozygotes dans TUBG1 chez des sujets présentant des caractéris-
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Figure 1: Développement cortical.
Représentation du développement cortical au sein de la zone ventriculaire dorsale. Les progéniteurs

neuronaux, encore appelés cellules gliales radiaires, prolifèrent au sein de la zone ventriculaire du cortex
en formation, zone qui borne les ventricules. Par l'intermédiaire de divisions asymétriques elles vont

donner naissance à des neurones postmitotiques qui vont migrer radialement le long des prolongements
des cellules gliales radiaires a�n de former les six couches du cortex. Une fois qu'ils auront atteint leur
position �nale, les neurones vont continuer de se di�érencier, à émettre des prolongements et à former

des connections au sein du réseau cortical. Figure de Greig et al., 2013.
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Figure 2: Malformations du développement cortical.
Représentations des quelques exemples de MDCs qui a�ectent le volume et la giration du cortex. Figure

de Fernandez, 2016.
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Figure 3: Mutations pathogènes dans TUBG1 causant des MDCs.
Représentations linéaire (A) et en trois dimensions (B) du polypeptide TUBG1 avec les positions

respectives des mutations identi�ées. Figure de Brock et al., 2018.

tiques cliniques similaires (Brock et al., 2018). Un phénotype commun à tous les patients est une réduction

de la gyration, avec 10 sujets présentant divers degrés de pachygyrie et un sujet présentant avec agyrie.

Une microcéphalie a été décrite pour 6 patients. Une dé�cience intellectuelle, une dé�cience motrice et un

retard de développement ont été observés chez tous les sujets pour lesquels des données étaient disponibles.

De plus, 10 des 11 patients présentaient avec une épilepsie.

Dans les cellules de mammifères, la gamma-tubuline est hautement conservée et souvent codée par deux

gènes, TUBG1 et TUBG2. On pense que TUBG1 est exprimé de façon ubiquitaire alors que l'expression

de TUBG2 semble être limitée au cerveau. Les deux isoformes sont concentrés au niveau du centrosome

qui est le principal centre d'organisation des microtubules. La gamma tubuline est un composant de deux

complexes bien caractérisés : (g-TuCs): le petit complexe gamma-tubuline (gTuSC- composé d'un dimère

gamma-tubuline associé à une molécule de chaque GCP2 et GCP3) et le complexe cyclique gamma-tubuline

(gTuRC- composé de plusieurs gTuSC associés aux protéines GCP4, GCP5 et GCP6). Les gTuRC sont

recrutés dans des centres organisateurs de microtubules où ils servent de matrice pour la nucléation des

microtubules5. La gamma-tubuline 1 et la gamma-tubuline 2 colocalisent dans le yTuSCs6 et sont capables

de nucléer des microtubules7. Cependant le degré de redondance fonctionnelle des deux isoformes reste à

élucider.

Depuis la découverte des premières mutations dans TUBG1 liées à des MDCs, les mécanismes exacts

qui sous-tendent le phénotype de la pachygyrie, la dé�cience intellectuelle et l'épilepsie observés chez les
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patients, restent mal compris. Il a été montré que l'inhibition aiguë de Tubg1 dans les cortex de souris per-

turbe le positionnement neuronal, soulignant le rôle de cette protéine au cours du développement cortical

(Poirier et al., 2013). Cependant, à ce jour, aucune étude n'a été lancée sur les mutations hétérozygotes

identi�ées. L'objectif principal de ce travail était d'étudier les mécanismes cellulaires et moléculaires qui

contribuent à la physiopathologie des mutations TUBG1. À cette �n, une approche d'électroporation in

utero a été utilisée pour obtenir un aperçu des e�ets des mutations sur le développement cortical chez la

souris. Par la suite, une série d'expériences cellulaires ont été e�ectuées en se concentrant sur intégrité

centrosomique, sa position dans les neurones locomoteurs et la dynamique des microtubules. En�n, a�n de

modéliser la maladie dans un contexte physiologique, un modèle souris a été développé pour une des mu-

tations identi�ées. Le développement cortical chez les embryons et les caractéristiques neuroanatomiques

et comportementales chez les souris adultes ont été étudiés.

2 Matériel et Méthodes

2.1 Electroporation in-utéro

La technique d'électoporation un utero (EIU) permet d'étudier une petite population de cellules transfec-

tées dans le cadre d'un cerveau WT. Cette approche consiste en l'introduction d'une construction géné-

tique dans le cerveau de l'embryon en développement (Tabata et Nakajima, 2001). La solution d'ADN

plasmidique est injectée dans l'un des ventricules latéraux de l'embryon de souris (Figure 4). Ensuite,

l'application de courant électrique entraîne une transfection dépendante de la zone et du temps. La

co-transfection des gènes rapporteurs, �uorescents dans la plupart des cas, permet la visualisation et la

cartographie des cellules transfectées. L'injection est réalisée à travers la paroi utérine, ce qui permet

d'e�ectuer l'étude sans retirer les embryons de souris de l'utérus et donc sans interrompre le cours normal

de leur développement. Même si l'EIU ne reproduit pas précisément les conditions physiologiques, elle

présente l'avantage d'être une technique simple et rapide et fournit un outil d'analyse à grande échelle de

la fonction des gènes plus rapide et moins coûteux que les lignées de souris transgéniques.

Figure 4: Electroporation in-utéro.
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2.2 Modèle murin KI

Pour étudier davantage les e�ets des variantes de Tubg1 in vivo, nous avons généré un modèle de souris

knock-in constitutif (Tubg1-Y92C/+) portant le variant Tyr92Cys à l'état hétérozygote, à l'image du

génotype du patient.

Figure 5: Construction pour la génération du modèle murin KI.

3 Résultats

3.1 Etudes in-utero : Les mutations dans TUBG1 a�ectent la migration neuronale

au cours du développement

Pour toutes les études, les électroporations sont faites au jour 14.5 (E14.5) du développement embryon-

naire de la souris. Les analyses sont ensuite faites à des stades di�érents, notamment E18.8 (études du

positionnement), E16.5 (études de prolifération) et en post-natal.

Dans un premier temps, les conséquences des mutations sur le positionnement des neurones au sein de

la plaque corticale ont été étudiées en surexprimant les formes humaines WT ou mutantes de TUBG1 sous

le contrôle d'un promoteur ubiquitaire, à savoir, le CAG (Figure 6). La surexpression du WT-TUBG1

humain a montré un schéma de distribution normal, similaire au contrôle (vecteur vide). A l'inverse, les

cellules exprimant une des quatre versions mutantes de TUBG1 étaient principalement localisées dans la

zone intermédiaire. Ce défaut de positionnement persiste aux stades postnataux (P8) où, une proportion

majeure des neurones éléctroporés avec les formes mutantes se trouvent dans la substance blanche. Ceci

indique que le phénotype n'est pas un phénomène transitoire et qu'il est probablement dû à un arrêt de

la migration neuronale plutôt qu'à un retard de cette dernière. Par ailleurs, aux stades embryonnaires

comme aux stades postnataux, les neurones arrêtés expriment Cux1, un marqueur spéci�que des couches

corticales supérieures (2-4), suggérant que ces cellules mal localisées sont di�érenciées en neurones de

projection des couches supérieures.

A�n de mieux comprendre les processus sous-jacents aux défauts de positionnement résultant des mu-

tations, les e�ets sur les cellules progénitrices et sur les neurones post-mitotiques ont été étudiés séparé-

ment. Les études de la prolifération des progéniteurs neuronaux ne montrent pas d'anomalies importantes

pouvant expliquer les défauts de positionnement. La proportion de progéniteurs en mitose ainsi que les

proportions respectives des progéniteurs apicaux et basaux ne sont pas a�ectées par les mutations. De

plus, les �bres des glies radiaires présentent avec une morphologie normale et sont encrées à la surface

piale.
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Figure 6: Les mutations dans TUBG1 a�ectent le positionnement des neurones au cours du dévéloppement.
E�ets sur le positionnelent des neurones, d'une expréssion uniquitaire des mutations au jour

embryonnaire E18 (pannel du haut) et au jour 8 après la naissance (pannel du bas).
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Figure 7: Une expression restreinte aux neurones post-mitotiques des mutations a�ecte le positionnement
des neurones au cours du dévéloppement.

E�ets sur le positionnelent des neurones, d'une expréssion post-mitotique des mutations au jour
embryonnaire E18 (pannel du haut) et au jour 8 après la naissance (pannel du bas).

Ainsi, a�n de con�rmer l'hypothèse que les mutations exercent leur pathogénicité principalement à

travers des processus post-mitotiques, les formes humaines de TUBG1 WT et mutantes ont été éléctro-

porées sous le contrôle d'un promoteur neuronal post-mitotique, le DCX, et le positionnement des neurones

a été étudié quatre jours plus tard (Figure 7). Un phénotype similaire à celui avec promoteur CAG a été

observé. Néanmoins, avec le promoteur DCX on note qu'il y a une accumulation importante de neurones

dans la ZI et dans les couches profondes de la plaque corticale. Cela suggère que les altérations du posi-

tionnement neuronal causées par les variantes de TUBG1 sont principalement dues à des défauts dans les

processus post-mitotiques.

Par une approche de video-microscopie, il a été possible d'étudier plus en détail la dynamique de la

morphologie et de la locomotion des neurones en migration. Pour les deux variantes étudiées (Tyr92Cys et

Thr331Pro) un nombre remarquablement réduit de neurones dans la phase de locomotion ont été observé

comparé au vecteur vide et au WT, la majorité des neurones sont restés immobilisés au bord de l'IZ. De

plus, les deux mutations induisent une diminution signi�cative de la vitesse de migration ainsi que d'une

8



augmentation du nombre de pauses pour la mutation Tyr92Cys.

Au vu de l'importance de TUBG1 dans l'organisation du centrosome, ainsi que l'importance de cette

organelle cellulaire pour la migration neuronale, la dynamique des centrosomes dans les neurones en

migration a par la suite été étudiée. Les résultats montrent que dans les neurones exprimant la forme

mutante, le centrosome est correctement positionné en avant du noyau. Ces neurones présentent en outre

une morphologie bipolaire et de longs processus principaux, comparable au contrôle, ce qui suggère que le

défaut de locomotion n'est pas dû à des défauts de positionnement du centrosome.

3.2 Etudes in vitro : Les mutations dans TUBG1 sont associées à des défauts de la

dynamique des microtubules

Une série d'expériences in cellulo a été e�ectuée dans le but d'étudier un e�et potentiel sur l'organisation

et la dynamique du cytosquelette des microtubules des mutations dans TUBG1. Premièrement, une

localisation subcellulaire au centrosome a été con�rmée pour les quatre variantes à l'aide d'un vecteur

TUBG1-tagRFP. Pour les quatre formes, un pro�l de localisation similaire au WT a été observé.

Par la suite, une analyse de l'organisation des microtubules a été menée dans les �broblastes dérivés

d'une biopsie cutanée de deux des sujets (portant les variantes Tyr92Cys et Thr331Pro). Sans aucun

traitement, le réseau de microtubules semble correctement formé à partir du centrosome. Cependant, après

la dépolymérisation complète au nocodazole des microtubules, les microtubules nouvellement nucléés sont

plus courts et moins organisés dans les �broblastes des sujets atteints. Pour mieux comprendre ce résultat,

l'e�et des variantes de TUBG1 sur la dynamique des microtubules a été étudiée grâce à la technique des

� comètes � EB3, qui est une protéine se liant spéci�quement à l'extrémité plus des microtubules (Figure

8). Les résultats montrent une diminution importante du taux de polymérisation des microtubules pour

trois des mutations : Tyr92Cys, Ser259Leu et Thr331Pro. Des résultats similaires ont été obtenus avec

des �broblastes dérivés de sujets portant les variantes Tyr92Cys et Thr331Pro. Ces données montrent que

les mutations dans TUBG1 ont un impact sur la dynamique des microtubules, ce qui pourrait permettre

d'expliquer le phénotype de locomotion altérée.

En outre, la capacité de Tubg1 murin recombinant à intégrer les complexes gamma-tubuline a été

étudiée à travers des expériences d'immunoprécipitation. Les résultats révèlent des di�érences quan-

titatives dans les protéines co-précipitées avec le WT et les formes mutantes. Ainsi, pour les quatre

mutations, des quantités plus faibles de GCP2, GCP4 et gamma-tubuline ont été immunoprécipitées.

L'immunoprécipitation réciproque avec l'anticorps anti-GCP2 con�rme une association réduite de vari-

antes mutées de Tubg1 avec GCP2 (Figure 9). Ces résultats suggèrent que le Tubg1 recombinant a une

capacité réduite à se dimériser et à former des complexes gamma-tubuline.

3.3 Etudes in vivo : Les souris Tubg1-Y92C/+ présentent des anomalies de leur

neuroanaltomie, comportement et dévéloppement

Pour étudier davantage les e�ets des variantes de Tubg1 in vivo, nous avons généré un modèle de souris

knock-in constitutif portant le variant Tyr92Cys, à l'image du génotype du patient. Notre objectif était de

caractériser cette souris sur le plan histologique et comportemental ainsi que sur le plan développemental

concernant le cortex.
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Figure 8: Le mutations dans TUBG1 a�ectent la dynamique des microtubules.
L'e�et des variantes de TUBG1 sur la dynamique des microtubules a été étudiée grâce à la technique des
� comètes � EB, d'une part sur des cellules HeLa transféctées (pannel du haut) et d'autre part sur des

�broblastes des patients (pannel du bas).
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Figure 9: Immunoprécipitation de la gama tubuline mutante.

Pour étudier plus en détail la structure corticale au cours du développement embryonnaire chez des

souris KI, l'épaisseur des di�érentes couches corticales (II-IV, V et VI) et l'épaisseur totale de la plaque

corticale ont été mesurées à E18,5 (Figure 10). Les résultats ont montré que l'épaisseur totale de la plaque

corticale était similaire pour les embryons WT et KI. Cependant la couche V présente une épaisseur

plus importante chez les embryons mutants. En outre, les couches VI et II-IV étaient plus minces dans

les embryons KI. De plus, l'étude de la migration neuronale E14-E18 a indiqué la présence de cellules

hétérotopiques dans la ZI, comparable au phénotype observé en électroporation in-utero.

En utilisant l'approche d'électroporation in utero, nous n'avons constaté aucun e�et des mutations

de TUBG1 sur la prolifération des progéniteurs à E16.5. A�n de con�rmer ces résultats dans notre

modèle de souris Tubg1-KI, nous avons e�ectué des études d'index mitotique à trois moments di�érents

du développement : E12,5 E14.5 et E16.5. Dans ce but, les cerveaux d'embryons ont été immunomarqués

pour le marqueur mitotique PH3 et le pourcentage de cellules positives pour PH3 a été calculé. Les résultats

n'ont montré aucune augmentation majeure du nombre de cellules mitotiques, conformément aux études

d'électroporation in-utero. Nous avons ensuite évalué la mort cellulaire à ces moments de développement

par l'immunomarquage contre la caspase-3. Le nombre de cellules positives à la caspase-3, représentant le

nombre de cellules apoptotiques, a ensuite été évalué. Une augmentation signi�cative des taux de cellules

apoptotiques a été observée à E12.5 et E14.5 chez les embryons KI, par rapport aux embryons WT. Les

cellules apoptotiques étaient principalement situées dans la zone intermédiaire et la plaque corticale en

développement, ce qui suggère que la mort cellulaire a�ecte les neurones postmitotiques, plutôt que les

progéniteurs. Aucune di�érence n'était visible à E16.5. Ensemble, ces résultats montrent que la mutation

Tyr92Cys chez la souris KI n'a�ecte pas la prolifération et le cycle cellulaire dans les cellules progénitrices
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Figure 10: Les embryons de souris Tubg1-KI présentent des anomalies des couches du cortex au cours du
dévéloppement.

pendant le développement cortical. Cependant, il est responsable d'un nombre accru de neurones subissant

une apoptose au stade embryonnaire précoce.

Les souris adultes présentent une légère microcéphalie généralisée, une organisation anormale des

couches du cortex, ainsi que la présence de cellules hétérotopiques au niveau de l'hippocampe. Comme

pour les embryons, les couches VI et II-IV étaient plus minces et la couche V avait une épaisseur augmentée

(Figure 11). Au niveau de l'hippocampe, une �ne couche de cellules hétérotopiques est visible dans le

stratum oriens de la couche pyramidale dans la région CA1 (Figure 12).

Compte tenu de ces anomalies neuroanatomiques, nous avons étudié une éventuelle corrélation avec des

anomalies du comportement, en e�ectuant une batterie de tests permettant d'évaluer l'activité locomotrice,

les comportements répétitifs, et la mémoire de ces souris. Cette analyse a mis en évidence une hyperactivité

et des capacités cognitives réduites chez les souris mutantes. Finalement, l'activité épileptique des animaux

Tubg1Y92C/+ a été évaluée par des enregistrements EEG corticaux. Les enregistrements révèlent une

activité épileptique forte suite à l'injection de l'agent épileptogène PTZ chez les souris mutantes alors

qu'aucune crise n'est détectée pour les souris contrôles. Des études similaires ont été menées sur des souris

hémizygotes Tubg1+/- mais aucune anomalie majeure histologique ou comportementale n'a été détectée.

4 Conclusion

En résume, des mutations hétérozygotes faux-sens dans le gène de la gamma tubuline ont été découvertes

chez des patients présentant des malformations du développement cortical associées à une dé�cience in-

tellectuelle et à l'épilepsie et l'objectif de ce travail a été de mieux comprendre la physiopathologie de ces
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Figure 11: Anomalies dans la neuroanatomie du cortex des souris adultes Tubg1-KI.

Figure 12: Anomalies dans la neuroanatomie de l'hippocampe des souris adultes Tubg1-KI.
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mutations. A travers des études in-utero, in-vitro et in-vivo, ce travail montre que les mutants TUBG1

a�ectent le positionnement neuronal dans la paroi corticale, par une perturbation de la locomotion des

neurones nouvellement nés, mais sans a�ecter la prolifération des progéniteurs. En outre, cette anomalie

de locomotion est liée à une dynamique réduite des microtubules, indépendamment de l'intégrité et du

positionnement du centrosome. Pour mieux modéliser ces mutations faux-sens, nous avons développé un

modèle knock-in de Tubg1Y92C/+ a�n d'évaluer les conséquences de la mutation par rapport à celles de

l'haploinsu�sance. Alors que le modèle knock-out hétérozygote ne présente aucun phénotype, le mutant

Tubg1Y92C/+ présente des défauts neuroanatomiques et comportementaux ainsi qu'une augmentation de

l'activité corticale épileptique. Ainsi, nous montrons que les souris mutantes imitent partiellement le phéno-

type humain et représentent donc un modèle pertinent pour d'autres investigations de la physiopathologie

des malformations du développement cortical.

14



Bibliography 

 

Aaku-Saraste, E., Oback, B., Hellwig, A., and Huttner, W.B. (1997). Neuroepithelial cells downregulate 
their plasma membrane polarity prior to neural tube closure and neurogenesis. Mech. Dev. 69, 71–81. 

Abal, M., Keryer, G., and Bornens, M. (2005). Centrioles resist forces applied on centrosomes during G2 / 
M transition. 97, 425–434. 

Abou Alaiwi, W.A., Lo, S.T., and Nauli, S.M. (2009). Primary cilia: highly sophisticated biological sensors. 
Sensors (Basel). 9, 7003–7020. 

Ahmad, F.J., and Baas, P.W. (1995). Microtubules released from the neuronal centrosome are transported 
into the axon. J. Cell Sci. 108, 2761–2769. 

Aillaud, C., Bosc, C., Saoudi, Y., Denarier, E., Peris, L., Sago, L., Taulet, N., Cieren, A., Tort, O., Magiera, 
M.M., et al. (2016). Evidence for new C-terminally truncated variants of α- and β-tubulins. Mol. Biol. Cell 
27, 640–653. 

Akhmanova, A., Hoogenraad, C.C., Drabek, K., Stepanova, T., Dortland, B., Verkerk, T., Vermeulen, W., 
Burgering, B.M., De Zeeuw, C.I., Grosveld, F., et al. (2001). Clasps are CLIP-115 and -170 associating 
proteins involved in the regional regulation of microtubule dynamics in motile fibroblasts. Cell 104, 923–
935. 

Alcamo, E.A., Chirivella, L., Dautzenberg, M., Dobreva, G., Farinas, I., Grosschedl, R., and McConnell, 
S.K. (2008). Satb2 regulates callosal projection neuron identity in the developing cerebral cortex. Neuron 
57, 364–377. 

Aldaz, H., Rice, L.M., Stearns, T., and Agard, D.A. (2005). Insights into microtubule nucleation from the 
crystal structure of human γ-tubulin. Nature 435, 523–527. 

Alkuraya, F.S., Cai, X., Emery, C., Mochida, G.H., Al-Dosari, M.S., Felie, J.M., Hill, R.S., Barry, B.J., 
Partlow, J.N., Gascon, G.G., et al. (2011). Human mutations in NDE1 cause extreme microcephaly with 
lissencephaly [corrected]. Am. J. Hum. Genet. 88, 536–547. 

Allan, V.J. (2011). Cytoplasmic dynein. Biochem. Soc. Trans. 39, 1169–1178. 

Amrom, D., Tanyalçin, I., Verhelst, H., Deconinck, N., Brouhard, G.J., Décarie, J.-C., Vanderhasselt, T., 
Das, S., Hamdan, F.F., Lissens, W., et al. (2014). Polymicrogyria with dysmorphic basal ganglia? Think 
tubulin! Clin. Genet. 85, 178–183. 

de Anda, F.C., Pollarolo, G., Da Silva, J.S., Camoletto, P.G., Feiguin, F., and Dotti, C.G. (2005). 
Centrosome localization determines neuronal polarity. Nature 436, 704–708. 

Anderson, S.A., Eisenstat, D.D., Shi, L., and Rubenstein, J.L.R. (1997). Interneuron Migration from Basal 
Forebrain to Neocortex : Dependence on Dlx Genes. Science (80-. ). 278, 15–18. 

Angevine, J.B.J. (1965). Time of neuron origin in the hippocampal region. An autoradiographic study in 
the mouse. Exp. Neurol.  2:1-70. 

Anthony, T.E., Klein, C., Fishell, G., and Heintz, N. (2004). Radial glia serve as neuronal progenitors in all 
regions of the central nervous system. Neuron 41, 881–890. 

Arellano, J.I., Guadiana, S.M., Breunig, J.J., Rakic, P., and Sarkisian, M.R. (2012). Development and 
distribution of neuronal cilia in mouse neocortex. J. Comp. Neurol. 520, 848–873. 



Arlotta, P., Molyneaux, B.J., Chen, J., Inoue, J., Kominami, R., and Macklis, J.D. (2005). Neuronal subtype-
specific genes that control corticospinal motor neuron development in vivo. Neuron 45, 207–221. 

Arnaud, L., Ballif, B.A., Forster, E., and Cooper, J.A. (2003). Fyn tyrosine kinase is a critical regulator of 
disabled-1 during brain development. Curr. Biol. 13, 9–17. 

Arquint, C., and Nigg, E.A. (2014). STIL microcephaly mutations interfere with APC/C-mediated 
degradation and cause centriole amplification. Curr. Biol. 24, 351–360. 

Assadi, A.H., Zhang, G., Beffert, U., McNeil, R.S., Renfro, A.L., Niu, S., Quattrocchi, C.C., Antalffy, B.A., 
Sheldon, M., Armstrong, D.D., et al. (2003). Interaction of reelin signaling and Lis1 in brain development. 
Nat. Genet. 35, 270–276. 

Ayala, R., Shu, T., and Tsai, L.H. (2007). Trekking across the Brain: The Journey of Neuronal Migration. 
Cell 128, 29–43. 

Baas, P.W. (1996). The neuronal centrosome as a generator of microtubules for the axon. Curr. Top. Dev. 
Biol. 33, 281–298. 

Baas, P.W., and Lin, S. (2011). Hooks and comets: The story of microtubule polarity orientation in the 
neuron. Dev. Neurobiol. 71, 403–418. 

Baas, P.W., Karabay, A., and Qiang, L. (2005). Microtubules cut and run. Trends Cell Biol. 15, 518–524. 

Backman, S.A., Stambolic, V., Suzuki, A., Haight, J., Elia, A., Pretorius, J., Tsao, M.S., Shannon, P., Bolon, 
B., Ivy, G.O., et al. (2001). Deletion of Pten in mouse brain causes seizures, ataxia and defects in soma size  
resembling Lhermitte-Duclos disease. Nat. Genet. 29, 396–403. 

Bahi-Buisson, N., Poirier, K., Fourniol, F., Saillour, Y., Valence, S., Lebrun, N., Hully, M., Bianco, C.F., 
Boddaert, N., Elie, C., et al. (2014). The wide spectrum of tubulinopathies: What are the key features for 
the diagnosis? Brain 137, 1676–1700. 

Bai, J., Ramos, R.L., Ackman, J.B., Thomas, A.M., Lee, R. V., and LoTurco, J.J. (2003). RNAi reveals 
doublecortin is required for radial migration in rat neocortex. Nat. Neurosci. 6, 1277–1283. 

Barkovich, A.J., and Kjos, B.O. (1992). Schizencephaly: correlation of clinical findings with MR 
characteristics. Am. J. Neuroradiol. 13, 85–94. 

Barkovich, A.J., Guerrini, R., Kuzniecky, R.I., Jackson, G.D., and Dobyns, W.B. (2012). A developmental 
and genetic classification for malformations of cortical development: Update 2012. Brain 135, 1348–1369. 

Barnat, M., Le Friec, J., Benstaali, C., and Humbert, S. (2017). Huntingtin-Mediated Multipolar-Bipolar 
Transition of Newborn Cortical Neurons Is Critical for Their Postnatal Neuronal Morphology. Neuron 93, 
99–114. 

Barresi, R., and Campbell, K.P. (2006). Dystroglycan: from biosynthesis to pathogenesis of human disease. 
J. Cell Sci. 119, 199–207. 

Bartolini, F., and Gundersen, G.G. (2006). Generation of noncentrosomal microtubule arrays. J. Cell Sci. 
119, 4155–4163. 

Basto, R., Lau, J., Vinogradova, T., Gardiol, A., Woods, C.G., Khodjakov, A., and Raff, J.W. (2006). Flies 
without Centrioles. Cell 125, 1375–1386. 

Baudoin, J.P., Viou, L., Launay, P.S., Luccardini, C., Espeso Gil, S., Kiyasova, V., Irinopoulou, T., Alvarez, 
C., Rio, J.P., Boudier, T., et al. (2012). Tangentially Migrating Neurons Assemble a Primary Cilium that 
Promotes Their Reorientation to the Cortical Plate. Neuron 76, 1108–1122. 



Baye, L.M., and Link, B.A. (2008). Nuclear migration during retinal development. Brain Res. 1192, 29–
36. 

Bayer, S.A. (1980). Development of the hippocampal region in the rat. I. Neurogenesis examined with 3H-
thymidine autoradiography. J. Comp. Neurol. 190, 87–114. 

Beffert, U., Weeber, E.J., Morfini, G., Ko, J., Brady, S.T., Tsai, L.-H., Sweatt, J.D., and Herz, J. (2004). 
Reelin and Cyclin-Dependent Kinase 5-Dependent Signals Cooperate in Regulating Neuronal Migration 
and Synaptic Transmission. J. Neurosci. 24, 1897–1906. 

Bellion, A. (2005). Nucleokinesis in Tangentially Migrating Neurons Comprises Two Alternating Phases: 
Forward Migration of the Golgi/Centrosome Associated with Centrosome Splitting and Myosin 
Contraction at the Rear. J. Neurosci. 25, 5691–5699. 

Belvindrah, R., Natarajan, K., Shabajee, P., Jungerman, E.B., Bernard, J., Goutierre, M., Moutkine, I., 
Jaglin, X.H., Savariradjane, M., Irinopoulou, T., et al. (2017). Mutation of the α -tubulin Tuba1a leads to 
straighter microtubules and perturbs neuronal migration. J. Cell. Biol 216, 2443–2461. 

Bentley, D., and Toroian-Raymond, A. (1986). Disoriented pathfinding by pioneer neurone growth cones 
deprived of filopodia by  cytochalasin treatment. Nature 323, 712–715. 

Bergen, L.G., Kuriyama, R., and Borisy, G.G. (1980). Polarity of microtubules nucleated by centrosomes 
and chromosomes of chinese hamster ovary cells in vitro. J. Cell Biol. 84, 151–159. 

Bhamidipati, A., Lewis, S.A., and Cowan, N.J. (2000). ADP ribosylation factor-like protein 2 (Arl2) 
regulates the interaction of tubulin-folding cofactor D with native tubulin. J. Cell Biol. 149, 1087–1096. 

Bogoyevitch, M.A., Yeap, Y.Y.C., Qu, Z., Ngoei, K.R., Yip, Y.Y., Zhao, T.T., Heng, J.I., and Ng, D.C.H. 
(2012). WD40-repeat protein 62 is a JNK-phosphorylated spindle pole protein required for spindle 
maintenance and timely mitotic progression. J. Cell Sci. 125, 5096–5109. 

Bond, J., Roberts, E., Mochida, G.H., Hampshire, D.J., Scott, S., Askham, J.M., Springell, K., Mahadevan, 
M., Crow, Y.J., Markham, A.F., et al. (2002). ASPM is a major determinant of cerebral cortical size. Nat. 
Genet. 32, 316–320. 

Bond, J., Roberts, E., Springell, K., Lizarraga, S., Scott, S., Higgins, J., Hampshire, D.J., Morrison, E.E., 
Leal, G.F., Silva, E.O., et al. (2005). A centrosomal mechanism involving CDK5RAP2 and CENPJ controls 
brain size. Nat. Genet. 37, 353–355. 

Book, K.J., and Morest, D.K. (1990). Migration of neuroblasts by perikaryal translocation: role of cellular 
elongation and axonal outgrowth in the acoustic nuclei of the chick embryo medulla. J. Comp. Neurol. 297, 
55–76. 

Bornens, M. (2012). The Centrosome in Cells and Organisms. Science (80-. ). 335, 422 LP-426. 

Borrell, V., and Götz, M. (2014). Role of radial glial cells in cerebral cortex folding. Curr. Opin. Neurobiol. 
27, 39–46. 

Bouissou, A., Vérollet, C., Sousa, A., Sampaio, P., Wright, M., Sunkel, C.E., Merdes, A., and Raynaud-
Messina, B. (2009). γ-Tubulin ring complexes regulate microtubule plus end dynamics. J. Cell Biol. 187, 
327–334. 

Bouissou, A., Verollet, C., de Forges, H., Haren, L., Bellaiche, Y., Perez, F., Merdes, A., and Raynaud-
Messina, B. (2014). gamma-Tubulin Ring Complexes and EB1 play antagonistic roles in microtubule 
dynamics and spindle positioning. EMBO J. 33, 114–128. 

Bradke, F., and Dotti, C.G. (1997). Neuronal polarity: vectorial cytoplasmic flow precedes axon formation. 



Neuron 19, 1175–1186. 

Breuss, M., Heng, J.I.T., Poirier, K., Tian, G., Jaglin, X.H., Qu, Z., Braun, A., Gstrein, T., Ngo, L., Haas, 
M., et al. (2012). Mutations in the β-Tubulin Gene TUBB5 Cause Microcephaly with Structural Brain 
Abnormalities. Cell Rep. 2, 1554–1562. 

Brock, S., Stouffs, K., Scalais, E., Hooghe, M.D., Keymolen, K., Guerrini, R., Dobyns, W.B., Di, N., Anna, 
D., and Jansen, A.C. (2018). Tubulinopathies continued : refining the phenotypic spectrum associated with 
variants in TUBG1. 

Broix, L. (2016). Compréhension des mécanismes physipathologiques des malformations du 
développement cortical associées à des mutations dans les gènes KIF2A et NEDD4L. Université Paris 
Descartes-Paris V. 

Broix, L., Jagline, H., L Ivanova, E., Schmucker, S., Drouot, N., Clayton-Smith, J., Pagnamenta, A.T., 
Metcalfe, K.A., Isidor, B., Louvier, U.W., et al. (2016). Mutations in the HECT domain of NEDD4L lead 
to AKT-mTOR pathway deregulation and cause periventricular nodular heterotopia. Nat Genet 48, 1349–
1358. 

Broix, L., Asselin, L., Silva, C.G., Ivanova, E.L., Tilly, P., Gilet, J.G., Lebrun, N., Jagline, H., Muraca, G., 
Saillour, Y., et al. (2017). Ciliogenesis and cell cycle alterations contribute to KIF2A-related malformations 
of cortical development. Hum. Mol. Genet. 27, 224–238. 

Brunelli, S., Faiella, A., Capra, V., Nigro, V., Simeone, A., Cama, A., and Boncinelli, E. (1996). Germline 
mutations in the homeobox gene EMX2 in patients with severe schizencephaly. Nat. Genet. 12, 94. 

Buchman, J.J., Tseng, H.C., Zhou, Y., Frank, C.L., Xie, Z., and Tsai, L.H. (2010). Cdk5rap2 interacts with 
pericentrin to maintain the neural progenitor pool in the developing neocortex. Neuron 66, 386–402. 

Carabalona, A., Hu, D.J.-K., and B. Vallee1, R. (2016). KIF1A inhibition immortalizes brain stem cells but 
blocks BDNF-mediated neuronal migration. Nat. Neurosci. 19, 253–262. 

Casenghi, M., Meraldi, P., Weinhart, U., Duncan, P.I., Korner, R., and Nigg, E.A. (2003). Polo-like kinase 
1 regulates Nlp, a centrosome protein involved in microtubule nucleation. Dev. Cell 5, 113–125. 

Caspi, M., Atlas, R., Kantor, A., Sapir, T., and Reiner, O. (2000). Interaction between LIS1 and 
doublecortin, two lissencephaly gene products. Hum. Mol. Genet. 9, 2205–2213. 

Chabin-Brion, K., Marceiller, J., Perez, F., Settegrana, C., Drechou, A., Durand, G., and Pous, C. (2001). 
The Golgi Complex Is a Microtubule-organizing Organelle. Mol. Biol. Cell 12, 2047–2060. 

Chakraborti, S., Natarajan, K., Curiel, J., Janke, C., and Liu, J. (2016). The Emerging Role of the Tubulin 
Code: From the Tubulin Molecule to Neuronal Function and Disease. 550, 521–550. 

Chernoff, G.F. (1977). The fetal alcohol syndrome in mice: an animal model. Teratology 15, 223–229. 

Choi, Y.K., Liu, P., Sze, S.K., Dai, C., and Qi, R.Z. (2010). CDK5RAP2 stimulates microtubule nucleation 
by the gamma-tubulin ring complex. J. Cell Biol. 191, 1089–1095. 

Chowdhury, T.G., Jimenez, J.C., Bomar, J.M., Cruz-Martin, A., Cantle, J.P., and Portera-Cailliau, C. 
(2010). Fate of Cajal–Retzius Neurons in the Postnatal Mouse Neocortex. Front. Neuroanat. 4, 10. 

Chu-Shore, C.J., Major, P., Camposano, S., Muzykewicz, D., and Thiele, E.A. (2010). The natural history 
of epilepsy in tuberous sclerosis complex. Epilepsia 51, 1236–1241. 

Cooper, J.A. (2013). Mechanisms of cell migration in the nervous system. J. Cell Biol. 202, 725–734. 



Corbo, J.C., Deuel, T.A., Long, J.M., LaPorte, P., Tsai, E., Wynshaw-Boris, A., and Walsh, C.A. (2002). 
Doublecortin is required in mice for lamination of the hippocampus but not the neocortex. J. Neurosci. 22, 
7548–7557. 

Cotter, D., Honavar, M., Lovestone, S., Raymond, L., Kerwin, R., Anderton, B., and Everall, I. (1999). 
Disturbance of Notch-1 and Wnt signalling proteins in neuroglial balloon cells and abnormal large neurons 
in focal cortical dysplasia in human cortex. Acta Neuropathol. 98, 465–472. 

Crino, P.B. (2009). Focal brain malformations: seizures, signaling, sequencing. Epilepsia 50 Suppl 9, 3–8. 

Crino, P.B., Nathanson, K.L., and Henske, E.P. (2006). The tuberous sclerosis complex. N. Engl. J. Med. 
355, 1345–1356. 

Custo Greig, L.F., Woodworth, M.B., Galazo, M.J., Padmanabhan, H., and Macklis, J.D. (2013). Molecular 
logic of neocortical projection neuron specification, development and diversity. Nat. Rev. Neurosci. 14, 
755–769. 

D’Arcangelo, G., and Curran, T. (1998). Reeler: new tales on an old mutant mouse. Bioessays 20, 235–
244. 

D’Arcangelo, G., Miao, G.G., Chen, S.C., Soares, H.D., Morgan, J.I., and Curran, T. (1995). A protein 
related to extracellular matrix proteins deleted in the mouse mutant reeler. Nature 374, 719–723. 

Dambska, M., Haddad, R., Kozlowski, P.B., Lee, M.H., and Shek, J. (1982). Telencephalic 
cytoarchitectonics in the brains of rats with graded degrees of micrencephaly. Acta Neuropathol. 58, 203–
209. 

Dantas, T.J., Carabalona, A., Hu, D.J., and Vallee, R.B. (2016). Emerging Roles for Motor Proteins in 
Progenitor Cell Behavior and Neuronal Migration During Brain Development. 576, 566–576. 

Delaval, B., and Doxsey, S.J. (2010). Pericentrin in cellular function and disease. J. Cell Biol. 188, 181–
190. 

Delgehyr, N., Sillibourne, J., and Bornens, M. (2005). Microtubule nucleation and anchoring at the 
centrosome are independent processes linked by ninein function. J. Cell Sci. 118, 1565–1575. 

Derer, P., Derer, M., and Goffinet, A. (2001). Axonal secretion of Reelin by Cajal-Retzius cells: evidence 
from comparison of normal and Reln(Orl) mutant mice. J. Comp. Neurol. 440, 136–143. 

Desai, A., Verma, S., Mitchison, T.J., and Walczak, C.E. (1999). Kin I kinesins are microtubule-
destabilizing enzymes. Cell 96, 69–78. 

Desikan, R.S., and Barkovich, A.J. (2016). Malformations of cortical development. Ann. Neurol. 80, 797–
810. 

Desikan, R.S., Barkovich, A.J., Section, N., Imaging, B., Francisco, S., and Francisco, S. (2017). 
Malformations of Cortical Development. 80, 797–810. 

Devisme, L., Bouchet, C., Gonzales, M., Alanio, E., Bazin, A., Bessieres, B., Bigi, N., Blanchet, P., 
Bonneau, D., Bonnieres, M., et al. (2012). Cobblestone lissencephaly: neuropathological subtypes and 
correlations with genes of dystroglycanopathies. Brain 135, 469–482. 

Diaz, J., and Samson, H.H. (1980). Impaired brain growth in neonatal rats exposed to ethanol. Science 208, 
751–753. 

Dillon, G.M., Tyler, W.A., Omuro, K.C., Kambouris, J., Tyminski, C., Henry, S., Haydar, T.F., Beffert, U., 
and Ho, A. (2017). CLASP2 Links Reelin to the Cytoskeleton during Neocortical Development. Neuron 



93, 1344–1358.e5. 

Distel, M., Hocking, J.C., Volkmann, K., and Köster, R.W. (2010). The centrosome neither persistently 
leads migration nor determines the site of axonogenesis in migrating neurons in vivo. J. Cell Biol. 191, 
875–890. 

Dobyns, W.B., and Truwit, C.L. (1995). Lissencephaly and other malformations of cortical development: 
1995 update. Neuropediatrics 26, 132–147. 

Dobyns, W.B., Andermann, E., Andermann, F., Czapansky-Beilman, D., Dubeau, F., Dulac, O., Guerrini, 
R., Hirsch, B., Ledbetter, D.H., Lee, N.S., et al. (1996). X-linked malformations of neuronal migration. 
Neurology 47, 331–339. 

Donato, N. Di, Timms, A.E., Aldinger, K.A., Mirzaa, G.M., Bennett, J.T., Collins, S., Olds, C., Mei, D., 
Chiari, S., Carvill, G., et al. (2018). Analysis of 17 genes detects mutations in 81 % of 811 patients with 
lissencephaly. Nat. Publ. Gr. 00. 

Doobin, D.J., Kemal, S., Dantas, T.J., and Vallee, R.B. (2016). Severe NDE1-mediated microcephaly 
results from neural progenitor cell cycle arrests at multiple specific stages. Nat. Commun. 7. 

Doxsey, S. (2001). Re-evaluating centrosome function. Nat. Rev. Mol. Cell Biol. 2, 688–698. 

Dráberová, E., Sulimenko, V., Vinopal, S., Sulimenko, T., Sládková, V., D’Agostino, L., Sobol, M., Hozák, 
P., Křen, L., Katsetos, C.D., et al. (2017). Differential expression of human γ-tubulin isotypes during 
neuronal development and oxidative stress points to a γ-tubulin-2 prosurvival function. FASEB J. 31, 1828–
1846. 

Duerinckx, S., and Abramowicz, M. (2018). The genetics of congenitally small brains. Semin. Cell Dev. 
Biol. 76, 76–85. 

Edmondson, J.C., and Hatten, M.E. (1987). Glial-guided granule neuron migration in vitro: a high-
resolution time-lapse video microscopic study. J. Neurosci. 7, 1928–1934. 

Efimov, A., Kharitonov, A., Efimova, N., Loncarek, J., Paul, M., Andreyeva, N., Gleeson, P., Galjart, N., 
Maia, A.R.R., Ian, X., et al. (2009). Asymmetric CLASP-dependent nucleation of non-centrosomal 
microtubules at the trans-Golgi network. 12, 917–930. 

Eklund, G., Lang, S., Glindre, J., Ehlen, A., and Alvarado-Kristensson, M. (2014). The nuclear localization 
of gamma-tubulin is regulated by SadB-mediated phosphorylation. J. Biol. Chem. 289, 21360–21373. 

Englund, C., Fink, A., Lau, C., Pham, D., Daza, R.A.M., Bulfone, A., Kowalczyk, T., and Hevner, R.F. 
(2005). Pax6, Tbr2, and Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and 
postmitotic neurons in developing neocortex. J. Neurosci. 25, 247–251. 

Faheem, M., Naseer, M.I., Rasool, M., Chaudhary, A.G., Kumosani, T.A., Ilyas, A.M., Pushparaj, P.N., 
Ahmed, F., Algahtani, H.A., Al-Qahtani, M.H., et al. (2013). Molecular genetics of human primary 
microcephaly: an overview. 8, 24–27. 

Falconer, D.S. (1951). Two new mutants, “trembler” and “reeler”, with neurological actions in the house 
mouse (Mus musculus L.). J. Genet. 50, 192–201. 

Farache, D., Jauneau, A., Chemin, C., Chartrain, M., Rémy, M., Merdes, A., and Haren, L. (2016). 
Functional Analysis of γ -Tubulin Complex Proteins Indicates Specific Lateral Association via Their N-
terminal Domains * Edited by Velia Fowler. 291, 23112–23125. 

Farag, H.G., Froehler, S., Oexle, K., Ravindran, E., Schindler, D., Staab, T., Huebner, A., Kraemer, N., 
Chen, W., and Kaindl, A.M. (2013). Abnormal centrosome and spindle morphology in a patient with 



autosomal recessive  primary microcephaly type 2 due to compound heterozygous WDR62 gene mutation. 
Orphanet J. Rare Dis. 8, 178. 

Feng, Y., and Walsh, C.A. (2004a). Mitotic spindle regulation by Nde1 controls cerebral cortical size. 
Neuron 44, 279–293. 

Feng, Y., Olson, E.C., Stukenberg, P.T., Flanagan, L.A., Kirschner, M.W., and Walsh, C.A. (2000). LIS1 
regulates CNS lamination by interacting with mNudE, a central component of the centrosome. Neuron 28, 
665–679. 

Fietz, S.A., Kelava, I., Vogt, J., Wilsch-Bräuninger, M., Stenzel, D., Fish, J.L., Corbeil, D., Riehn, A., 
Distler, W., Nitsch, R., et al. (2010). OSVZ progenitors of human and ferret neocortex are epithelial-like 
and expand by integrin signaling. Nat. Neurosci. 13, 690–699. 

Fleck, M.W., Hirotsune, S., Gambello, M.J., Phillips-Tansey, E., Suares, G., Mervis, R.F., Wynshaw-Boris, 
A., and McBain, C.J. (2000). Hippocampal Abnormalities and Enhanced Excitability in a Murine Model of 
Human Lissencephaly. J. Neurosci. 20, 2439–2450. 

Fong, K., Choi, Y., Rattner, J.B., and Qi, R.Z. (2008). CDK5RAP2 Is a Pericentriolar Protein That 
Functions in Centrosomal Attachment of the ␥ -Tubulin Ring Complex. 19, 115–125. 

Fox, J.W., Lamperti, E.D., Eksioglu, Y.Z., Hong, S.E., Feng, Y., Graham, D.A., Scheffer, I.E., Dobyns, 
W.B., Hirsch, B.A., Radtke, R.A., et al. (1998). Mutations in filamin 1 prevent migration of cerebral cortical 
neurons in human periventricular heterotopia. Neuron 21, 1315–1325. 

Franco, S.J., Martinez-Garay, I., Gil-Sanz, C., Harkins-Perry, S.R., and Müller, U. (2011). Reelin Regulates 
Cadherin Function via Dab1/Rap1 to Control Neuronal Migration and Lamination in the Neocortex. Neuron 
69, 482–497. 

Frantz, G.D., and McConnell, S.K. (1996). Restriction of late cerebral cortical progenitors to an upper-layer 
fate. Neuron 17, 55–61. 

Gabriel, E., Wason, A., Ramani, A., Gooi, L.M., Keller, P., Pozniakovsky, A., Poser, I., Noack, F., Telugu, 
N.S., Calegari, F., et al. (2016).  CPAP promotes timely cilium disassembly to maintain neural progenitor 
pool. EMBO J. 35, 803–819. 

Gadadhar, S., Bodakuntla, S., Natarajan, K., and Janke, C. (2017). The tubulin code at a glance. J. Cell Sci. 
130, 1347–1353. 

Gaertig, J., and Wloga, D.B.T.-C.T. in D.B. (2008). Ciliary Tubulin and Its Post-Translational 
Modifications. In Ciliary Function in Mammalian Development, (Academic Press), pp. 83–113. 

Galjart, N. (2010). Plus-end-tracking proteins and their interactions at microtubule ends. Curr. Biol. 20, 
R528–R537. 

Gallo, G. (2011). The cytoskeletal and signaling mechanisms of axon collateral branching. Dev. Neurobiol. 
71, 201–220. 

Gambello, M.J., Darling, D.L., Yingling, J., Tanaka, T., Gleeson, J.G., and Wynshaw-Boris, A. (2003). 
Multiple dose-dependent effects of Lis1 on cerebral cortical development. J. Neurosci. 23, 1719–1729. 

Ganguly, A., Yang, H., Sharma, R., Patel, K.D., and Cabral, F. (2012). The Role of Microtubules and Their 
Dynamics in Cell Migration. J. Biol. Chem. 287, 43359–43369. 

Gao, Y., Vainberg, I.E., Chow, R.L., and Cowan, N.J. (1993). Two cofactors and cytoplasmic chaperonin 
are required for the folding of alpha- and beta-tubulin. Mol. Cell. Biol. 13, 2478–2485. 



Garnham, C.P., and Roll-Mecak, A. (2012). The chemical complexity of cellular microtubules: tubulin 
post-translational modification enzymes and their roles in tuning microtubule functions. Cytoskeleton 
(Hoboken). 69, 442–463. 

Gillingham, A.K., and Munro, S. (2000). The PACT domain, a conserved centrosomal targeting motif in 
the coiled-coil proteins AKAP450 and pericentrin. EMBO Rep. 1, 524–529. 

Gilmore, E.C., and Walsh, C.A. (2013). Genetic Causes of Microcephaly and Lessons for Neuronal 
Development. Wiley Interdiscip. Rev. Dev. Biol. 2, 461–478. 

Gleeson, J.G., Allen, K.M., Fox, J.W., Lamperti, E.D., Berkovic, S., Scheffer, I., Cooper, E.C., Dobyns, 
W.B., Minnerath, S.R., Ross, M.E., et al. (1998). doublecortin, a brain-specific gene mutated in human X-
linked lissencephaly and double cortex syndrome, encodes a putative signaling protein. Cell 92, 63–72. 

Gleeson, J.G., Lin, P.T., Flanagan, L.A., and Walsh, C.A. (1999). Doublecortin Is a Microtubule-Associated 
Protein and Is Expressed Widely by Migrating Neurons. Neuron 23, 257–271. 

Gomez-Ferreria, M.A., Rath, U., Buster, D.W., Chanda, S.K., Caldwell, J.S., Rines, D.R., and Sharp, D.J. 
(2007). Human Cep192 is required for mitotic centrosome and spindle assembly. Curr. Biol. 17, 1960–
1966. 

Goshima, G., Mayer, M., Zhang, N., Stuurman, N., and Vale, R.D. (2008). Augmin: A protein complex 
required for centrosome-independent microtubule generation within the spindle. J. Cell Biol. 181, 421–429. 

Götz, M., and Huttner, W.B. (2005). The cell biology of neurogenesis. Nat. Rev. Mol. Cell Biol. 6, 777–
788. 

Granata, T., Farina, L., Faiella, A., Cardini, R., D\textquoterightIncerti, L., Boncinelli, E., and Battaglia, G. 
(1997). Familial schizencephaly associated with EMX2 mutation. Neurology 48, 1403–1406. 

Graser, S., Stierhof, Y.-D., and Nigg, E.A. (2007). Cep68 and Cep215 (Cdk5rap2) are required for 
centrosome cohesion. J. Cell Sci. 120, 4321–4331. 

Greenberg, C.H., Kollman, J., Zelter, A., Johnson, R., MacCoss, M.J., Davis, T.N., Agard, D.A., and Sali, 
A. (2016). Structure of γ-tubulin small complex based on a cryo-EM map, chemical cross-links, and a 
remotely related structure. J. Struct. Biol. 194, 303–310. 

Greenwood, J.S.F., Wang, Y., Estrada, R.C., Ackerman, L., Ohara, P.T., and Baraban, S.C. (2009). 
Seizures, enhanced excitation, and increased vesicle number in Lis1 mutant mice. Ann. Neurol. 66, 644–
653. 

Gruber, R., Zhou, Z., Sukchev, M., Joerss, T., Frappart, P.-O., and Wang, Z.-Q. (2011). MCPH1 regulates 
the neuroprogenitor division mode by coupling the centrosomal cycle with mitotic entry through the Chk1–
Cdc25 pathway. Nat. Cell Biol. 13, 1325. 

Gstrein, T., Edwards, A., Přistoupilová, A., Leca, I., Breuss, M., Pilat-Carotta, S., Hansen, A.H., Tripathy, 
R., Traunbauer, A.K., Hochstoeger, T., et al. (2018). Mutations in Vps15 perturb neuronal migration in 
mice and are associated with neurodevelopmental disease in humans. Nat. Neurosci. 

Guernsey, D.L., Jiang, H., Hussin, J., Arnold, M., Bouyakdan, K., Perry, S., Babineau-Sturk, T., Beis, J., 
Dumas, N., Evans, S.C., et al. (2010). Mutations in centrosomal protein CEP152 in primary microcephaly 
families linked to MCPH4. Am. J. Hum. Genet. 87, 40–51. 

Gueth-Hallonet, C., Antony, C., Aghion, J., Santa-Maria, A., Lajoie-Mazenc, I., Wright, M., and Maro, B. 
(1993). gamma-Tubulin is present in acentriolar MTOCs during early mouse development. J. Cell Sci. 105, 
157–166. 



Guillet, V., Knibiehler, M., Gregory-Pauron, L., Remy, M.-H., Chemin, C., Raynaud-Messina, B., Bon, C., 
Kollman, J.M., Agard, D.A., Merdes, A., et al. (2011). Crystal structure of γ-tubulin complex protein GCP4 
provides insight into microtubule nucleation. Nat. Struct. Mol. Biol. 18, 915–919. 

Guo, Y., Wei, X., Das, J., Grimson, A., Lipkin, S.M., Clark, A.G., and Yu, H. (2013). Dissecting disease 
inheritance modes in a three-dimensional protein network challenges the “guilt-by-association” principle. 
Am. J. Hum. Genet. 93, 78–89. 

Gutierrez, P.A., and McKenney, R.J. (2017). Differential Effects of LIS1 On Processive Dynein-Dynactin 
Motility. BioRxiv. 

Habedanck, R., Stierhof, Y.-D., Wilkinson, C.J., and Nigg, E.A. (2005). The Polo kinase Plk4 functions in 
centriole duplication. Nat. Cell Biol. 7, 1140–1146. 

Hamada, T. (2014). Chapter One - Microtubule Organization and Microtubule-Associated Proteins in Plant 
Cells. K.W.B.T.-I.R. of C. and M.B. Jeon, ed. (Academic Press), pp. 1–52. 

Han, Y.-G., Spassky, N., Romaguera-Ros, M., Garcia-Verdugo, J.-M., Aguilar, A., Schneider-Maunoury, 
S., and Alvarez-Buylla, A. (2008). Hedgehog signaling and primary cilia are required for the formation of 
adult neural stem cells. Nat. Neurosci. 11, 277–284. 

Hansen, D. V., Lui, J.H., Parker, P.R.L., and Kriegstein, A.R. (2010). Neurogenic radial glia in the outer 
subventricular zone of human neocortex. Nature 464, 554–561. 

Haren, L., Remy, M.H., Bazin, I., Callebaut, I., Wright, M., and Merdes, A. (2006). NEDD1-dependent 
recruitment of the γ-tubulin ring complex to the centrosome is necessary for centriole duplication and 
spindle assembly. J. Cell Biol. 172, 505–515. 

Haren, L., Stearns, T., and Lüders, J. (2009). Plk1-Dependent Recruitment of γ-Tubulin Complexes to 
Mitotic Centrosomes Involves Multiple PCM Components. PLoS One 4, 1–10. 

Hartman, J.J., Mahr, J., McNally, K., Okawa, K., Iwamatsu, A., Thomas, S., Cheesman, S., Heuser, J., 
Vale, R.D., and McNally, F.J. (1998). Katanin, a microtubule-severing protein, is a novel AAA ATPase 
that targets to the centrosome using a WD40-containing subunit. Cell 93, 277–287. 

Hatten, M.E. (1999). Central nervous system neuronal migration. Annu. Rev. Neurosci. 22, 511–539. 

Haubensak, W., Attardo, A., Denk, W., and Huttner, W.B. (2004). Neurons arise in the basal 
neuroepithelium of the early mammalian telencephalon:  a major site of neurogenesis. Proc. Natl. Acad. 
Sci. U. S. A. 101, 3196–3201. 

Hayashi, K., Kubo, K.I., Kitazawa, A., and Nakajima, K. (2015). Cellular dynamics of neuronal migration 
in the hippocampus. Front. Neurosci. 9, 1–11. 

He, Y., Francis, F., Myers, K.A., Yu, W., Black, M.M., and Baas, P.W. (2005). Role of cytoplasmic dynein 
in the axonal transport of microtubules and neurofilaments. J. Cell Biol. 168, 697 LP-703. 

Hehr, U., Pineda-Alvarez, D.E., Uyanik, G., Hu, P., Zhou, N., Hehr, A., Schell-Apacik, C., Altus, C., 
Daumer-Haas, C., Meiner, A., et al. (2010). Heterozygous mutations in SIX3 and SHH are associated with 
schizencephaly and further expand the clinical spectrum of holoprosencephaly. Hum. Genet. 127, 555–561. 

Hendrickson, T.W., Yao, J., Bhadury, S., Corbett, A.H., and Joshi, H.C. (2001). Conditional mutations in 
gamma-tubulin reveal its involvement in chromosome segregation and cytokinesis. Mol. Biol. Cell 12, 
2469–2481. 

Hevner, R.F., Shi, L., Justice, N., Hsueh, Y., Sheng, M., Smiga, S., Bulfone, A., Goffinet, A.M., 
Campagnoni, A.T., and Rubenstein, J.L. (2001). Tbr1 regulates differentiation of the preplate and layer 6. 



Neuron 29, 353–366. 

Hiesberger, T., Trommsdorff, M., Howell, B.W., Goffinet, A., Mumby, M.C., Cooper, J.A., and Herz, J. 
(1999). Direct binding of Reelin to VLDL receptor and ApoE receptor 2 induces tyrosine phosphorylation 
of disabled-1 and modulates tau phosphorylation. Neuron 24, 481–489. 

Higginbotham, H.R., and Gleeson, J.G. (2007). The centrosome in neuronal development. Trends Neurosci. 
30, 276–283. 

Higginbotham, H., Tanaka, T., Brinkman, B.C., and Gleeson, J.G. (2006). GSK3β and PKCζ function in 
centrosome localization and process stabilization during Slit-mediated neuronal repolarization. Mol. Cell. 
Neurosci. 32, 118–132. 

Higginbotham, H., Guo, J., Yokota, Y., Umberger, N.L., Su, C.Y., Li, J., Verma, N., Hirt, J., Ghukasyan, 
V., Caspary, T., et al. (2013). Arl13b-regulated cilia activities are essential for polarized radial glial scaffold 
formation. Nat. Neurosci. 16, 1000–1007. 

Hildebrandt, F., Benzing, T., and Katsanis, N. (2011). Ciliopathies. N. Engl. J. Med. 364, 1533–1543. 

Hirotsune, S., Fleck, M.W., Gambello, M.J., Bix, G.J., Chen, A., Clark, G.D., Ledbetter, D.H., McBain, 
C.J., and Wynshaw-Boris, A. (1998). Graded reduction of Pafah1b1 (Lis1) activity results in neuronal 
migration defects and early embryonic lethality. Nat. Genet. 19, 333–339. 

Homma, N., Takei, Y., Tanaka, Y., Nakata, T., Terada, S., Kikkawa, M., Noda, Y., and Hirokawa, N. 
(2003). Kinesin superfamily protein 2A (KIF2A) functions in suppression of collateral branch extension. 
Cell 114, 229–239. 

Honda, T., Kobayashi, K., Mikoshiba, K., and Nakajima, K. (2011). Regulation of Cortical Neuron 
Migration by the Reelin Signaling Pathway. Neurochem. Res. 36, 1270–1279. 

Hoogenraad, C.C., and Bradke, F. (2009). Control of neuronal polarity and plasticity - a renaissance for 
microtubules? Trends Cell Biol. 19, 669–676. 

Howell, B.W., Hawkes, R., Soriano, P., and Cooper, J.A. (1997). Neuronal position in the developing brain 
is regulated by mouse disabled-1. Nature 389, 733. 

Hsia, K.-C., Wilson-Kubalek, E.M., Dottore, A., Hao, Q., Tsai, K.-L., Forth, S., Shimamoto, Y., Milligan, 
R.A., and Kapoor, T.M. (2014). Reconstitution of the augmin complex provides insights into its architecture 
and  function. Nat. Cell Biol. 16, 852–863. 

Hubbert, C., Guardiola, A., Shao, R., Kawaguchi, Y., Ito, A., Nixon, A., Yoshida, M., Wang, X.-F., and 
Yao, T.-P. (2002). HDAC6 is a microtubule-associated deacetylase. Nature 417, 455. 

Hurtado, L., Caballero, C., Gavilan, M.P., Cardenas, J., Bornens, M., and Rios, R.M. (2011). Disconnecting 
the Golgi ribbon from the centrosome prevents directional cell migration and ciliogenesis. J. Cell Biol. 193, 
917–933. 

Hussain, M.S., Baig, S.M., Neumann, S., Nürnberg, G., Farooq, M., Ahmad, I., Alef, T., Hennies, H.C., 
Technau, M., Altmüller, J., et al. (2012). A truncating mutation of CEP135 causes primary microcephaly 
and disturbed centrosomal function. Am. J. Hum. Genet. 90, 871–878. 

Hutchins, J.R.A., Toyoda, Y., Hegemann, B., Poser, I., Heriche, J.-K., Sykora, M.M., Augsburg, M., 
Hudecz, O., Buschhorn, B.A., Bulkescher, J., et al. (2010). Systematic analysis of human protein complexes 
identifies chromosome segregation  proteins. Science 328, 593–599. 

Huttner, W.B., and Brand, M. (1997). Asymmetric division and polarity of neuroepithelial cells. Curr. Opin. 
Neurobiol. 7, 29–39. 



Ian, T., Adria, B., Kira, A., M., M.A., S., C.B., M., S.G., James, B.A., J., L.E., and A., W.C. Comprehensive 
EMX2 genotyping of a large schizencephaly case series. Am. J. Med. Genet. Part A 143A, 1313–1316. 

Imai, H., Yamamoto, T., Katsuyama, Y., Kikkawa, S., and Terashima, T. (2012). Subcortically and 
callosally projecting neurons are distinct neuronal pools in the motor cortex of the reeler mouse. Kobe J. 
Med. Sci. 58, E86-95. 

Inclán, Y.F., and Nogales, E. (2001). Structural models for the self-assembly and microtubule interactions 
of gamma-, delta- and epsilon-tubulin. J. Cell Sci. 114, 413–422. 

Insolera, R., Bazzi, H., Shao, W., Anderson, K. V., and Shi, S.H. (2014). Cortical neurogenesis in the 
absence of centrioles. Nat. Neurosci. 17, 1528–1535. 

Jaglin, X.H., Poirier, K., Saillour, Y., Buhler, E., Tian, G., Bahi-Buisson, N., Fallet-Bianco, C., Phan-Dinh-
Tuy, F., Kong, X.P., Bomont, P., et al. (2009). Mutations in the Β-tubulin gene TUBB2B result in 
asymmetrical polymicrogyria. Nat. Genet. 41, 746–752. 

Janke, C., and Montagnac, G. (2017). Causes and Consequences of Microtubule Acetylation. Curr. Biol. 
27, R1287–R1292. 

Jansen, L.A., Mirzaa, G.M., Ishak, G.E., O’Roak, B.J., Hiatt, J.B., Roden, W.H., Gunter, S.A., Christian, 
S.L., Collins, S., Adams, C., et al. (2015). PI3K/AKT pathway mutations cause a spectrum of brain 
malformations from megalencephaly to focal cortical dysplasia. Brain 138, 1613–1628. 

Jia, Y., Fong, K.W., Choi, Y.K., See, S.S., and Qi, R.Z. (2013). Dynamic Recruitment of CDK5RAP2 to 
Centrosomes Requires Its Association with Dynein. PLoS One 8, 1–7. 

Jiang, X., and Nardelli, J. (2016). Cellular and molecular introduction to brain development. Neurobiol. 
Dis. 92, 3–17. 

Jinushi-Nakao, S., Arvind, R., Amikura, R., Kinameri, E., Liu, A.W., and Moore, A.W. (2007). 
Knot/Collier and cut control different aspects of dendrite cytoskeleton and synergize to define final arbor 
shape. Neuron 56, 963–978. 

Joshi, H.C., Palacios, M.J., McNamara, L., and Cleveland, D.W. (1992). Gamma-tubulin is a centrosomal 
protein required for cell cycle-dependent microtubule nucleation. Nature 356, 80–83. 

Judaš, M., Sedmak, G., and Pletikos, M. (2010). Early history of subplate and interstitial neurons: from 
Theodor Meynert (1867) to the discovery of the subplate zone (1974). J. Anat. 217, 344–367. 

Kabat, J., and Król, P. (2012). Focal cortical dysplasia – review. Polish J. Radiol. 77, 35–43. 

Kapitein, L.C., and Hoogenraad, C.C. (2015). Building the Neuronal Microtubule Cytoskeleton. Neuron 
87, 492–506. 

Karabay, A., Yu, W., Solowska, J.M., Baird, D.H., and Baas, P.W. (2004). Axonal growth is sensitive to 
the levels of katanin, a protein that severs microtubules. J. Neurosci. 24, 5778–5788. 

Kawabe, H., and Brose, N. (2011). The role of ubiquitylation in nerve cell development. Nat. Rev. Neurosci. 
12, 251–268. 

Keays, D.A., Tian, G., Poirier, K., Huang, G.J., Siebold, C., Cleak, J., Oliver, P.L., Fray, M., Harvey, R.J., 
Molnár, Z., et al. (2007). Mutations in α-Tubulin Cause Abnormal Neuronal Migration in Mice and 
Lissencephaly in Humans. Cell 128, 45–57. 

Kellogg, D.R., Moritz, M., and Alberts, B.M. (1994). The Centrosome and Cellular Organization. Annu. 
Rev. Biochem. 63, 639–674. 



King, S.J., and Schroer, T.A. (1999). Dynactin increases the processivity of the cytoplasmic dynein motor. 
Nat. Cell Biol. 2, 20. 

Kitazawa, A., Kubo, K. -i., Hayashi, K., Matsunaga, Y., Ishii, K., and Nakajima, K. (2014). Hippocampal 
Pyramidal Neurons Switch from a Multipolar Migration Mode to a Novel “Climbing” Migration Mode 
during Development. J. Neurosci. 34, 1115–1126. 

Knop, M., and Schiebel, E. (1997). Spc98p and Spc97p of the yeast gamma-tubulin complex mediate 
binding to the spindle pole body via their interaction with Spc110p. EMBO J. 16, 6985–6995. 

Kollman, J.M., Zelter, A., Muller, E.G.D., Fox, B., Rice, L.M., Davis, T.N., and Agard, D.A. (2008). The 
structure of the gamma-tubulin small complex: implications of its architecture and flexibility for 
microtubule nucleation. Mol. Biol. Cell 19, 207–215. 

Kollman, J.M., Merdes, A., Mourey, L., and Agard, D.A. (2011). Microtubule nucleation by γ-tubulin 
complexes. Nat. Rev. Mol. Cell Biol. 12, 709–721. 

Komuro, H., and Rakic, P. (1995). Dynamics of granule cell migration: a confocal microscopic study in 
acute cerebellar slice preparations. J. Neurosci. 15, 1110–1120. 

Kosodo, Y., Röper, K., Haubensak, W., Marzesco, A.-M., Corbeil, D., and Huttner, W.B. (2004). 
Asymmetric distribution of the apical plasma membrane during neurogenic divisions of mammalian 
neuroepithelial cells. EMBO J. 23, 2314–2324. 

Kozminski, K.G., Johnson, K.A., Forscher, P., and Rosenbaum, J.L. (1993). A motility in the eukaryotic 
flagellum unrelated to flagellar beating. Proc. Natl. Acad. Sci. U. S. A. 90, 5519–5523. 

Kriegstein, A.R., and Gotz, M. (2003). Radial glia diversity: a matter of cell fate. Glia 43, 37–43. 

Kriegstein, A.R., and Noctor, S.C. (2004). Patterns of neuronal migration in the embryonic cortex. Trends 
Neurosci. 27, 392–399. 

Kuijpers, M., and Hoogenraad, C.C. (2011). Centrosomes, microtubules and neuronal development. Mol. 
Cell. Neurosci. 48, 349–358. 

Kumar, A., Girimaji, S.C., Duvvari, M.R., and Blanton, S.H. (2009). Mutations in STIL, encoding a 
pericentriolar and centrosomal protein, cause primary microcephaly. Am. J. Hum. Genet. 84, 286–290. 

Kwon, Y.T., and Tsai, L.H. (2000). The role of the p35/cdk5 kinase in cortical development. Results Probl. 
Cell Differ. 30, 241–253. 

L’Hernault, S.W., and Rosenbaum, J.L. (1985). Chlamydomonas alpha-tubulin is posttranslationally 
modified by acetylation on the epsilon-amino group of a lysine. Biochemistry 24, 473–478. 

LaMonica, B.E., Lui, J.H., Hansen, D. V, and Kriegstein, A.R. (2013). Mitotic spindle orientation predicts 
outer radial glial cell generation in human  neocortex. Nat. Commun. 4, 1665. 

Lancaster, M.A., and Gleeson, J.G. (2009). The primary cilium as a cellular signaling center: lessons from 
disease. Curr. Opin. Genet. Dev. 19, 220–229. 

Lancaster, M.A., and Knoblich, J.A. (2012). Spindle orientation in mammalian cerebral cortical 
development. Curr. Opin. Neurobiol. 22, 737–746. 

Lane, H.A., and Nigg, E.A. (1996). Antibody microinjection reveals an essential role for human polo-like 
kinase 1 (Plk1) in the functional maturation of mitotic centrosomes. J. Cell Biol. 135, 1701–1713. 

Lange, B.M., and Gull, K. (1995). A molecular marker for centriole maturation in the mammalian cell 



cycle. J. Cell Biol. 130, 919–927. 

Larsen, W.J. (2001). Human Embryology. 

Lawrence, C.J., Dawe, R.K., Christie, K.R., Cleveland, D.W., Dawson, S.C., Endow, S.A., Goldstein, 
L.S.B., Goodson, H. V, Hirokawa, N., Howard, J., et al. (2004). A standardized kinesin nomenclature. J. 
Cell Biol. 167, 19–22. 

Leask, A., Obrietan, K., and Stearns, T. (1997). Synaptically coupled central nervous system neurons lack 
centrosomal gamma-tubulin. Neurosci. Lett. 229, 17–20. 

Lee, K., and Rhee, K. (2011). PLK1 phosphorylation of pericentrin initiates centrosome maturation at the 
onset of mitosis. J. Cell Biol. 195, 1093 LP-1101. 

Lee, J.H., Huynh, M., Silhavy, J.L., Kim, S., Dixon-Salazar, T., Heiberg, A., Scott, E., Bafna, V., Hill, K.J., 
Collazo, A., et al. (2012). De novo somatic mutations in components of the PI3K-AKT3-mTOR pathway 
cause hemimegalencephaly. Nat. Genet. 44, 941–945. 

Lehtinen, M.K., Zappaterra, M.W., Chen, X., Yang, Y.J., Hill, A.D., Lun, M., Maynard, T., Gonzalez, D., 
Kim, S., Ye, P., et al. (2011). The cerebrospinal fluid provides a proliferative niche for neural progenitor 
cells. Neuron 69, 893–905. 

Letourneau, P.C., Shattuck, T.A., and Ressler, A.H. (1987). “Pull” and “push” in neurite elongation: 
observations on the effects of different concentrations of cytochalasin B and taxol. Cell Motil. Cytoskeleton 
8, 193–209. 

Leventer, R.J., Jansen, A., Pilz, D.T., Stoodley, N., Marini, C., Dubeau, F., Malone, J., Mitchell, L.A., 
Mandelstam, S., Scheffer, I.E., et al. (2010). Clinical and imaging heterogeneity of polymicrogyria: a study 
of 328 patients. Brain 133, 1415–1427. 

Lewis, T.L.J., Courchet, J., and Polleux, F. (2013). Cellular and molecular mechanisms underlying axon 
formation , growth , and branching. 202, 837–848. 

Li, G., and Pleasure, S.J. (2014). The development of hippocampal cellular assemblies. Wiley Interdiscip. 
Rev. Dev. Biol. 3, 165–177. 

Li, L., Wei, D., Wang, Q., Pan, J., Liu, R., Zhang, X., and Bao, L. (2012). MEC-17 deficiency leads to 
reduced alpha-tubulin acetylation and impaired migration of cortical neurons. J. Neurosci. 32, 12673–
12683. 

Li, M., Petukh, M., Alexov, E., and Panchenko, A.R. (2014). Predicting the Impact of Missense Mutations 
on Protein–Protein Binding Affinity. J. Chem. Theory Comput. 10, 1770–1780. 

Li, S., Oakley, C.E., Chen, G., Han, X., Oakley, B.R., and Xiang, X. (2005). Cytoplasmic dynein’s mitotic 
spindle pole localization requires a functional anaphase-promoting complex, gamma-tubulin, and 
NUDF/LIS1 in Aspergillus nidulans. Mol. Biol. Cell 16, 3591–3605. 

Li, S.C., Goto, N.K., Williams, K.A., and Deber, C.M. (1996). Alpha-helical, but not beta-sheet, propensity 
of proline is determined by peptide environment. Proc. Natl. Acad. Sci. U. S. A. 93, 6676–6681. 

Lim, N.R., Yeap, Y.Y.C., Ang, C.-S., Williamson, N.A., Bogoyevitch, M.A., Quinn, L.M., and Ng, D.C.H. 
(2016). Aurora A phosphorylation of WD40-repeat protein 62 in mitotic spindle regulation. Cell Cycle 15, 
413–424. 

Lin, T.C., Neuner, A., Flemming, D., Liu, P., Chinen, T., Jäkle, U., Arkowitz, R., and Schiebel, E. (2016). 
MOZART1 and γ-tubulin complex receptors are both required to turn γ-TuSC into an active microtubule 
nucleation template. J. Cell Biol. 215, 823–840. 



Lizarraga, S.B., Margossian, S.P., Harris, M.H., Campagna, D.R., Han, A.-P., Blevins, S., Mudbhary, R., 
Barker, J.E., Walsh, C.A., and Fleming, M.D. (2010). Cdk5rap2 regulates centrosome function and 
chromosome segregation in neuronal progenitors. Development 137, 1907–1917. 

Ljungberg, M.C., Sunnen, C.N., Lugo, J.N., Anderson, A.E., and D’Arcangelo, G. (2009). Rapamycin 
suppresses seizures and neuronal hypertrophy in a mouse model of cortical dysplasia. Dis. Model. Mech. 
2, 389–398. 

Louvi, A., and Grove, E.A. (2011). Cilia in the CNS: the quiet organelle claims center stage. Neuron 69, 
1046–1060. 

Lüders, J., Patel, U.K., and Stearns, T. (2006). GCP-WD is a γ-tubulin targeting factor required for 
centrosomal and chromatin-mediated microtubule nucleation. Nat. Cell Biol. 8, 137–147. 

Luo, L. (2000). Rho GTPases in neuronal morphogenesis. Nat. Rev. Neurosci. 1, 173–180. 

Maiato, H., and Logarinho, E. (2014). Mitotic spindle multipolarity without centrosome amplification. Nat. 
Cell Biol. 16, 386–394. 

Manning, J.A., Shalini, S., Risk, J.M., Day, C.L., and Kumar, S. (2010). A direct interaction with NEDD1 
regulates γ-tubulin recruitment to the centrosome. PLoS One 5. 

Marin-Padilla, M. (1998). Cajal-Retzius cells and the development of the neocortex. Trends Neurosci. 21, 
64–71. 

Marin, O., and Rubenstein, J.L.R. (2003). Cell migration in the forebrain. Annu. Rev. Neurosci. 26, 441–
483. 

Marsh, L., and Letourneau, P.C. (1984). Growth of neurites without filopodial or lamellipodial activity in 
the presence of cytochalasin B. J. Cell Biol. 99, 2041–2047. 

Marthiens, V., and Basto, R. (2014). Microcephaly: STIL(l) a tale of too many centrosomes. Curr. Biol. 24, 
R162-4. 

Marthiens, V., Rujano, M.A., Pennetier, C., Tessier, S., Paul-Gilloteaux, P., and Basto, R. (2013). 
Centrosome amplification causes microcephaly. Nat. Cell Biol. 15, 731–740. 

Martin, C., Ahmad, I., Klingseisen, A., Sajid, M., Bicknell, L.S., Leitch, A., Nürnberg, G., Reza, M., 
Murray, J.E., Hunt, D., et al. (2015). Europe PMC Funders Group Mutations in PLK4 , encoding a master 
regulator of centriole biogenesis , cause microcephaly , growth failure and retinopathy. 46, 1283–1292. 

Martineau, F.S., Sahu, S., Plantier, V., Buhler, E., Schaller, F., Fournier, L., Chazal, G., Kawasaki, H., 
Represa, A., Watrin, F., et al. (2018). Correct Laminar Positioning in the Neocortex Influences Proper 
Dendritic and Synaptic Development. Cereb. Cortex 28, 2976–2990. 

Matsuyama, A., Shimazu, T., Sumida, Y., Saito, A., Yoshimatsu, Y., Seigneurin-Berny, D., Osada, H., 
Komatsu, Y., Nishino, N., Khochbin, S., et al. (2002). In vivo destabilization of dynamic microtubules by 
HDAC6-mediated deacetylation. EMBO J. 21, 6820–6831. 

McCallum, C.D., Do, H., Johnson, A.E., and Frydman, J. (2000). The interaction of the chaperonin tailless 
complex polypeptide 1 (TCP1) ring complex (TRiC) with ribosome-bound nascent chains examined using 
photo-cross-linking. J. Cell Biol. 149, 591–602. 

McConnell, S., and Kaznowski, C. (1991). Cell cycle dependence of laminar determination in developing 
neocortex. Science (80-. ). 254, 282–285. 

Mcintyre, R.E., Chavali, P.L., Ismail, O., Carragher, D.M., Sanchez-andrade, G., Forment, J. V, Fu, B., 



Velasco-herrera, M.D.C., Edwards, A., Weyden, L. Van Der, et al. (2012). Disruption of Mouse Cenpj , a 
Regulator of Centriole Biogenesis , Phenocopies Seckel Syndrome. 8, 1–18. 

McKenney, R.J., Vershinin, M., Kunwar, A., Vallee, R.B., and Gross, S.P. (2010). LIS1 and NudE induce 
a persistent dynein force-producing state. Cell 141, 304–314. 

McManus, M.F., Nasrallah, I.M., Pancoast, M.M., Wynshaw-Boris, A., and Golden, J.A. (2004). Lis1 Is 
Necessary for Normal Non-Radial Migration of Inhibitory Interneurons. Am. J. Pathol. 165, 775–784. 

Mennella, V., Agard, D.A., Huang, B., and Pelletier, L. (2014). Amorphous no more: subdiffraction view 
of the pericentriolar material architecture. Trends Cell Biol. 24, 188–197. 

Merdes, A., Mourey, L., Cala, O., Milon, A., and Czaplicki, G. (2013). Virtual and Biophysical Screening 
Targeting the c - Tubulin Complex – A New Target for the Inhibition of Microtubule Nucleation. PLoS 
One 8. 

Messier, P.E., and Auclair, C. (1973). Inhibition of nuclear migration in the absence of microtubules in the 
chick embryo. J. Embryol. Exp. Morphol. 30, 661–671. 

Messier, P.E., and Auclair, C. (1974). Effect of cytochalasin B on interkinetic nuclear migration in the chick 
embryo. Dev. Biol. 36, 218–223. 

Miki, H., Setou, M., and Hirokawa, N. (2003). Kinesin superfamily proteins (KIFs) in the mouse 
transcriptome. Genome Res. 13, 1455–1465. 

Molyneaux, B.J., Arlotta, P., Menezes, J.R.L., and Macklis, J.D. (2007). Neuronal subtype specification in 
the cerebral cortex. Nat. Rev. Neurosci. 8, 427–437. 

Mori, D., Yano, Y., Toyo-oka, K., Yoshida, N., Yamada, M., Muramatsu, M., Zhang, D., Saya, H., 
Toyoshima, Y.Y., Kinoshita, K., et al. (2007). NDEL1 phosphorylation by Aurora-A kinase is essential for 
centrosomal maturation, separation, and TACC3 recruitment. Mol. Cell. Biol. 27, 352–367. 

Moritz, M., Braunfeld, M.B., Guénebaut, V., Heuser, J., and Agard, D.A. (2000). Structure of the γ-tubulin 
ring complex: A template for microtubule nucleation. Nat. Cell Biol. 2, 365–370. 

Morris, N.R., Efimov, V.P., and Xiang, X. (1998). Nuclear migration, nucleokinesis and lissencephaly. 
Trends Cell Biol. 8, 467–470. 

Moudjou, M., Bordes, N., Paintrand, M., and Bornens, M. (1996). gamma-Tubulin in mammalian cells: the 
centrosomal and the cytosolic forms. J. Cell Sci. 109 ( Pt 4, 875–887. 

Mutch, C.A., Poduri, A., Sahin, M., Barry, B., Walsh, C.A., and Barkovich, A.J. (2016). Disorders of 
Microtubule Function in Neurons: Imaging Correlates. AJNR. Am. J. Neuroradiol. 37, 528–535. 

Nadarajah, B., Brunstrom, J.E., Grutzendler, J., Wong, R.O.L., and Pearlman, A.L. (2001). Two modes of 
radial migration in early development of the cerebral cortex. 143–150. 

Nakagawa, Y., Yamane, Y., Okanoue, T., Tsukita, S., and Tsukita, S. (2001). Outer dense fiber 2 is a 
widespread centrosome scaffold component preferentially  associated with mother centrioles: its 
identification from isolated centrosomes. Mol. Biol. Cell 12, 1687–1697. 

Nakahira, E., and Yuasa, S. (2005). Neuronal generation, migration, and differentiation in the mouse 
hippocampal primoridium as revealed by enhanced green fluorescent protein gene transfer by means of in 
utero electroporation. J. Comp. Neurol. 483, 329–340. 

Nakamura, M., and Hashimoto, T. (2009). A mutation in the Arabidopsis gamma-tubulin-containing 
complex causes helical growth and abnormal microtubule branching. J. Cell Sci. 122, 2208–2217. 



Nakata, T., and Hirokawa, N. (2003). Microtubules provide directional cues for polarized axonal transport 
through interaction with kinesin motor head. J. Cell Biol. 162, 1045–1055. 

Nguyen-Ngoc, T., Afshar, K., and Gonczy, P. (2007). Coupling of cortical dynein and G alpha proteins 
mediates spindle positioning in  Caenorhabditis elegans. Nat. Cell Biol. 9, 1294–1302. 

Nguyen, M.M., Stone, M.C., and Rolls, M.M. (2011). Microtubules are organized independently of the 
centrosome in Drosophila neurons. Neural Dev. 6, 38. 

Nguyen, M.M., McCracken, C.J., Milner, E.S., Goetschius, D.J., Weiner, A.T., Long, M.K., Michael, N.L., 
Munro, S., and Rolls, M.M. (2014). γ-Tubulin controls neuronal microtubule polarity independently of 
Golgi outposts. Mol. Biol. Cell 25, 2039–2050. 

Niethammer, M., Smith, D.S., Ayala, R., Peng, J., Ko, J., Lee, M.S., Morabito, M., and Tsai, L.H. (2000). 
NUDEL is a novel Cdk5 substrate that associates with LIS1 and cytoplasmic dynein. Neuron 28, 697–711. 

Nieto, M., Monuki, E.S., Tang, H., Imitola, J., Haubst, N., Khoury, S.J., Cunningham, J., Gotz, M., and 
Walsh, C.A. (2004). Expression of Cux-1 and Cux-2 in the subventricular zone and upper layers II-IV of 
the cerebral cortex. J. Comp. Neurol. 479, 168–180. 

Nishibe, M., Katsuyama, Y., and Yamashita, T. (2018). Developmental abnormality contributes to cortex-
dependent motor impairments and higher intracortical current requirement in the reeler homozygous 
mutants. Brain Struct. Funct. 223, 2575–2587. 

Noctor, S.C., Martinez-Cerdeño, V., Ivic, L., and Kriegstein, A.R. (2004). Cortical neurons arise in 
symmetric and asymmetric division zones and migrate through specific phases. Nat. Neurosci. 7, 136–144. 

Nogales, E., and Wang, H. (2006). Structural mechanisms underlying nucleotide-dependent self-assembly 
of tubulin and its relatives. 

Nogales, E., Wolf, S.G., and Downing, K.H. (1998). Structure of the alpha-beta tubulin dimer by electron 
crystallography. 391, 199–204. 

Nogales, E., Whittaker, M., Milligan, R.A., Downing, K.H., and Berkeley, L. (1999). High-Resolution 
Model of the Microtubule. 96, 79–88. 

Norden, C., Young, S., Link, B.A., and Harris, W.A. (2009). Actomyosin is the main driver of interkinetic 
nuclear migration in the retina. Cell 138, 1195–1208. 

Nosten-bertrand, M., Kappeler, C., Miles, R., Depaulis, A., Francis, F., Chelly, J., and Giros, B. (2008). 
Epilepsy in Dcx Knockout Mice Associated with Discrete Lamination Defects and Enhanced Excitability 
in the Hippocampus. 3. 

Oakley, B.R. (2000). I. Centrosomes and Microtubule Nucleation. 49, 27–54. 

Oakley, C.E., and Oakley, B.R. (1989). Identification of gamma-tubulin, a new member of the tubulin 
superfamily encoded by mipA gene of Aspergillus nidulans. Nature 338, 662–664. 

Oakley, B.R., Oakley, C.E., Yoon, Y., and Jung, M.K. (1990). Gamma-tubulin is a component of the spindle 
pole body that is essential for microtubule function in Aspergillus nidulans. Cell 61, 1289–1301. 

Oakley, B.R., Paolillo, V., and Zheng, Y. (2015). γ-Tubulin complexes in microtubule nucleation and 
beyond. Mol. Biol. Cell 26, 2957–2962. 

Oegema, K., Wiese, C., Martin, O.C., Milligan, R.A., Iwamatsu, A., Mitchison, T.J., and Zheng, Y. (1999). 
Characterization of two related Drosophila γ-tubulin complexes that differ in their ability to nucleate 
microtubules. J. Cell Biol. 144, 721–733. 



Ohashi, T., Yamamoto, T., Yamanashi, Y., and Ohsugi, M. (2016). Human TUBG2 gene is expressed as 
two splice variant mRNA and involved in cell growth. FEBS Lett. 590, 1053–1063. 

Ohshima, T., Hirasawa, M., Tabata, H., Mutoh, T., Adachi, T., Suzuki, H., Saruta, K., Iwasato, T., Itohara, 
S., Hashimoto, M., et al. (2007). Cdk5 is required for multipolar-to-bipolar transition during radial neuronal 
migration and proper dendrite development of pyramidal neurons in the cerebral cortex. 2282, 2273–2282. 

Olmsted, Z.T., Colliver, A.G., Riehlman, T.D., and Paluh, J.L. (2014). Kinesin-14 and kinesin-5 
antagonistically regulate microtubule nucleation by gamma-TuRC in yeast and human cells. Nat. Commun. 
5, 5339. 

Ori-McKenney, K.M., Jan, L.Y., and Jan, Y.-N. (2012). Golgi outposts shape dendrite morphology by 
functioning as sites of acentrosomal microtubule nucleation in neurons. Neuron 76, 921–930. 

Paintrand, M., Moudjou, M., Delacroix, H., and Bornens, M. (1992). Centrosome organization and centriole 
architecture: their sensitivity to divalent cations. J. Struct. Biol. 108, 107–128. 

Paluh, J.L., Nogales, E., Oakley, B.R., McDonald, K., Pidoux,  a L., and Cande, W.Z. (2000). A mutation 
in gamma-tubulin alters microtubule dynamics and organization and is synthetically lethal with the kinesin-
like protein pkl1p. Mol. Biol. Cell 11, 1225–1239. 

Pamula, M.C., Ti, S.-C., and Kapoor, T.M. (2016). The structured core of human beta tubulin confers 
isotype-specific polymerization properties. J. Cell Biol. 213, 425–433. 

Paridaen, J.T., and Huttner, W.B. (2014). Neurogenesis during development of the vertebrate central 
nervous system. EMBO Rep. 15, 351–364. 

Parrini, E., Ramazzotti, A., Dobyns, W.B., Mei, D., Moro, F., Veggiotti, P., Marini, C., Brilstra, E.H., Dalla 
Bernardina, B., Goodwin, L., et al. (2006). Periventricular heterotopia: phenotypic heterogeneity and 
correlation with Filamin A mutations. Brain 129, 1892–1906. 

Paz, J., and Luders, J. (2018). Microtubule-Organizing Centers: Towards a Minimal Parts List. Trends Cell 
Biol. 28, 176–187. 

Pépin, J., Jégo, P., Valette, J., Bonvento, G., and Flament, J. (2017). Imaging of neuronal compartment 
using gluCEST method. 

Perdiz, D., Mackeh, R., Poüs, C., and Baillet, A. (2011). The ins and outs of tubulin acetylation: More than 
just a post-translational modification? Cell. Signal. 23, 763–771. 

Petry, S., and Vale, R.D. (2015). Microtubule nucleation at the centrosome and beyond. Nat. Cell Biol. 17, 
1089–1093. 

Peyre, E., Jaouen, F., Saadaoui, M., Haren, L., Merdes, A., Durbec, P., and Morin, X. (2011). A lateral belt 
of cortical LGN and NuMA guides mitotic spindle movements and planar division in neuroepithelial cells. 
J. Cell Biol. 193, 141–154. 

Piel, M., Meyer, P., Khodjakov, A., Rieder, C.L., and Bornens, M. (2000). The respective contributions of 
the mother and daughter centrioles to centrosome  activity and behavior in vertebrate cells. J. Cell Biol. 
149, 317–330. 

Poirier, K., Keays, D.A., Francis, F., Saillour, Y., Bahi, N., Manouvrier, S., Fallet-Bianco, C., Pasquier, L., 
Toutain, A., Tuy, F.P.D., et al. (2007). Large spectrum of lissencephaly and pachygyria phenotypes 
resulting from de novo missense mutations in tubulin alpha 1A (TUBA1A). Hum. Mutat. 28, 1055–1064. 

Poirier, K., Saillour, Y., Bahi-Buisson, N., Jaglin, X.H., Fallet-Bianco, C., Nabbout, R., Castelnau-
Ptakhine, L., Roubertie, A., Attie-Bitach, T., Desguerre, I., et al. (2010). Mutations in the neuronal β-tubulin 



subunit TUBB3 result in malformation of cortical development and neuronal migration defects. Hum. Mol. 
Genet. 19, 4462–4473. 

Poirier, K., Lebrun, N., Broix, L., Tian, G., Saillour, Y., Boscheron, C., Parrini, E., Valence, S., Pierre, B. 
Saint, Oger, M., et al. (2013). Mutations in TUBG1, DYNC1H1, KIF5C and KIF2A cause malformations 
of cortical development and microcephaly. Nat. Genet. 45, 639–647. 

Popov, A. V, Severin, F., and Karsenti, E. (2002). XMAP215 is required for the microtubule-nucleating 
activity of centrosomes. Curr. Biol. 12, 1326–1330. 

Des Portes, V., Francis, F., Pinard, J.M., Desguerre, I., Moutard, M.L., Snoeck, I., Meiners, L.C., Capron, 
F., Cusmai, R., Ricci, S., et al. (1998). Doublecortin is the major gene causing X-linked subcortical laminar 
heterotopia (SCLH). Hum. Mol. Genet. 7, 1063–1070. 

Postiglione, M.P., Juschke, C., Xie, Y., Haas, G.A., Charalambous, C., and Knoblich, J.A. (2011). Mouse 
inscuteable induces apical-basal spindle orientation to facilitate intermediate progenitor generation in the 
developing neocortex. Neuron 72, 269–284. 

Pramparo, T., Youn, Y.H., Yingling, J., Hirotsune, S., and Wynshaw-Boris, A. (2010). Novel embryonic 
neuronal migration and proliferation defects in Dcx mutant mice are exacerbated by Lis1 reduction. J. 
Neurosci. 30, 3002–3012. 

Puffenberger, E.G., Jinks, R.N., Sougnez, C., Cibulskis, K., Willert, R.A., Achilly, N.P., Cassidy, R.P., 
Fiorentini, C.J., Heiken, K.F., Lawrence, J.J., et al. (2012). Genetic mapping and exome sequencing identify 
variants associated with five novel diseases. PLoS One 7. 

Purohit, A., Tynan, S.H., Valle, R., and Doxsey, S.J. (1999). Direct interaction of pericentrin with 
cytoplasmic dynein light intermediate chain contributes to mitotic spindle organization. J. Cell Biol. 147, 
481–491. 

Rakic, P. (1972). Mode of cell migration to the superficial layers of fetal monkey neocortex. J. Comp. 
Neurol. 145, 61–83. 

Rakic, P. (1988). Specification of Cerebral Cortical Areas. Science 241, 170–176. 

Reed, N.A., Cai, D., Blasius, T.L., Jih, G.T., Meyhofer, E., Gaertig, J., and Verhey, K.J. (2006). 
Microtubule Acetylation Promotes Kinesin-1 Binding and Transport. Curr. Biol. 16, 2166–2172. 

Reiner, O., Carrozzo, R., Shen, Y., Wehnert, M., Faustinella, F., Dobyns, W.B., Caskey, C.T., and 
Ledbetter, D.H. (1993). Isolation of a Miller-Dieker lissencephaly gene containing G protein beta-subunit-
like repeats. Nature 364, 717–721. 

Reinsch, S., and Karsenti, E. (1994). Orientation of spindle axis and distribution of plasma membrane 
proteins during cell division in polarized MDCKII cells. J. Cell Biol. 126, 1509–1526. 

Rivas, R.J., and Hatten, M.E. (1995). Motility and cytoskeletal organization of migrating cerebellar granule 
neurons. J. Neurosci. 15, 981–989. 

Riviere, J.-B., Mirzaa, G.M., O’Roak, B.J., Beddaoui, M., Alcantara, D., Conway, R.L., St-Onge, J., 
Schwartzentruber, J.A., Gripp, K.W., Nikkel, S.M., et al. (2012). De novo germline and postzygotic 
mutations in AKT3, PIK3R2 and PIK3CA cause a spectrum of related megalencephaly syndromes. Nat. 
Genet. 44, 934–940. 

Roll-mecak, A., and Mcnally, F.J. (2010). Microtubule-severing enzymes. Curr. Opin. Cell Biol. 22, 96–
103. 

Romaniello, R., Arrigoni, F., Bassi, M.T., and Borgatti, R. (2015). Mutations in α- and β-tubulin encoding 



genes: Implications in brain malformations. Brain Dev. 37, 273–280. 

Roper, S.N., Gilmore, R.L., and Houser, C.R. (1995). Experimentally induced disorders of neuronal 
migration produce an increased propensity for electrographic seizures in rats. Epilepsy Res. 21, 205–219. 

Rosen, G.D., Press, D.M., Sherman, G.F., and Galaburda, A.M. (1992). The development of induced 
cerebrocortical microgyria in the rat. J. Neuropathol. Exp. Neurol. 51, 601–611. 

Ruthel, G., and Hollenbeck, P.J. (2000). Growth cones are not required for initial establishment of polarity 
or differential axon branch growth in cultured hippocampal neurons. J. Neurosci. 20, 2266–2274. 

Saillour, Y., Broix, L., Bruel-Jungerman, E., Lebrun, N., Muraca, G., Rucci, J., Poirier, K., Belvindrah, R., 
Francis, F., and Chelly, J. (2014). Beta tubulin isoforms are not interchangeable for rescuing impaired radial 
migration due to Tubb3 knockdown. Hum. Mol. Genet. 23, 1516–1526. 

Sakakibara, A., Sato, T., Ando, R., Noguchi, N., Masaoka, M., and Miyata, T. (2014). Dynamics of 
Centrosome Translocation and Microtubule Organization in Neocortical Neurons during Distinct Modes of 
Polarization. Cereb. Cortex 24, 1301–1310. 

Sánchez-Huertas, C., Freixo, F., Viais, R., Lacasa, C., Soriano, E., and Lüders, J. (2016). Non-centrosomal 
nucleation mediated by augmin organizes microtubules in post-mitotic neurons and controls axonal 
microtubule polarity. Nat. Commun. 7, 12187. 

Sandquist, J.C., Kita, A.M., and Bement, W.M. (2011). And the dead shall rise: actin and myosin return to 
the spindle. Dev. Cell 21, 410–419. 

Sasaki, S., Shionoya, A., Ishida, M., Gambello, M.J., Yingling, J., Wynshaw-Boris, A., and Hirotsune, S. 
(2000). A LIS1/NUDEL/cytoplasmic dynein heavy chain complex in the developing and adult nervous 
system. Neuron 28, 681–696. 

Schaar, B.T., and McConnell, S.K. (2005). Cytoskeletal coordination during neuronal migration. Proc. Natl. 
Acad. Sci. 102, 13652–13657. 

Schatz, C.A., Santarella, R., Hoenger, A., Karsenti, E., Mattaj, I.W., Gruss, O.J., and Carazo-Salas, R.E. 
(2003). Importin alpha-regulated nucleation of microtubules by TPX2. EMBO J. 22, 2060–2070. 

Scheidecker, S., Etard, C., Haren, L., Stoetzel, C., Hull, S., Arno, G., Plagnol, V., Drunat, S., Passemard, 
S., Toutain, A., et al. (2015). Mutations in TUBGCP4 alter microtubule organization via the γ-tubulin ring 
complex in autosomal-recessive microcephaly with chorioretinopathy. Am. J. Hum. Genet. 96, 666–674. 

Schenk, J., Wilsch-Brauninger, M., Calegari, F., and Huttner, W.B. (2009). Myosin II is required for 
interkinetic nuclear migration of neural progenitors. Proc. Natl. Acad. Sci. U. S. A. 106, 16487–16492. 

Schmit, A.-C. (2002). Acentrosomal microtubule nucleation in higher plants. Int. Rev. Cytol. 220, 257–
289. 

Seki, A., Coppinger, J.A., Jang, C.-Y., Yates, J.R., and Fang, G. (2008). Bora and Aurora A Cooperatively 
Activate Plk1 and Control the Entry into Mitosis. Science 320, 1655–1658. 

Sharma, N., Bryant, J., Wloga, D., Donaldson, R., Davis, R.C., Jerka-Dziadosz, M., and Gaertig, J. (2007). 
Katanin regulates dynamics of microtubules and biogenesis of motile cilia. J. Cell Biol. 178, 1065–1079. 

Shen, Q., Wang, Y., Dimos, J.T., Fasano, C.A., Phoenix, T.N., Lemischka, I.R., Ivanova, N.B., Stifani, S., 
Morrisey, E.E., and Temple, S. (2006). The timing of cortical neurogenesis is encoded within lineages of 
individual progenitor cells. Nat. Neurosci. 9, 743–751. 

Shi, S.-H., Cheng, T., Jan, L.Y., and Jan, Y.-N. (2004). APC and GSK-3beta are involved in mPar3 targeting 



to the nascent axon and establishment of neuronal polarity. Curr. Biol. 14, 2025–2032. 

Shimogori, T., and Ogawa, M. (2008). Gene application with in utero electroporation in mouse embryonic 
brain. 499–506. 

Shinji, K., Imad, N., Takeharu, K., Scott, P., Karina, Y., and O., L.H. Electroencephalographic 
Characterization of an Adult Rat Model of Radiation‐Induced Cortical Dysplasia. Epilepsia 42, 1221–1227. 

Shmueli, A., Segal, M., Sapir, T., Tsutsumi, R., Noritake, J., Bar, A., Sapoznik, S., Fukata, Y., Orr, I., 
Fukata, M., et al. (2010). Ndel1 palmitoylation: a new mean to regulate cytoplasmic dynein activity. EMBO 
J. 29, 107–119. 

Siller, K.H., and Doe, C.Q. (2008). Lis1/dynactin regulates metaphase spindle orientation in Drosophila 
neuroblasts. Dev. Biol. 319, 1–9. 

Sloboda, R.D. (2009). Posttranslational Protein Modifications in Cilia and Flagella. In Primary Cilia, 
R.D.B.T.-M. in C.B. Sloboda, ed. (Academic Press), pp. 347–363. 

Smith, D.S., Niethammer, M., Ayala, R., Zhou, Y., Gambello, M.J., Wynshaw-Boris, A., and Tsai, L.H. 
(2000). Regulation of cytoplasmic dynein behaviour and microtubule organization by mammalian Lis1. 
Nat. Cell Biol. 2, 767–775. 

Soda, T., Nakashima, R., Watanabe, D., Nakajima, K., Pastan, I., and Nakanishi, S. (2003). Segregation 
and coactivation of developing neocortical layer 1 neurons. J. Neurosci. 23, 6272–6279. 

Song, Y., and Brady, S.T. (2015). Post-translational modifications of tubulin: pathways to functional 
diversity of  microtubules. Trends Cell Biol. 25, 125–136. 

Song, J.-G., King, M.R., Zhang, R., Kadzik, R.S., Thawani, A., and Petry, S. (2018). Mechanism of how 
augmin directly targets the gamma-tubulin ring complex to microtubules. J. Cell Biol. 

Song, Y., Kirkpatrick, L.L., Schilling, A.B., Helseth, D.L., Chabot, N., Keillor, J.W., Johnson, G.V.W., and 
Brady, S.T. (2013). Transglutaminase and polyamination of tubulin: posttranslational modification for 
stabilizing axonal microtubules. Neuron 78, 109–123. 

Stanfield, B.B., and Cowan, W.M. (1979). The development of the hippocampus and dentate gyrus in 
normal and reeler mice. J. Comp. Neurol. 185, 423–459. 

Stearns, T., Evans, L., and Kirschner, M. (1991). Gamma-tubulin is a highly conserved component of the 
centrosome. Cell 65, 825–836. 

Stiess, M., Maghelli, N., Kapitein, L.C., Gomis-Ruth, S., Wilsch-Brauninger, M., Hoogenraad, C.C., Tolic-
Norrelykke, I.M., and Bradke, F. (2010). Axon extension occurs independently of centrosomal microtubule 
nucleation. Science 327, 704–707. 

Stottmann, R.W., Donlin, M., Hafner, A., Bernard, A., Sinclair, D.A., and Beier, D.R. (2013). A mutation 
in Tubb2b , a human polymicrogyria gene , leads to lethality and abnormal cortical development in the 
mouse. Hum. Mol. Genet. 22, 4053–4063. 

Stottmann, R.W., Driver, A., Gutierrez, A., Skelton, M.R., Muntifering, M., Stepien, C., Knudson, L., 
Kofron, M., Vorhees, C. V., and Williams, M.T. (2016). A heterozygous mutation in tubulin, beta 2B 
(Tubb2b) causes cognitive deficits and hippocampal disorganization. Genes, Brain Behav. 16, 250–259. 

Sunnen, C.N., Brewster, A.L., Lugo, J.N., Vanegas, F., Turcios, E., Mukhi, S., Parghi, D., D’Arcangelo, 
G., and Anderson, A.E. (2011). Inhibition of the mammalian target of rapamycin blocks epilepsy 
progression in NS-Pten conditional knockout mice. Epilepsia 52, 2065–2075. 



Szolajska, E., and Chroboczek, J. (2011). Faithful chaperones. Cell. Mol. Life Sci. 68, 3307–3322. 

Tabata, H., and Nakajima, K. (2001). Efficient in utero gene transfer system to the developing mouse brain 
using electroporation: Visualization of neuronal migration in the developing cortex. Neuroscience 103, 
865–872. 

Tabata, H., Kanatani, S., and Nakajima, K. (2009). Differences of Migratory Behavior between Direct 
Progeny of Apical Progenitors and Basal Progenitors in the Developing Cerebral Cortex. 

Takahashi, M., Yamagiwa, A., Nishimura, T., Mukai, H., and Ono, Y. (2002). Centrosomal proteins CG-
NAP and kendrin provide microtubule nucleation sites by anchoring gamma-tubulin ring complex. Mol. 
Biol. Cell 13, 3235–3245. 

Tanaka, T., Serneo, F.F., Higgins, C., Gambello, M.J., Wynshaw-Boris, A., and Gleeson, J.G. (2004). Lis1 
and doublecortin function with dynein to mediate coupling of the nucleus to the centrosome in neuronal 
migration. J. Cell Biol. 165, 709–721. 

Tarabykin, V., Stoykova, A., Usman, N., and Gruss, P. (2001). Cortical upper layer neurons derive from 
the subventricular zone as indicated by  Svet1 gene expression. Development 128, 1983–1993. 

Tassin, A.M., Maro, B., and Bornens, M. (1985). Fate of microtubule-organizing centers during myogenesis 
in vitro. J. Cell Biol. 100, 35–46. 

Taverna, E., and Huttner, W.B. (2010). Neural progenitor nuclei IN motion. Neuron 67, 906–914. 

Teixidó-Travesa, N., Villén, J., Lacasa, C., Bertran, M.T., Archinti, M., Gygi, S.P., Caelles, C., Roig, J., 
and Lüders, J. (2010). The γTuRC Revisited: A Comparative Analysis of Interphase and Mitotic Human 
γTuRC Redefines the Set of Core Components and Identifies the Novel Subunit GCP8. Mol. Biol. Cell 21, 
3963–3972. 

Terada, Y., Uetake, Y., and Kuriyama, R. (2003). Interaction of Aurora-A and centrosomin at the 
microtubule-nucleating site in Drosophila and mammalian cells. J. Cell Biol. 162, 757–763. 

Tessier-Lavigne, M., and Goodman, C.S. (1996). The molecular biology of axon guidance. Science 274, 
1123–1133. 

Thery, M., Jimenez-Dalmaroni, A., Racine, V., Bornens, M., and Julicher, F. (2007). Experimental and 
theoretical study of mitotic spindle orientation. Nature 447, 493–496. 

Thornton, G.K., and Woods, C.G. (2009). Primary microcephaly: do all roads lead to Rome? Trends Genet. 
25, 501–510. 

Tian, G., Huang, Y., Rommelaere, H., Vandekerckhove, J., Ampe, C., and Cowan, N.J. (1996). Pathway 
leading to correctly folded beta-tubulin. Cell 86, 287–296. 

Tian, G., Lewis, S.A., Feierbach, B., Stearns, T., Rommelaere, H., Ampe, C., and Cowan, N.J. (1997). 
Tubulin subunits exist in an activated conformational state generated and maintained by protein cofactors. 
J. Cell Biol. 138, 821–832. 

Tian, G., Jaglin, X.H., Keays, D.A., Francis, F., Chelly, J., and Cowan, N.J. (2010). Disease-associated 
mutations in TUBA1A result in a spectrum of defects in the tubulin folding and heterodimer assembly 
pathway. Hum. Mol. Genet. 19, 3599–3613. 

Tirnauer, J.S., and Bierer, B.E. (2000). EB1 proteins regulate microtubule dynamics, cell polarity, and 
chromosome stability. J. Cell Biol. 149, 761–766. 

Tischfield, M.A., and Engle, E.C. (2010). Distinct α and β–tubulin isotypes are required for the positioning, 



differentiation, and survival of neurons: new support for the “multi-tubulin” hypothesis. Biosci. Rep. 30, 
319–330. 

Tischfield, M.A., Baris, H.N., Wu, C., Rudolph, G., Van Maldergem, L., He, W., Chan, W.-M., Andrews, 
C., Demer, J.L., Robertson, R.L., et al. (2010). Human TUBB3 mutations perturb microtubule dynamics, 
kinesin interactions, and axon guidance. Cell 140, 74–87. 

Trommsdorff, M., Gotthardt, M., Hiesberger, T., Shelton, J., Stockinger, W., Nimpf, J., Hammer, R.E., 
Richardson, J.A., and Herz, J. (1999). Reeler/Disabled-like Disruption of Neuronal Migration in Knockout 
Mice Lacking the VLDL Receptor and ApoE Receptor 2. Cell 97, 689–701. 

Tsai, L.H., and Gleeson, J.G. (2005). Nucleokinesis in neuronal migration. Neuron 46, 383–388. 

Tsai, J.-W., Chen, Y., Kriegstein, A.R., and Vallee, R.B. (2005). LIS1 RNA interference blocks neural stem 
cell division, morphogenesis, and motility at multiple stages. J. Cell Biol. 170, 935–945. 

Tsai, J.-W., Lian, W.-N., Kemal, S., Kriegstein, A., and Vallee, R.B. (2010). An Unconventional Kinesin 
and Cytoplasmic Dynein Are Responsible for Interkinetic Nuclear Migration in Neural Stem Cells. Nat. 
Neurosci. 13, 1463–1471. 

Tsai, J.W., Bremner, K.H., and Vallee, R.B. (2007). Dual subcellular roles for LIS1 and dynein in radial 
neuronal migration in live brain tissue. Nat. Neurosci. 10, 970–979. 

Uehara, R., Nozawa, R., Tomioka, A., Petry, S., Vale, R.D., Obuse, C., and Goshima, G. (2009). The 
augmin complex plays a critical role in spindle microtubule generation for mitotic progression and 
cytokinesis in human cells. Proc. Natl. Acad. Sci. U. S. A. 106, 6998–7003. 

Umeshima, H., Hirano, T., and Kengaku, M. (2007). Microtubule-based nuclear movement occurs 
independently of centrosome positioning. 104. 

Valiente, M., and Marín, O. (2010). Neuronal migration mechanisms in development and disease. Curr. 
Opin. Neurobiol. 20, 68–78. 

Vallee, R.B., Seale, G.E., and Tsai, J.-W. (2009). Emerging roles for myosin II and cytoplasmic dynein in 
migrating neurons and growth cones. Trends Cell Biol. 19, 347–355. 

Vallee, R.B., McKenney, R.J., and Ori-McKenney, K.M. (2012). Multiple modes of cytoplasmic dynein 
regulation. Nat. Cell Biol. 14, 224–230. 

Vemu, A., Atherton, J., Spector, J.O., Moores, C.A., and Roll-Mecak, A. (2017). Tubulin isoform 
composition tunes microtubule dynamics. Mol. Biol. Cell 28, 3564–3572. 

Vicente, J.J., and Wordeman, L. (2015). Mitosis, Microtubule Dynamics and the Evolution of Kinesins. 
Exp. Cell Res. 334, 61–69. 

Vinopal, S., Černohorská, M., Sulimenko, V., Sulimenko, T., Vosecká, V., Flemr, M., Dráberová, E., and 
Dráber, P. (2012). γ-Tubulin 2 nucleates microtubules and is downregulated in mouse early embryogenesis. 
PLoS One 7. 

Volvert, M.L., Prévot, P.P., Close, P., Laguesse, S., Pirotte, S., Hemphill, J., Rogister, F., Kruzy, N., 
Sacheli, R., Moonen, G., et al. (2014). MicroRNA targeting of CoREST controls polarization of migrating 
cortical neurons. Cell Rep. 7, 1168–1183. 

Wang, L., and Brown, A. (2002). Rapid movement of microtubules in axons. Curr. Biol. 12, 1496–1501. 

Wang, X., Tsai, J.-W., Imai, J.H., Lian, W.-N., Vallee, R.B., and Shi, S.-H. (2009). Asymmetric centrosome 
inheritance maintains neural progenitors in the neocortex. Nature 461, 947–955. 



Wang, X., Tsai, J.-W., LaMonica, B., and Kriegstein, A.R. (2011). A new subtype of progenitor cell in the 
mouse embryonic neocortex. Nat. Neurosci. 14, 555–561. 

Webster, D.R., Gundersen, G.G., Bulinski, J.C., and Borisy, G.G. (1987). Differential turnover of 
tyrosinated and detyrosinated microtubules. Proc. Natl. Acad. Sci. U. S. A. 84, 9040–9044. 

Wei, D., Gao, N., Li, L., Zhu, J.-X., Diao, L., Huang, J., Han, Q.-J., Wang, S., Xue, H., Wang, Q., et al. 
(2017). alpha-Tubulin Acetylation Restricts Axon Overbranching by Dampening Microtubule Plus-End 
Dynamics in Neurons. Cereb. Cortex 1–15. 

Weisenberg, R.C. (1972). Microtubule formation in vitro in solutions containing low calcium 
concentrations. Science 177, 1104–1105. 

Wieczorek, M., Bechstedt, S., Chaaban, S., and Brouhard, G.J. (2015). Microtubule-associated proteins 
control the kinetics of microtubule nucleation. Nat. Cell Biol. 17, 907–916. 

Wiese, C., and Zheng, Y. (2000). A new function for the gamma-tubulin ring complex as a microtubule 
minus-end cap. Nat. Cell Biol. 2, 358–364. 

Wilkie, A.O. (1994). The molecular basis of genetic dominance. J. Med. Genet. 31, 89–98. 

Wilson, S.L., Wilson, J.P., Wang, C., Wang, B., and McConnell, S.K. (2012). Primary cilia and Gli3 
activity regulate cerebral cortical size. Dev. Neurobiol. 72, 1196–1212. 

Wise, D.O., Krahe, R., and Oakley, B.R. (2000). The γ-tubulin gene family in humans. Genomics 67, 164–
170. 

Wodarz, A., and Huttner, W.B. (2003). Asymmetric cell division during neurogenesis in Drosophila and 
vertebrates. Mech. Dev. 120, 1297–1309. 

Wong, M., and Roper, S.N. (2016). Genetic animal models of malformations of cortical development and 
epilepsy. J. Neurosci. Methods 260, 73–82. 

Wood, J.D., Landers, J.A., Bingley, M., McDermott, C.J., Thomas-McArthur, V., Gleadall, L.J., Shaw, 
P.J., and Cunliffe, V.T. (2006). The microtubule-severing protein Spastin is essential for axon outgrowth 
in the zebrafish embryo. Hum. Mol. Genet. 15, 2763–2771. 

Wu, J., de Heus, C., Liu, Q., Bouchet, B.P., Noordstra, I., Jiang, K., Hua, S., Martin, M., Yang, C., 
Grigoriev, I., et al. (2016). Molecular Pathway of Microtubule Organization at the Golgi Apparatus. Dev. 
Cell 39, 44–60. 

Wynshaw-Boris, A., and Gambello, M.J. (2001). LIS1 and dynein motor function in neuronal migration 
and development. Genes Dev. 15, 639–651. 

Xu, H.-T., Han, Z., Gao, P., He, S., Li, Z., Shi, W., Kodish, O., Shao, W., Brown, K.N., Huang, K., et al. 
(2014). Distinct lineage-dependent structural and functional organization of the hippocampus. Cell 157, 
1552–1564. 

Yamada, K.M., Spooner, B.S., and Wessells, N.K. (1971). Ultrastructure and function of growth cones and 
axons of cultured nerve cells. J. Cell Biol. 49, 614–635. 

Yamamoto, T., Setsu, T., Okuyama-Yamamoto, A., and Terashima, T. (2009). Histological study in the 
brain of the reelin/Dab1-compound mutant mouse. Anat. Sci. Int. 84, 200–209. 

Yamashita, Y.M., Mahowald, A.P., Perlin, J.R., and Fuller, M.T. (2007). Asymmetric inheritance of mother 
versus daughter centrosome in stem cell division. Science 315, 518–521. 



Yonezawa, S., Shigematsu, M., Hirata, K., and Hayashi, K. (2015). Loss of γ-tubulin, GCP-WD/NEDD1 
and CDK5RAP2 from the Centrosome of Neurons in Developing Mouse Cerebral and Cerebellar Cortex. 
Acta Histochem. Cytochem. 48, 145–152. 

Yu, T.W., Mochida, G.H., Tischfield, D.J., Sgaier, S.K., Flores-Sarnat, L., Sergi, C.M., Topçu, M., 
McDonald, M.T., Barry, B.J., Felie, J.M., et al. (2010). Mutations in WDR62, encoding a centrosome-
associated protein, cause microcephaly with simplified gyri and abnormal cortical architecture. Nat. Genet. 
42, 1015–1020. 

Yu, W., Ahmad, F.J., and Baas, P.W. (1994). Microtubule fragmentation and partitioning in the axon during 
collateral branch formation. J. Neurosci. 14, 5872–5884. 

Yuba-Kubo, A., Kubo, A., Hata, M., and Tsukita, S. (2005). Gene knockout analysis of two γ-tubulin 
isoforms in mice. Dev. Biol. 282, 361–373. 

Zhadanov, A.B., Provance, D.W.J., Speer, C.A., Coffin, J.D., Goss, D., Blixt, J.A., Reichert, C.M., and 
Mercer, J.A. (1999). Absence of the tight junctional protein AF-6 disrupts epithelial cell-cell junctions and 
cell polarity during mouse development. Curr. Biol. 9, 880–888. 

Zhang, D., Rogers, G.C., Buster, D.W., and Sharp, D.J. (2007). Three microtubule severing enzymes 
contribute to the “Pacman-flux” machinery that moves chromosomes. J. Cell Biol. 177, 231–242. 

Zhang, R., Alushin, G.M., Brown, A., and Nogales, E. (2015). Mechanistic Origin of Microtubule Dynamic 
Instability and Its Modulation by EB Proteins. Cell 162, 849–859. 

Zhang, X., Lei, K., Yuan, X., Wu, X., Zhuang, Y., Xu, T., Xu, R., and Han, M. (2009). SUN1/2 and 
Syne/Nesprin-1/2 complexes connect centrosome to the nucleus during neurogenesis and neuronal 
migration in mice. Neuron 64, 173–187. 

Zheng, Y., Wong, M.L., Alberts, B., and Mitchison, T. (1995). Nucleation of microtubule assembly by a γ-
tubulin-containing ring complex. Nature 378, 578–583. 

Zhong, Q., Simonis, N., Li, Q.-R., Charloteaux, B., Heuze, F., Klitgord, N., Tam, S., Yu, H., Venkatesan, 
K., Mou, D., et al. (2009). Edgetic perturbation models of human inherited disorders. Mol. Syst. Biol. 5, 
321. 

Zhou, F.-Q., Zhou, J., Dedhar, S., Wu, Y.-H., and Snider, W.D. (2004). NGF-induced axon growth is 
mediated by localized inactivation of GSK-3beta and functions of the microtubule plus end binding protein 
APC. Neuron 42, 897–912. 

Zhou, F.-W., Rani, A., Martinez-Diaz, H., Foster, T.C., and Roper, S.N. (2011). Altered behavior in 
experimental cortical dysplasia. Epilepsia 52, 2293–2303. 

Zhou, J., Blundell, J., Ogawa, S., Kwon, C.-H., Zhang, W., Sinton, C., Powell, C.M., and Parada, L.F. 
(2009). Pharmacological inhibition of mTORC1 suppresses anatomical, cellular, and behavioral 
abnormalities in neural-specific Pten knock-out mice. J. Neurosci. 29, 1773–1783. 

Zhou, Z.-W., Tapias, A., Bruhn, C., Gruber, R., Sukchev, M., and Wang, Z.-Q. (2013). DNA damage 
response in microcephaly development of MCPH1 mouse model. DNA Repair (Amst). 12, 645–655. 

Zhu, X., and Kaverina, I. (2013). Golgi as an MTOC: making microtubules for its own good. Histochem. 
Cell Biol. 140, 361–367. 

Zhu, F., Lawo, S., Bird, A., Pinchev, D., Ralph, A., Richter, C., Muller-Reichert, T., Kittler, R., Hyman, 
A.A., and Pelletier, L. (2008). The mammalian SPD-2 ortholog Cep192 regulates centrosome biogenesis. 
Curr. Biol. 18, 136–141. 



Zimmerman, S., and Chang, F. (2005). Effects of γ-Tubulin Complex Proteins on Microtubule Nucleation 
and Catastrophe in Fission Yeast. Mol. Biol. Cell 16, 2719–2733. 

 



  



 

Ekaterina IVANOVA 

Etudes in-vivo des malformations du 
développement cortical associées à des 

mutations dans le gène TUBG1 

 

 

 

Résumé 

Des mutations hétérozygotes faux-sens dans le gène de la tubuline gamma TUBG1, ont été identifiées dans le 
contexte des malformations du développement cortical, associées à une déficience intellectuelle et à 
l'épilepsie. Ici, nous avons étudié par la technique d’électroporation in-utero et par des études in vivo, l’effet 
de quatre de ces variantes sur le développement cortical. Nous montrons que les mutations dans TUBG1 
affectent le positionnement neuronal dans la plaque corticale, en perturbant la locomotion des neurones 
nouvellement nés, mais sans affecter la neurogenèse. Nous proposons que la γ-tubuline mutante affecte le 
fonctionnement global de ses complexes, et en particulier leur rôle dans la régulation de la dynamique des 
microtubules. De plus, nous avons développé un modèle de souris knock-in Tubg1Y92C / + et évalué les 
conséquences de la mutation sur le développement cortical, les caractéristiques neuroanatomiques et le 
comportement. Les souris mutantes présentent une microcéphalie globale, des anomalies du néocortex et de 
l'hippocampe, des altérations du comportement et une susceptibilité épileptique. Ainsi, nous montrons que 
les souris Tubg1Y92C / + miment au moins partiellement le phénotype humain et représentent donc un modèle 
pertinent pour d'autres investigations de la physiopathologie des malformations du développement cortical. 

Mots-clés : γ-tubuline, dynamique des microtubules, centrosome, knock-in, modèle murin, malformations du 
développement cortical, cortex, hippocampe, électroporation in-utero. 

 

Summary 

Missense heterozygous variants in the gamma tubulin gene TUBG1 have been linked to malformations of 
cortical development, associated with intellectual disability and epilepsy. Here, we investigated through in-
utero electroporation and in-vivo studies, how four of these variants affect cortical development. We show 
that TUBG1 mutants affect neuronal positioning within the cortical wall, by a disrupting the locomotion of 
newly born neurons but without affecting neurogenesis. We propose that mutant γ-tubulin affects overall 
functioning of γ-tubulin complexes, and in particular their role in the regulation of microtubule dynamics. 
Additionally, we developed a knock-in Tubg1Y92C/+ model and assessed consequences of the mutation on 
cortical development, neuroanatomical features and behaviour. Mutant mice present with global 
microcephaly, neocortical and hippocampal abnormalities, behavioural alterations and epileptic 
susceptibility. Thus, we show that Tubg1Y92C/+ mice partially mimic the human phenotype and therefore 
represent a relevant model for further investigations of the physiopathology of malformations of cortical 
development. 

Keywords: γ-tubulin, microtubule dynamics, centrosome, knock-in, mouse model, malformations of cortical 
development, cortex, hippocampus, in-utero electroporation. 

 


