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Introduction

Chapter 1

Introduction

I. Spinocerebellar Ataxia Type 7

1. Polyglutamine repeat disorders

Spinocerebellar ataxia type 7 (SCA7) belongs to the family of polyglutamine (polyQ) diseases,
which are neurodegenerative disorders caused by an abnormal and unstable expanded
cytosine-adenine-guanine (CAG) repeat in their corresponding causative gene. The expanded
CAG repeat is consequently translated into an abnormally expanded polyQ tract in the disease
protein. Apart SCA7, this group is composed of five other types of SCAs (type 1-3, 6, and 17)
and three non-SCA including: Huntington’s disease (HD), spinal and bulbar muscular atrophy
(SBMA) and dentatorubral pallidoluysian atrophy (DRPLA) (Zoghbi and Orr, 2000) (Table 1).

SCA7 and other polyQ diseases are clinically and genetically heterogeneous, however they
share a number of common features. They are dominantly inherited, with the exception of
SBMA, which is linked to a mutation in a gene located on the X chromosome, they are all
progressive, adult onset and have a relationship between the number of CAG repeats on
expanded alleles and the age of onset and severity of the disease, a prominent feature of all

polyQ disorders named anticipation (Schols et al., 2004).

These diseases have their own causative gene in different chromosomes and present a
variable threshold number of repeats (Table 1). Interestingly the nine proteins associated with
these disorders share no sequence or structural homology except for the unstable PolyQ tract.
Additionally, although the altered associated proteins are widely expressed in the central
nervous system (CNS), each present specific populations of vulnerable neurons resulting in

defined patterns of neurodegeneration and clinical features (Zoghbi and Orr, 2000) (Figure 1).

The synthetized proteins that bear an abnormal expanded polyQ appear to take on an atypical
configuration resulting in the formation and deposition of insoluble polyQ aggregates that
subsequently accumulate in neurons forming nuclear or cytoplasmic inclusions, which are

neuropathological hallmarks in these diseases (Perutz et al., 2002; Ross and Poirier, 2004).
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Multiple common mechanisms of neurodegeneration have been identified in the polyQ
disorders, including: autophagy, Ca?* homeostasis/signaling alterations, transcription
alteration, disruption of axonal transport and vesicle trafficking, mitochondrial impairment,
alteration of proteasome degradation as well as caspase activation and aggregation, amongst
others, all leading to early synaptic neurotransmission deficits, that will progressively cause
cell death (He et al., 2010; Matilla-Duenas et al., 2014; Shao and Diamond, 2007). Alterations
in the protein configuration, formation of insoluble polyQ aggregates, as well as proteolytic
cleavage of the expanded polyQ proteins have been suggested as enhancers of cell toxicity
(Shao and Diamond, 2007).

Understanding how different proteins share pathological features has become one of the main
interests for researchers. Identification of the steps in the pathogenic cascade leading to the
onset and progression of the disease is likely to be cross-beneficial for developing effective

therapies.

16



Disease Gene' Gene Protein 2 Putative Normal Function 2 Normal repeat  Pathogenic repeat
locus’ length 3 length 3
SCA1 | ATXN1 6p22.3 ataxin-1 Chromatin-binding factor that acts as | 6-39 45-91
corepressor.
SCA2 | ATXN2 12924.12 | ataxin-2 Epidermal growth factor trafficking. 14-31 35-500
RNA metabolism.
SCA3 | ATXN3 14932.12 | ataxin-3 Deubiquitinating enzyme. 11-44 61-87
Transcription and degradation of
misfolded chaperone substrates.
SCA6 | CACNA1A | 19p13.13 | a1A voltage- Mediate the entry of calcium ions into | 4-18 20-33
dependent calcium | excitable cells. Involved calcium-
channel subunit dependent processes.
SCA7 | ATXN7 3p14.1 ataxin-7 Component of the STAGA 4-35 36-460
transcription coactivator-HAT
complex. Microtubule and
cytoskeleton stabilization.
SCA17 | TBP 6927 TATA box binding | General transcription factor. Core of 25-42 49-66
protein multiprotein factor TFIID.
HD | HTT 4p16.3 huntingtin Microtubule-mediated transport or 9-35 >40
vesicle function. Transcription factor
binding.
DRPLA | ATN1 12p13.31 atrophin-1 Transcriptional corepressor. 6-35 49-93
SBMA | AR Xq12 androgen receptor | Steroid-hormone activated 9-34 38-62

transcription factor.

Table 1 Polyglutamine disorders, their associated gene, gene locus, protein and function, and the CAG repeat thresholds.

1 Gene information is in accordance with information provided by NCBI.

2 Protein abbreviation and function is in accordance with UniProt.

3 CAG repeat threshold in accordance with information from SCAbase website or NCBI.
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Figure 1 Affected brain regions in PolyQ disorders (adapted from (Taroni and DiDonato, 2004))
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a. Gain vs loss of function.

The mechanisms underlying polyQ diseases are complex. Different experiments have
revealed that PolyQ disorders might be acting in two different but not mutually exclusive ways:

a gain of toxic function and a partial loss of the normal protein function.

It is noteworthy to mention that while PolyQ expansion is classified as a dominant mutation,
there is not a pure complete or 50% loss of the normal function for the protein. Evidence for
this has been shown in multiple studies performed with various levels of mutant huntingtin. A
complete huntingtin Knock-Out (KO) in HD mouse led to embryonic lethality (Nasir et al., 1995;
Zeitlin et al., 1995). Furthermore, neuropathological findings from heterozygote and
homozygote patients for HD showed that homozygote patients present an increase in the rate
of disease progression without changes in age of onset, suggesting that the mutant protein is
able to execute the normal protein function at least until the disease onset (Squitieri et al.,
2003). Moreover, huntingtin hemizygous inactivation does not cause HD disease symptoms
despite the reduction of expression to half normal in humans and mice (Ambrose et al., 1994;
Duyao et al., 1995; Persichetti et al., 1996). Additionally, deletion of one huntingtin allele does
not result in HD (Housman, 1995).

The toxic gain of function is supported by the fact that expression of different expanded chains
of polyQ peptides alone are intrinsically cytotoxic and cause neuronal degeneration in fly
(Marsh et al., 2000) and in C.elegans (Morley et al., 2002). The concept of gain of toxic function
is further supported by experiments where an expanded form of polyQ in the hypoxanthine-
guanine phosphoribosyltransferase (HPRT), a protein unrelated to the known polyQ diseases-
causing proteins, induces neurotoxicity and mice develop a similar phenotype to the CAG
repeat disorders (Ordway et al., 1997), while HPRT knock-out mice develop a different

phenotype.

However, there is growing evidence showing that the protein context is critical. In fact, in some
cases, expansion of the polyQ tract by itself is not sufficient for disease (Chen et al., 2003;
Emamian et al., 2003), pointing out that partial loss of normal protein function occurs alongside
the pathogenesis. For example, conditional KO of normal huntingtin in a large proportion of
neurons has been shown to decrease the survival and phenotypic stability of CNS cells along
with, motor phenotypes and premature death (Dragatsis et al., 2000; O'Kusky et al., 1999).
Moreover, overexpression of wild type form of huntingtin can lessen the mutant huntingtin
effect (Leavitt et al., 2001; Van Raamsdonk et al., 2006). Furthermore, functions such as

vesicular and mitochondrial trafficking or the Neuron Restrictive Factor (NRSF) regulation are
19
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impaired in huntingtin KO mice (Dragatsis et al., 2000; Trushina et al., 2004) . Thus, deficits in
trafficking observed in HD models probably represent a loss-of-function feature of polyQ

huntingtin.

Similarly, studies in Drosophila, have demonstrated that neurodegeneration caused by the
expanded form of ataxin-3 can be rescued by the normal ataxin-3, suggesting that at least in
this model, the neurodegenerative phenotype might be due to the loss of ataxin-3 function
(Warrick et al., 2005). Additionally, it was found that loss-of-function of ataxin-1 in mice is
sufficient to cause many transcriptional changes common to the SCA1 knock-in mice, a model
that faithfully replicates many features of the disease, suggesting that several molecular
changes could be attributed to loss of ATXN1 function in SCA1(Crespo-Barreto et al., 2010).
More recently, downregulation of key factors involved in calcium homeostasis were observed
in the ataxin-2 KO. Interestingly, some of them also occurred in SCA2. For example, the
transporter ITPR1 was depleted from soluble fractions in both mutants, suggesting a partial
loss-of function in SCA2 (Halbach et al., 2017).

Nonetheless, the mechanisms underlying the loss of function are not clear. The polyQ
expansion could cause the loss of function of the mutant protein and/or act negatively on the

functions of the normal one.

It has been proposed that huntingtin expression levels is reduced along the pathology, as HD
transgenic mice presented decreased levels of endogenous huntingtin, suggesting an

alteration in the stability of the protein (Cattaneo et al., 2001).

It is known that at least two distinct large native protein complexes are associated with ATXN1:
one containing the Capicua (CIC) transcription factor, and the other RNA binding motif
protein17 (RBM17). In SCA1, expansion in ataxn1 causes increased interaction with RBM17
and a loss of interaction with the CIC, altering the proportion of the mutant protein participating
in the formation of these complexes in vivo. This suggests that this alteration could at least
partially account for SCA1 pathogenesis (Fryer et al., 2011; Lim et al., 2008). Likewise, proteins
differentially interact with the normal or polyQ androgen receptor (AR). The N- terminal domain
(NTD) of AR contains a transactivation domain that participates in multiple protein—protein
interactions with general transcription factors and co-regulatory proteins. Thus, changes in the
AR NTD induced by polyQ expansion can potentially strengthen or diminish the interaction of
the polyQ AR with these proteins, implicating different pathways in SBMA pathogenesis (Beitel
etal., 2013). For example, cytochrome c oxidase subunit Vb (COXVb) interacted more strongly
with normal AR than polyQ AR in a hormone-dependent manner (Beauchemin et al., 2001).

On the contrary, polyQ AR —and not normal AR- specifically interacted with PTIP (Pax
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Transactivation-domain-interaction Protein), a protein that functions in DNA repair, suggesting

the polyQ AR may attenuate the DNA damage response (Xiao et al., 2012).

Therefore, it is becoming important to study the interplay between gain and loss of function.
The full impact on cellular functions mediated by novel or altered interactions between the
polyQ mutant proteins and other proteins is still being explored. Knowing the context and the
normal functions of the implicated proteins for each disease can contribute to a better

understanding of the pathogenesis that they cause.

b. Developmental component

PolyQ disorders are classified as adult or late onset disorders, which means symptoms appear
in middle adulthood (variable for each disorder and depending on the size of the expansion).
Several studies have focused on changes present right before, or during the disease onset
and progression. However, studies in SCA2, SCA3, SCA6, and HD are challenging and
changing this approach, showing that alterations during development could serve as the
biological base for the programming and the vulnerability of adult onset disorders that they
cause. Supporting this view, recent studies in non-symptomatic patients have shown subtle
developmental brain differences that may account for susceptibility and neurodegeneration are

present in these diseases (Lee et al., 2012; Nopoulos et al., 2011).

Mice null mutation in huntingtin leads to an early embryonic death (Nasir et al., 1995; Zeitlin et
al., 1995). This can be rescued by providing wild-type extraembryonic tissue (Dragatsis et al.,
1998). While low levels of huntingtin may rescue the lethality phenotype, huntingtin
insufficiency causes abnormal brain development and mild movement abnormalities
(Auerbach et al., 2001). Interestingly, decreased level of wild-type huntingtin followed by a later
reconstitution, resulted in progressive striatal and cortical degeneration and motor coordination
(Arteaga-Bracho et al., 2016). Similarly, mutant huntingtin has been shown to cause changes
in the developing cortex along with defects in the proliferation of neuroprogenitors, or lead to
perinatal death (Auerbach et al., 2001; Molina-Calavita et al., 2014). Furthermore, Molero et
al. (2016) showed that when mice are selectively exposed to mutant HTT 97Q until postnatal
day 21, they recapitulate a HD-like phenotype including neuropathology and motor deficits
(Molero et al., 2016). More recently, it was shown that the loss of huntingtin during embryonic

development has an impact in the dendritic morphology in young adults (Barnat et al., 2017).
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All these studies have shown that variations in the levels of expression of either normal or
mutant huntingtin, during the embryonic development is sufficient for generate neurological
phenotype in mice. Moreover, huntingtin knockdown in zebrafish led to a variety of
developmental defects, including hypochromic blood, associated to alteration in iron
metabolism; loss of olfactory and lateral line sensory neurons and the presence of massive
apoptosis of neuronal cells with enlarge in the ventricle area (Diekmann et al., 2009; Henshall
et al., 2009; Lumsden et al., 2007), suggesting that huntingtin appears to be important for

vertebrate development.

In the case of SCAS3, injection of mutant ataxin-3 mRNA into the zebrafish embryos led to p53-
dependent apoptosis, which occurred mainly in the central nervous system of zebrafish at early
development stage (Liu et al., 2016). Additionally, using RNA interference for Ataxin-2,
C.elegans embryos showed arrest in different stages of development, indicating an essential
role of ataxin-2 for early embryonic development (Kiehl et al., 2000). On the contrary, null
mutation in mouse ataxin-2 didn’t display obvious defects until adult stage, when they
presented obesity and subtle rotarod defect (Kiehl et al., 2006). These differences present
between both organisms during development could relate to the presence of orthologs and

redundant mechanisms that may rescue the function.

Recently, it was shown that SCA6 mice presented alterations during early development (P10-
13) in the maturation of Purkinje cells, which suggests impaired function. Notably, no motor
deficit was detected. Moreover, the development alterations were transient and no longer
observed at later stages (P21-24), showing that changes in the developing cerebellar circuit
can occur without detectable motor abnormalities, and that changes in cerebellar development

may not necessarily remain persistent into adulthood (Jayabal et al., 2017).

Put together, these studies provide new insight into polyQ disorders, showing that the
pathogenesis present in these diseases might be more complicated and multiple approaches
are needed to understand the pathological mechanisms involved in each disease. The role of
loss of normal function of the polyQ proteins can be readdressed in light of their role during
development as a complementary strategy to understand the pathological mechanisms
involved. Recognizing the molecular changes that precede the neuronal death, as well as the
alterations that provide susceptibility and predisposal to later pathophysiology could be of great
value to identify putative therapeutic targets that might prevent, delay or cure determined polyQ

diseases.
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2. Autosomal Dominant Cerebellar Ataxias

SCAY also belongs to the group of Autosomal dominant cerebellar ataxias (ADCAs), which are
late onset heterogeneous neurodegenerative disorders. This group had been described in
multiple families worldwide and in 1982 it was first proposed a classification system for them.
By 1993 was refined and grouped the ADCAs into three main categories based on clinical
presentation that is still a guideline in clinical practice (Harding, 1982, 1993). Characterized by
progressive ataxia but also often associated with a broad spectrum of neurological or other
clinical findings (Table 2). Currently, ADCAs are classified under different genetic subtypes
known as SCAs. It is noteworthy that Spinocerebellar Ataxia type 7 (SCA7) is the only type of

ADCA type 2, which is characterized by progressive cerebellar ataxia and retinal degeneration.

ADACA type ADCA ADCAII ADCAIII
Clinical Cerebellar syndrome with | Cerebellar Pure

presentation ophtalmoplegia/pyramidal/extrapyramidal | syndrome cerebellar
signs/cognitive impairment/peripheral | with syndrome

neuropathy pigmentary

retinopathy
Neuropathology | Degeneration of the cerebellum, and of | Cerebellar Cerebellar

the basal ganglia/cerebral cortex/ optic | and degeneration

nerve/pontomedullary systems/spinal | pigmentary

tracts/peripheral nerves retinal
degeneration
SCA 1,2,3,4,8,10, 12,13, 17, 18, 19/22, 7 5, 6, 11, 14,
20, 21, 23, 24, 25, 27, 28, 32, 33, 34, 35, 15/16, 26
36

Table 2: Modified Harding’s classification of ADCAs (adapted from (Duenas et al., 2006)).

The SCAs are clinically and genetically heterogeneous. Clinically they are characterized by
progressive loss of coordination in gait and limb movements. They are also associated with
variable additional symptoms, including cerebellar dysarthria, dysphagia, extrapyramidal
movement disorders, peripheral neuropathy, sphincter disturbances, cognitive impairment,
epilepsy and dementia (Rub et al., 2013; Schols et al., 1997).
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To date, 39 types of SCAs have been identified and are classified as SCA1 through SCA43
(no record for SCA33 or 39), most of which are autosomal dominant (except SCA24 and 28)

and were categorized according to ADCA types (OMIM database 2017 https://omim.org/

(Amberger et al., 2015)). Moreover, ~80% have found and associated gene, however a large
group of pedigrees with ADCA have still not found a determined loci, suggesting that the

number could increase (Matilla-Duenas, 2012).

Interestingly, the increasing number of SCAs have shown multiple and different mechanisms
that ultimately lead to ataxia clinical symptoms (Matilla-Duenas et al., 2014). Rising the

question if there are unifying or converging pathways for these SCA.

Among all these ADCAs and polyQ disorders, SCA7 represents an interesting pathology. It

present a unique retinal degeneration in addition to the cerebellar degeneration.

3. Major features of SCA7

a. Clinic-genetic

Efforts to identify the genetic cause of SCA7 began in the mid 90’s. In 1995, the causative
mutation of SCAY was identified (Trottier et al., 1995). By 1998, through positional cloning the
ATAXIN-7 gene (ATXN7) was identified and was shown to contain a polymorphic CAG repeat
making SCA7 the eighth disease to be classified as a polyglutamine disorder (David et al.,
1998).

The wild-type alleles of ATXN7 have between 4-35 CAG repeats, while SCA7 alleles have
typically 36-460 repeats (Table 1). Among CAG/polyQ disorders, SCA7 CAG repeats show the
highest tendency to expand upon transmission, explaining the strong anticipation observed in
families (mean 19 + 13 years) (David et al., 1998; Michalik et al., 2004). Interestingly individuals
with 25-35 repeats are asymptomatic, but they clearly gave rise to an SCA7 expansion in the
next generation. This would explain why, despite the extreme anticipation observed in SCA7,

the disease has not disappeared (Stevanin et al., 1998).

There is a significant negative correlation between the size of the CAG expansion and the age
of onset and disease duration. This correlation is independent on the sex of the patient. While
SCAY alleles with ranges between 36-55 CAG repeats are responsible for the classical adult-
onset form,(Michalik et al., 2004), >70 CAG repeats typically result in juvenile-onset forms with
accelerated disease course. The repeat length also influences the symptoms at onset;, large

repeat expansions are typically associated with early onset and cause visual loss before
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cerebellar ataxia, while shorter expansions with later onset cause ataxia symptoms before
visual loss (David et al., 1998; Giunti et al., 1999). Extremely large CAG expansions (>100
CAG) cause infantile forms with multisystem disorders such as failure to thrive, hypotonia,
myoclonic seizures and non-central nervous systems dysfunctions like congestive heart
failure, patent ductus arteriosus, renal failure, and muscle atrophy, and lead to death within
few years or months (Ansorge et al., 2004; Benton et al., 1998; Giunti et al., 1999; Trang et
al., 2015; van de Warrenburg et al., 2001; Whitney et al., 2007).

b. Cerebellar pathology.

SCA7 progressive cerebellar ataxia is manifested by the inability to coordinate balance, gait,
and speech. Additional neurological deficits include slow saccades, opthalmoplegia,
dysphagia, as well as pyramidal signs (David et al., 1998; Giunti et al., 1999). Variable levels
of cerebellar and pontine atrophy are observed by magnetic resonance imaging (Alcauter et
al., 2011; Bang et al., 2004; David et al., 1998; Horton et al., 2013; Michalik et al., 2004).
Neuropathologically, the neuronal loss is substantial in the cerebellum (Purkinje cell layer and
in the dentate nuclei), thalamus, nuclei of the basal ganglia, in the inferior olivary nuclei and
brainstem (in basis pontis), which is associated with the atrophy of spinocerebellar and
pyramidal tracts and milder changes are present in the granule cell layer (Horton et al., 2013;
Michalik et al., 2004; Rub et al., 2005). Atrophy or loss of myelin is observed in the cerebellar
white matter and extra cerebellar associated structures (Martin et al., 1999; Rub et al., 2013).
In the classical adult-onset form, the disease progresses over several decades until death, due

to dysphagia and other motor bulbar problems, most of the patients die of bronchopneumonia.

As previously mentioned SCA7 is the only type of ADCA type 2, characterized by retinal

degeneration in addition to the progressive cerebellar ataxia.

c¢. Retinopathy.

The retina is the neurosensory part of the eye and is a simple system of the central nervous
system, and because of this a study of neural processes operant in the retina could assist in

an understanding of the intricate mechanisms involved in the workings of the brain.

The vertebrate retina is a multilayered structure and composed of seven main cell types: rod

and cone photoreceptors, horizontal cells, bipolar cells, amacrine cells, ganglion cells, and
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Maller glia, which are each found in a specific layer of the organ (Thoreson, 2008) (see Figure
2).

Behind the neurosensory retina is a monolayer of pigmented epithelial cells known as the
retinal pigmented epithelium (RPE) that forms part of the blood/retina barrier along with the
Bruch’s membrane and the choriocapillaris. As a layer of pigmented cells the RPE absorbs the
light energy focused by the lens on the retina but as well assists in support and maintenance
of the neural retina, by transporting ions, water, metabolic products and recycling photo
pigments generated during the visual cycle. The RPE also phagocytoses shed photoreceptor

membranes to assist in constant renewal of outer segments (OS) (Strauss, 2005).

Basal to the RPE it is located the rod and cone photoreceptor (PR) layer, which is subdivided
into the OS and the inner segments (I1S). Rod and cone photoreceptors are light sensing cells.
Cone photoreceptors are responsible for color vision and perception in bright light, and in
humans are concentrated in the central macular region of the retina, decreasing in number
towards the periphery of the eye. Three cone subtypes with different spectral sensitivities are
found in primates: short-wavelength (S or blue-sensitive) cones, middle-wavelength (M or
green-sensitive) cones, and long-wavelength (L or red sensitive) cones. This difference in
spectral sensitivity arises from the presence of different cone opsins. Rod photoreceptors aid
in perception in low light conditions, and outnumber cone cells 18-20:1 in humans (Swaroop
et al., 2010).

The outer nuclear layer (ONL) contains the cell bodies of rod an cone photoreceptors, cone
pedicles and rod spherules are synaptic upon various bipolar cell and horizontal cell types in
the outer plexiform layer (OPL). The inner nuclear layer (INL), of the retina, contains cell bodies
of three varieties: horizontal, bipolar and amacrine cells. Synaptic contact among bipolar,
amacrine and ganglion cells are made in the inner plexiform layer (IPL). Anterior to the IPL,
closer to the front surface of the retina is the ganglion cell layer (GCL), which contains cell
bodies of the retinal ganglion cells (RGCs). Axons form retinal ganglion cells join together as
they exit the eye to form the optic nerve, which projects to higher visual centers. Miiller glia cell
body is located in the INL, however, extension of the cell spans in every layer as these glial
cells role is to protect and repair retinal neurons as well as act as architectural support
(Thoreson, 2008) (Figure 2).
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“In Family 3, cerebellar ataxia was associated
with retinal degeneration in 2 of the affected individuals; the others had visual
failure but no further clinical details were available. In the patient seen by the
author, there was extensive pigmentary degeneration involving most of the retina.
Saccadic eye movements were virtually absent but he could slowly follow
movements of his own hand. This particular patient had symptoms of visual
impairment before the development of ataxia, as did his relatives.”

(Harding, 1982)

This was the first classification of SCA7 as a distinct type of ADCA. The characteristic presence

of retinopathy indicated that SCA7 was genetically distinct from other SCAs (Table3).

The retinal disease begins with an initial deterioration of the central vision affecting first cone
photoreceptors, manifested by the loss of blue/yellow color discrimination (dyschromatopsia)
and of visual acuity (due to loss of cone function); and then progresses toward a cone-rod
dystrophy, this is manifested by the loss of peripheral visual fields (due to loss of rod function).
This progressively spreads out to the whole retina, declining toward complete blindness.
(Enevoldson et al., 1994; Gouw et al., 1994; Thurtell et al., 2009).

SCA7Y patients may present visual impairments either before or after the onset of ataxia.
Fundoscopy examination shows atrophic macula with granular pigmentation, pale areas with
pigmentary atrophy and poor vasculature (Gouw et al., 1994; Michalik et al., 2004) (Figure 3A-
B).

Post-mortem retinal histological examinations reveal almost complete loss of photoreceptors
and substantial loss of the bipolar and ganglion neurons, associated with a severe thinning of
the nuclear and plexiform layers especially in the foveal and parafoveal regions (Aleman et al.,
2002; Michalik et al., 2004; Rub et al., 2008) (Figure 3C-D). In addition, damages in the Bruch’s
membrane, retinal pigmentary epithelium and hypomyelinisation of the optic nerve have also
been reported (Enevoldson et al., 1994; Gouw et al., 1994; Horton et al., 2013; Rub et al.,
2008).

Despite the accumulated knowledge from imaging studies of SCA7 patients and the
examinations of post-mortem retinal tissue, we are still lacking information regarding the

temporal and spatial degeneration in the SCA7 patient retina.
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Figure 3 Hallmarks of SCA7 human retinopathy.
(A, B) Fundoscopy images of a normal (A) and SCA7 patient (B) retinae. The SCA7 retina

displays an extremely pale optic disc (arrowhead), atrophy of the pigmentary epithelium and
choroid layer (arrow) as compared to the normal retina that shows normal macula (black arrow)

and optic disc (arrowhead) and well-developed vasculature (white arrow).

(C, D) Histological sections of normal (C) and SCA7 patient (D) retinae. The normal retina (C)
shows a proper organization of the retinal layers: the pigment epithelium (P), nuclei of rods
and cones within the outer nuclear layer (ONL), the nuclei of bipolar, horizontal and amacrine
neurons within the inner nuclear layer (INL) and the ganglion cell layer (G). In contrast, the
retina of the SCA7 patient (D) is severely degenerated, and displays complete loss of
photoreceptor segments and nuclei, disorganization of the INL (arrowhead) and migration of

the melanin pigment (P) deep into the atrophic retina (arrows).

Adapted from (Michalik et al., 2004)
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Il. Ataxin-7 gene

The ATAXIN-7 (ATXN7) protein harbors a polymorphic polyQ stretch in the amino-terminus
and it also presents three conserved domains that are shared with three paralogs, ATXN7L1,
L2 and L3: a typical C2H2 zinc-finger (ZnF) motif, an atypical Cys-X9-10-Cys-X5-Cys-X2-His
motif, known as SCA7 domain, and a third domain absent in ATXN7L3 (Figure 4) (Helmlinger
et al., 2004b). ATXN7 mRNA and protein are widely expressed in neural and non-neural
tissues and has been shown to be regulated by SUMOylation and acetylation (Duncan et al.,
2013; Einum et al., 2001; Janer et al., 2010). ATXN7 appears predominantly in the nucleus
(Kaytor et al., 1999). However, it has been reported that the intracellular distribution of ATXN7
dynamically changes and that ATXN7 distribution frequently shifts from the nucleus to the
cytoplasm (Nakamura et al., 2012; Taylor et al., 2006) . Nuclear localization of ATXN7 is
essential for transcription function while cytoplasmic ATXN7 has microtubule associating and
stabilizing properties(Nakamura et al., 2012). There is no apparent correlation between cellular

or subcellular localization and level and the vulnerability of neurons to degeneration in SCA?Y.

ATXNY and its yeast ortholog sgf73 are core components of SAGA complexes (Spt-Ada-Gecn5
Acetyltransferase) involved in chromatin remodeling (also known in human as the TBP-free
TAF containing complex (TFTC) and the SPT3-TAF9-GCN5 complex (STAGA) (Helmlinger et
al., 2004b; Palhan et al., 2005; Sanders et al., 2002; Scheel et al., 2003).

Consanyad
Daemain

ATXNT ‘ I l 845 aa

A 4L 126 176 1 4l LR DA

Figure 4 Modular structure of human ATXN7 protein.

1. SAGA complex

SAGA is a multi-protein chromatin modifying complex that performs histone modifications and
acts as co-factor for RNA polymerase Il transcription (Pol IlI) (Bonnet et al., 2014). It is
conserved between yeast and humans and can be subdivided in four modules (Table 3). Two

enzymatic modules: the histone acetyl transferase (HAT) module that acetylates histone H3
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through GCNS5 activity and deubiquitination module (DUB) that deubiquitinates histone H2B
through USP22 activity. And two modules implicated in pre-initiation complex assembly and
architecture (TBP-associated factor (TAF) and SPT modules) (Koutelou et al., 2010). ATXN7
belongs to the DUB together with the human ubiquitin protease USP22, ATXN7L3 and ENY?2.

a. SAGA in Transcription

Gene expression is a complex process that requires the participation of various enzymatic
complexes and is regulated at different levels. It involves two main stages: transcription and
translation. Being transcription a key stage since it ensures the RNA synthesis based on a
DNA template. Characterization of the yeast SAGA complex has revealed its involvement in
various steps in the transcription process, including initiation and elongation; histone
ubiquitination and interactions with the TATA-binding protein (TBP) (Koutelou et al., 2010;
Wyce et al., 2004).

An initial step in the transcription process involve the chromatin remodeling in order to recruit
the transcription machinery to the DNA. This remodeling is the consequence of histone
modification. The HAT module of SAGA catalyzes the histone acetylation that ultimately will
open up the chromatin allowing the formation of the pre-initiation complex (PIC) (Bhaumik,
2011). Additionally studies in yeast have revealed the complex involvement in the
transcriptional activation through the recruitment of TBP by the ySpt3 subunit (Mohibullah and
Hahn, 2008). Moreover, the activity of the DUB module has been shown to be necessary for
switching from the initiation to the elongation stage allowing the recruitment of the Ctk1 kinase,
an important catalytic subunit, which hyperphosphorylates the C-terminal heptapeptide repeat

domain (CTD) of the largest RNA polymerase Il subunit (Wyce et al., 2007).

Additional non transcriptional roles include mRNA export, DNA repair and telomere
maintenance (Atanassov et al., 2009; Guo et al., 2011; Rodriguez-Navarro et al., 2004).
Moreover SAGA complex can acetylate non-histone chromatin proteins like specific
transcription activators such as c-Myc and Polo Like Kinase 4 (PLK4) (Fournier et al., 2016;
Patel et al., 2004).

31



Component Yeast Drosophila Zebrafish Human
HAT module yGcenb dGcn5 zGcenb5 GCN5
(Histone acetyl transferase) yAda2b dAda2b isoform a zAdaz2b ADA2B
dAda2b isoform b
yAda3 dAda3 zTada3l ADA3
ySgf29 CG30390 zSgf29 SGF29
DUB module yUbp8 Nonstop zUsp22 USP22
(Deubiquitination) ySgf73 Dmel\dAtxn7 zAtxn7 ATXN7
ySgf11 dSgf11 ZAtxnL3 ATXN7L3
ySus1 dE(y)2 zEny2 ENY2
TAF module yTaf5 Wda zTaf5 TAF5L
yTaf6 dSAF6 zTaf6 TAF6L
yTaf9 dTaf9 zTaf9 TAF9
yTaf10 dTaf10b zTaf10 TAF10
yTaf12 dTaf12 zTaf12 TAF12
SPT module yTral Nipped-A zTrrap TRRAP
ySpt8 - - -
yAda5/Spt20 dSpt20 zSupt20 SPT20
ySpt7 CG6506 zSupt7L SUPT7L
ySpt3 dSpt3 zSupt3h SPT3
yAda1 dAda1 zTada1 TADA1

Table 3. Components of SAGA in yeast, drosophila, zebrafish and human (Adapted from (Wang and Dent, 2014)).
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b. SAGA role in development.
Development requires the precise control of gene expression during different stages. This can
range from regulation of changes of transcript levels in both space and time up to the
maintenance of constant levels of expression for extended periods. Knowing that SAGA
complex plays an important role in the regulation of gene expression is no surprise that

components of this complex have shown involvement in events during development.

The member of the HAT module, Gen5, was shown to be essential for the development of
different organisms. Drosophila mutant revealed that while Gecn5 is not required for early larval
life it does impede the metamorphosis prior to larvae death (Carre et al., 2005). This lethal
phenotype is as well present in Gen5-null mice that die as consequence of apoptosis of
mesoderm cells (Xu et al., 2000). Moreover, levels of expression seem to be crucial for a
proper mouse development, as mice with catalytically inactivated Gcn5 presented severe
neural tube closure defects and died in mid-gastrulation (Bu et al., 2007) while reduced Gcn5
expression causes homeotic transformations in lower thoracic and lumbar vertebrae as well
as exencephaly (Lin et al., 2008). Other two members of the HAT module, Ada2 and Ada3,
present in Drosophila similar phenotypes to that of Gen5 mutant larvae, with metamorphosis
defect and lethality (Qi et al., 2004).

Components of the deubiquitinating module are also involved in development. usp22-null
mutation is lethal in mouse due to an elevated p53 transcriptional activity (Lin et al., 2012). The
Drosophila homologues nonstop and Sgf11 mutants result in defects in neuronal connectivity
in the developing visual system as well as aberrant development of photoreceptor cells (Ma et
al., 2016; Mohan et al., 2014). Finally, downregulation of the zebrafish usp22 orthologue
showed the presence of hydrocephaly (Tse et al., 2009).

Thus far no members from the TAF module have been linked to a developmental phenotype,
while only the drosophila homologue Nipped A from the SPT module has shown participation

in the wing development acting as a coactivator of the protein mastermind (Gause et al., 2006).

Up to now few subunits of the SAGA have been characterized for developmental defects.
Additional studies are needed to understand how these genes function as part of the SAGA
complex or independently. Understanding the role of these proteins during development may

presage important implications in human diseases.
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c. SAGA complex and disease.
Besides SCA7, which is caused by a member of the deubiquitinating module of SAGA, other
members have been linked to disease, particularly with hallmarks of cancer, including DNA

damage repair, cell cycle regulation and post translational regulation.

SAP130 and DDB1, two proteins associated to the human SAGA complex have shown to be
involved in DNA repair (Brand et al., 2001; Martinez et al., 2001). Interestingly results obtained
in yeast equally support the role of SAGA with DNA damage repair co-transcriptionally or

independent of transcription (Ferreiro et al., 2006; Yu et al., 2005).

Three subunits of the DUB module have been linked with cancer. USP22 has been identified
as a component of an 11-gene signature associated with poor prognosis of diverse types of
cancer, it has been hypothesized that USP22 could regulate tumorigenesis by inducing histone
modifications (Zhang et al., 2008b). Moreover, USP22 is required for the activation of target
gene transcription by MYC, lack of USP22 alters MYC functions and ultimately results in a
specific G1 phase cell arrest while the USP22 recruitment allows certain essential cell cycle
genes to be transcriptionally activated (Zhang et al., 2008a; Zhang et al., 2008b). ATXN7, has
been reported to be associated with susceptibility with breast cancer and prognosis of renal
cell carcinoma (RCC) (Gotoh et al., 2014; Milne et al., 2014). Finally, the ENY2 protein member
as well of the DUB module, might be defined as a diagnostic marker for primary breast cancer
(Armakolas et al., 2012).

On the other hand, the HAT module member, GCN5 has been related to different types of
cancer including lung, liver and colon. Alteration in the levels of expression is responsible for
cell cycle progression arrest and apoptosis.GCN5 has been shown regulates the expression
of cyclin D1, and cyclin E1 (cell growth and the G1/S phase transition), E2F1 (transcription
factor that can induce both proliferation and apoptosis.) and p21C¢PWaft (cell cycle inhibitor).
(Chen et al., 2013; Majaz et al., 2016; Yin et al., 2015).

In summary, ATXN7 is a member of the SAGA complex. This complex consist of distinct
modules that participate at different levels in the transcription mediated by Pol Il. The
composition of these modules is now well known, however, much information regarding their
biological functions remains to be elucidated. Moreover, for now multiple SAGA members are
linked to disease and to multiple stages in development, rising questions of their specific roles

in such biological processes.
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lll. Pathogenesis of SCA7 retina phenotype

Different models have been used in order to study the SCA7 disease. Current information is
the result of years of biochemical, molecular and organismal studies. This section will focus on
the in vivo and in vitro models that have been generated to better understand the underlying

pathomechanisms of the SCA7 disease.

1.Cell-based Models

In vitro models have provided important insights about the SCA7 pathogenesis; however there
are important challenges present with their use. First, SCA7 is an adult onset
neurodegenerative disorder which means long-time cultures are required in order to properly
model the late onset of the disease. Additionally, there is a lack of specific affected cell types
such as neurons and photoreceptors patient-derived appropriate for in vitro studies. Regarding
to the latter one; while is possible to culture from post mortem tissue derived from brain (Verwer
et al., 2003) or retina (Kim and Takahashi, 1988; Marita, 2011; Mayer et al., 2005) a major
drawback is the limited time for establishing these cultures (less than 48 hours after patient
death). Because of this, efforts have focused on using other cell types derived from SCA7
patients, such as skin derived fibroblasts (Luo et al., 2012; Scholefield et al., 2014) or
lymphoblastoid cell lines (LCL) (Tsai et al., 2005). This lines give the advantage having a
genetic accurate disease background, however these cells are normally unaffected by the

pathology and have a limited culture life span in vitro.

For those reasons the most common method has been to transfect established cell lines with
different ATXN7 expression vectors. Providing valuable information regarding interactors,

toxicity, patterns of expression, among others. Summarized in Table 4.
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Patient derived cell lines

Cell line Design Contribution Reference
FIB Individuals with 55 or Expression of atxn7 and the antisense non-coding RNA SCAANT1. (Sopher et al.,
(patient and control | 150Q 2011)
fibroblast) Patient with 45 Q Generation of induced pluripotent stem (iPS) cells. (Luo et al., 2012)
Individuals with 57 Q Allele-specific siRNA silences the mutant transcript more efficiently  (Scholefield et al.,
than the wild-type. 2014)
LCL Individuals with 41 and = Expanded ataxin-7 significantly impaired the expression of the heat | (Tsai et al., 2005)
(lymphoblastoid cell 1 100Q shock proteins Hsp27 and Hsp70.
lines) Individuals with Increased expression of ataxin-7 sense transcript levels. (Sopher et al.,
10,51,59 or 66Q 2011)
Human Non-Patient derived cell lines
Hek293 Transfected full length = shRNA decreased numbers of cells with mutant protein (Scholefield et al.,

(Human Embryonic
Kidney 293 cells)

ATXN7 (10/100Q) aggregates. 2009)
FLAG-tagged full Normal and mutant ATXN7 equally interacted with the TFTC (Helmlinger et al.,
length ATXN7 subunits TRRAP, GCN5 and TAF10. 2004b)

(10/60Q)

Full length ATXN7 Heat-shock proteins, subunits of the proteasome, transcription (Zander et al.,
(10/100Q) and factors and activated caspase-3 were detected in a subset of 2001)

truncated form

inclusions.
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HelLa FLAG-tagged full- Small increase in NOX1 expression, p53 co-aggregates with (Ajayi et al.,

(Cervical Cancer length or truncated mutant ATXN7 and the p53 transcriptional activity is reduced. 2015)

Cell line) ATXN7 (10/65Q)

Non-Human Cell lines

Cos-1 Transfected full length = ataxin-7 localization to the nucleus is dependent on the function of | (Kaytor et al.,

(Monkey kidney — ATXN7 (10/52/75Q) an arginine-lysine nuclear localization signal (NLS) 1999)

fibroblast like)

Cos-7 Transient transfection Inclusions were highly enriched in Hsp70, 19S proteasome, and (Janer et al.,

(Monkey kidney — ATXN7 (10/72Q) ubiquitin. 2010)

fibroblast like) Myc-tagged full-length = Ataxin-7 colocalizes with full-length R85 (R85FL), an alternative (Lebre et al.,
ATXN7 (10/100Q) splicing product of the gene SH3P12, a potential Cbl partner. 2001)

PC12 Tetracycline-regulated = Full-length and cleaved fragments of ATXN7 are differentially (Yuetal., 2012)

(Rat expression ATXN7- degraded. The ubiquitin—proteosome system (UPS) is essential for

Pheochromocytoma GFP (10/65Q) the degradation of full-length endogenous ATXN?7 or transgenic full-

of adrenal medulla)

Tetracycline-regulated
expression ATXN7-
GFP (10/65Q)
Tetracycline-regulated
expression ATXN7-
GFP (10/65Q)

Table 4. Summary Cell models of SCA7

length ATXN7 with a normal or expanded glutamine repeat
Increase in ROS levels and aggregation of ATXN7 and later cellular

toxicity.

p53 and mutant ATXN7 co-aggregated and transcriptional activity
of p53 was reduced, resulting in a 50% decrease of key target

proteins

(Ajayi et al.,
2012)

(Ajayi et al.,
2015)
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2.Mouse Models

Different transgenic and knock-in mouse models have been generated during the past years
with the majority expressing wild-type or expanded ATXN7 under the control of a heterologous
promoter specific to the brain and/or retina. These models have provided important insights

into the nature of SCA7 neurodegeneration.

a. Cerebellar pathology

Analyses of the PrP-SCA7-c92Q mouse model have highlighted the importance of cell-cell
interactions in the cerebellar pathology (Garden et al., 2002). These mice develop motor
defects and show dark degenerating Purkinje neurons. Interestingly, Purkinje cell pathology
occurs despite the fact the MoPrP promoter drives the expression of mutant ATXN7 (mATXN7)
in all cerebellar neurons, except for Purkinje cells, suggesting that they are affected via a non
cell-autonomous mechanism. This same model displayed as well pathological signs in
Bergman glial cells (Custer et al., 2006). Given that Bergmann glia are regulators of glutamate
levels in the surrounding environment of Purkinje cells and that dark degeneration often results
from excitotoxicity, new transgenic mice were generated to express mATXN7only in Bergmann
glia cells to assess whether the pathology would affect Purkinje cells as well. Indeed, Gfa2-
SCA7-92Q mice also show Purkinje cell degeneration and motor dysfunctions. However,
compared to PrP-SCA7-c92Q mice, Gfa2-SCA7-92Q mice develop a late onset and milder
ataxia, suggesting that other dysfunctional neurons may account for Purkinje cell degeneration
in PrP-SCA7-c92Q mice.

The contribution of different cell types and their interaction to the cerebellar pathology was
further addressed using a new set of engineered mice in which mATXN7 cDNA was flanked
by loxP sites at the start site of translation in the murine PrP gene in a bacterial artificial
chromosome (PrPfloxed-SCA7-92Q BAC) (Furrer et al.,, 2011). When crossed with mice
expressing Cre recombinase under Bergmann glia promoter (Gfa2) or under promoter specific
to Purkinje and inferior olive neurons (Pcp2), mMATXNY7 was deleted specifically in these cell
types. Deletion of mMATXN7 from Bergmann glia has mild beneficial effects and does not
prevent Bergmann glia pathology. In contrast, deletion of mMATXN7 from Purkinje and inferior
olive neurons improves motor performance and histopathology as well as prevents Bergmann
glia pathology. Finally, deletion of mMATXNY in the three cell types is more effective to prevent
the pathology. Together, these results support a complex cell-cell interaction between
Bergmann glia, Purkinje and inferior olive neurons in the development of SCA7 cerebellar

dysfunction.
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The expression profile of the cerebellum of Ataxin-7-Q52 transgenic mice, which also display
motor dysfunction and Purkinje cell pathology, revealed gene deregulations affecting different
pathways including synaptic transmission, axonal transport, glial functions and neuronal
differentiation (Chou et al., 2010). Perhaps the most interesting finding is the down regulation
of a set of myelin-associated proteins (CNP, MAG, MBP, MOG, MOBP and PLP1) and of their
regulators, the transcription factor Olig1 and transferrin (Chou et al., 2010). This is consistent
with the loose and poorly compacted myelin sheaths observed in the cerebellar white matter
of these mice, and with the myelin pallor and loss of myelinated fibers reported in the cerebellar
white matter of SCA7 patients (Rub et al., 2005).

Reminiscent to the loss of photoreceptor maturation in SCA7 mouse retina, mATXN7 toxicity
might compromise genetic programs controlling oligodendrocyte maturation and myelin sheath

integrity and function.

b. Retinopathy
In SCA7 models, the retina develops normally before showing a progressive reduction of
electroretinograph activity, thinning of the retina and repression of photoreceptor-specific
genes (La Spada et al., 2001; Yoo et al., 2003). Initially, these transcriptional alterations were
attributed to the dysfunction of CRX (cone-rod homeobox protein), a key transcription factor of
photoreceptor genes. This is because CRX was previously shown to require interaction with
ATXN7 and SAGA for its transactivation activity on photoreceptor gene promoters, and
because mMATXN7 was shown to suppress the transactivation activity in SCA7 retina (Chen et
al., 2004; La Spada et al., 2001). Later on, analysis of SCA7266Q/5Q Kl and R7E mouse retina
showed that transcriptional alterations were not restricted to CRX target genes (Abou-
Sleymane et al., 2006; Yoo et al., 2003). In particular, the expression profile of R7E retina
showed on the one hand the downregulation of the photoreceptors specific transcription factors
CRX, NRL (neural retina leucine zipper protein), and Nr2E3 (Nuclear Receptor Subfamily 2,
Group E, Member 3) as well as most of their target genes, and on the other hand the re-
activation of OPTX2, STAT3 and HES5 that normally inhibit the differentiation of precursor

neurons into mature photoreceptors during development (Abou-Sleymane et al., 2006).

SCAT photoreceptors progressively lose their OS and cell polarity, and relapse to round cell
shape (Yefimova et al., 2010). Thus, SCA7 retinopathy primarily results from the progressive
regression of mature photoreceptor to an ill-defined state, which occurs long before cell death.
The initial trigger leading to SCA7 photoreceptor degeneration remains to be determined.

Degenerating photoreceptors in SCA7 retina ultimately die through a mechanism reminiscent
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of dark neuronal cell death (Yefimova et al., 2010). Dark degeneration also occurs in SCA7
mouse cerebellum and was reported in several mouse models of polyQ disorders (Figiel et al.,
2012). Different cellular responses may be triggered by different mMATXN7 toxic species, since
the relative amount of full-length mATXN7, proteolytic fragments, soluble and insoluble
aggregates varies considerably from early to late disease stages and might influence the way

individual photoreceptors respond to these different proteotoxic products.

3. Transcriptional alteration

Studies performed on cellular and mouse models of SCA7 have identified transcriptional
alterations as an early pathogenic event associated with neuronal dysfunction (Abou-
Sleymane et al., 2006; Chou et al., 2010; Helmlinger et al., 2006; La Spada et al., 2001; Yoo
et al., 2003) This has also been reported in other polyQ disorders (Sugars and Rubinsztein,
2003).

Transcriptome analysis of SCA7 mouse retina revealed an early and progressive down-
regulation of most photoreceptor-specific genes (Abou-Sleymane et al., 2006), while
expression profile of SCA7 mouse cerebellum showed down-regulation of genes involved in
the maintenance and function of neuronal dendrites and CNS myelin sheath (Chou et al.,
2010).

Since the expanded form of ATXN7 has been shown to properly incorporate into SAGA,
several studies have explored the possibility that transcriptional alterations in SCA7 could
result from dysfunction of SAGA acetylation and deubiquitination activities (Helmlinger et al.,
2004b; McMahon et al., 2005; Palhan et al., 2005). The outcome of these studies differs
depending the model system investigated. In yeast and HEK2937 kidney cells, mATXN7-
containing SAGA lacks critical subunits and leads to the reduction of GCN5 acetylation activity
and gene transcription (McMahon et al., 2005; Palhan et al., 2005). In agreement with GCN5
dysfunction, promoters of photoreceptor-specific genes were shown to have histone H3
hypoacetylation, which would explain their decreased expression in SCA7 mouse retina (Prp
SCA7-c92Q model) (Palhan et al., 2005). However, opposing with the above studies,
MATXN7-containing SAGA purified from SCA7 mouse retina (R7E model) had normal
incorporation of Genb, Taf12 and Spt3 and had normal acetylation activities (Helmlinger et al.,
2006). In this study, promoters of photoreceptor-specific genes were found hyperacetylated,
but the presence of RNA Pol Il on promoters was strongly reduced, which would explain the

low level of photoreceptor-specific mRNA transcripts (Helmlinger et al.,, 2006). The
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discrepancy between these studies is yet unclear and might dependent on the use of two

different SCA7 mouse models or on the analysis of different stages of retinal degeneration.

Interestingly, histone hyperacetylation in R7E mouse retina correlates massive chromatin
decondensation of photoreceptor nuclei, which are enlarged compared to wild type (Helmlinger
et al., 2006). It is thus possible that the overall perturbation of chromatin organization accounts
for major changes in the expression of photoreceptor-specific genes. Besides
hyperacetylation, chromatin decondensation in R7E retina might also result from an abnormal
low expression of histone H1, which is involved in chromatin compaction (Kizilyaprak et al.,
2011).

Studies linking other SAGA components in SCA7 pathogenesis have been performed. One
allele inactivation of GCNS5 accelerates retina degeneration in SCA7 mice, but does not worsen
the transcriptional repression of photoreceptor-specific genes, suggesting that GCN5 might
have non-transcriptional function in the retina. Furthermore, GCN5 appears to be necessary
in Purkinje cells and total loss of GCN5 leads to mild ataxia (Chen et al., 2012). This suggests
that GCN5 could participate to some degree to SCA7 cerebellar ataxia. Potential dysfunction
of DUB activity of SAGA has also been investigated in SCA7 cellular and mouse models.
Monoubiquitination of H2B is globally increased in cultured cells expressing mATXN7 and in
the cerebellum of SCA7 mice, but in the latter correlation with transcriptional alterations has
not been established (Lan et al., 2015; McCullough et al., 2012; Yang et al., 2015). Two
components of the DUB, ATXN7L3 and USP22, are sequestered in mATXN7 aggregates,
which might lead to DUB dysfunction and hence an increased H2Bub. (Lan et al., 2015; Yang
et al., 2015).

Interestingly, a recent study suggests that the increased expression of mMATXN7 would be an
indirect consequence of mMATXN7-containing SAGA dysfunction (Tan et al., 2014). In fact,
SAGA regulates the microRNA miR-124, which in turn controls the abundance of ATXN7
transcripts. Dysfunction of SAGA in SCA7 leads to post-transcriptional derepression of ATXN7
transcripts, due to the reduced level of miR-124. Given that miR-124 is highly expressed in the
cerebellum and retina, posttranscriptional regulation of ATXNY transcripts is thought to account

for the tissue specificity of SCA7.

Besides SAGA dysfunction, other mechanisms are proposed to contribute to chromatin
modifications and transcriptional alterations in SCA7. mATXNY7 aggregates sequester CREB-
binding protein (CBP) (Yvert et al.,, 2001), a histone acetyltransferase, and impair CBP-
mediated and RORalpha1-mediated transcription in cultured neurons (Strom et al., 2005).

Abnormal mitochondria were observed in SCA7 mouse retina (Yefimova et al., 2010), and
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reduced electron transport chain activity and metabolic acidosis were reported in muscle
biopsy of patients (Forsgren et al., 1996). Most interesting, a study in PC12 cells made a link
between metabolic defect in SCA7 and transcriptional alterations. In PC12 cells expressing
MATXN7, p53 is sequestered in aggregates and its transcriptional activity is reduced, leading
to dysregulation of metabolic proteins, such as TIGAR, AIF and NOX1 (Ajayi et al., 2012).
These alterations result in a reduced respiratory capacity, associated with an increased

reliance on glycolysis for energy production and a subsequent reduction of ATP in SCA7 cells.

Investigation of these transcriptional and metabolic pathways in SCA7 mice is thus warranted,
in particular because loss of AIF in mice results in primarily neurodegeneration of cerebellar

and retinal neurons.

Multiple approaches have greatly provided insight to the possible pathomechanisms behind
SCATY. And, even though the current data would support that SAGA dysfunction accounts for
SCAY transcriptional dysregulations, it remains to determine how the dysfunction of a general
co-activator complex like SAGA, which is involved in the expression of all RNA Pol ll-regulated
genes, would only affect specific subsets of genes in SCA7 affected tissues. One can

hypothesize that it could be relate to the nature physiological function of the protein.

SCAY7 like other polyQ disorders have shown to be complex disorders and deciphering their
selective nature and dysfunction has become a challenge. For many disease-involved proteins
like ATXNY there is no known physiological function. Combination of in vitro an in vivo models

would be advantageous in order to perform this task.

Given that the retina is primarily affected in this disease one can hypothesize that ATXN7 might
have an important function in the eye. However to test this hypothesis there is no knock out
mouse model available. Interestingly, the increasingly developed approaches for genetic
manipulation in the zebrafish makes it a good candidate model for understanding human
disorders, such as SCA7.
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IV. Zebrafish as an alternative model for SCA7

A thorough understanding of the development of the visual system forms the basis to
understand ocular diseases. To achieve this goal several animal models have been important
in the historical and recent advances in the field of retinal neurogenesis, including mouse,
chick, Xenopus and zebrafish. Thanks to this, it has been shown that the retina is highly
conserved among vertebrates, sharing almost identical anatomical and physiological

characteristics.

This section will first focus on the current knowledge on the development of the zebrafish eye
and the role of the morphogen Shh in this process. The second part will highlight the

advantages of zebrafish as a model particularly for retinal diseases.

1. Development of the zebrafish eye

a. Optic vesicle and optic cup development.
Zebrafish eye development begins at late gastrula stage (10 hours post fertilization (hpf))
when the eye field is detectable as a consequence of overlapping expression of a number of
transcription factors in discrete regions of the developing forebrain including six3, pax6 and
rx3 (Figure 5A) (Chuang and Raymond, 2002). From 12 to 18 hpf the optic vesicle (OV)
appears and undergoes through lateral evagination from the ventral forebrain towards the
overlying surface ectoderm. Simultaneously the formation of the dorsal-ventral (D-V) and
proximal-distal (P-D) patterns take place (Figure 5B-C and Figure 6A-B). The optic primordia
(OP) remains attached to the forebrain at the anterior end by the optic stalks, a transient
structure that eventually will be filled by RGC axons and form the optic nerve. Lens induction
is initiated around 16 hpf as the OV comes in close contact with the surface ectoderm (Vihtelic,
2008). Around 19 hpf the OV invaginates symmetrically forming the optic cup (OC) (Figure
5D). The OC consists of two layers: the RPE and the neural retina. The prospective neural
retina is derived from the distal ventral OV (Figure 5B-C). Moreover, the invagination process
from the dorso-distal (D-D) of the OV makes contact along the forming retina and optic stalk,
resulting in the formation of a transient opening along the ventral optic known as choroid
fissure, that allows entry of blood vessels and exit of retinal axons from the eye (Figure 5D-E
and Figure 6C). By 24 hpf the zebrafish bi-layered OC and the now detached lens are well
formed. At 48-60 hpf the ventro-nasal and ventro-temporal lips of the choroid fissure in the
retina fuse together and forms a continuous retina confined within the OC (Chow and Lang,
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2001; Schmitt and Dowling, 1994). The development of the zebrafish retina is extraordinarily
rapid facilitating numerous studies addressing retinal development and its genetic control
(Table 5).

Eye developmental stage Human Mouse Zebrafish

(gestation days) (days) (Hours post fertilization)

Eye field specification <22 E8.0 10
OV Evagination 22 E8.5 12-18

Lens Placode formation 28 EQ.5 16

OV invagination 32 E10 19

OC neurogenesis initiation 33 E11.5 28

Table 5 Comparison of key developmental stages in vertebrate eye development. (adapted from
(Zagozewski et al., 2014)).
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Figure 5 Schematic overview of eye development.

The figure represent a ventral view of different stages of eye morphogenesis (A) Formation of
the eye field. (B) Early events for the definition of the dorso ventral patterning of the optic
vesicle (left). Induction of the neural retina and RPE (right). (C) Optic evagination is the first
morphological event that alters the shape of the presumptive eye tissues and dorso ventral
patterning of the neural retina. (D) Optic vesicle invagination and subsequent formation of the
optic cup, presumptive RPE folds back over the presumptive neural retina. (E) Ventral fissure
closure occurs as the laterally extending edges of the neural retina and RPE, sweep in a ventral
movement and eventually fuse. This process is completed in approximately 14 hours. Based
on (Chow and Lang, 2001).

Abbreviations: A: Anterior; P: Posterior; EF: Eye Field; D: Distal; Pr: Proximal; DD: Dorso-
distal; PV: Proximo-Ventral; hh: Hedgehog signaling; RPE: Retinal Pigmented Epithelium; L:

Lens.
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Figure 6 Schematic overview of the morphogenesis of the optic primordia in zebrafish.
The figure represents the lateral view of a zebrafish embryo in 3D.

(A) The optic primordia (OP) arise at 12 hpf. (B) At 13 hpf, the optic primordia begin to
evaginate (white arrow), leaving the primordium attached by the optic stalk at the anterior end.
(C) By 24 hpf, invagination of the lateral surface creates the optic cup. After ventral rotation,
the optic stalks are located on the ventral side of the forebrain. The choroid fissure (CF) is
positioned near the anterior of the optic cup, opposite the posterior groove (PG). The line
between the choroid fissure and posterior groove subdivides the retina into nasal (N) and

temporal (T) parts.
Abbreviations H, hypothalamic primordium; A, anterior; P, Posterior

Image from (Hitchcock and Raymond, 2004).
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b.Retina development

Similar to other vertebrates, the zebrafish retina is also arranged into three nuclear layers and
two plexiform layers. Unlike mammals, the zebrafish retina displays continual neurogenesis
throughout life and has the ability to regenerate any type of retinal neuron in response to injury
(Wan and Goldman, 2016).

Retinal neurogenesis during zebrafish development require a precise spatiotemporal control.
This spatiotemporal pattern has several components including cell-specific timing of cell cycle
exit, tissue polarity and neuronal migration. Moreover, this process has been shown is present
in a wave-like manner that starts at the ventro nasal center of the retina and then spirals out
ending in the ventro temporal periphery. Several transcription factor families are required to
specify and promote the differentiation of each retina cell. (Almeida et al., 2014; Hu and Easter,
1999).

At 24 hpf the zebrafish neural retina still consists of a single sheet of pseudostratified
neuroepithelium. The first postmitotic cells appear between 27 and 28 hpf in the ventro nasal
retina. By 32 hpf these cells differentiate into RGCs (Burrill and Easter, 1995; Schmitt and
Dowling, 1996). Cells of the INL are generated next, starting at 36 hpf. Cone photoreceptor
cells are born later, around 48 hpf. The genesis of rod photoreceptors in the teleost retina is
delayed. Retinal lamination and cell differentiation are completed around 96 hpf (Stenkamp,
2007).

Functionally, the zebrafish eye detects light surprisingly early, the first visual response can be
detected by electroretinogram (ERG) as early as 72 hpf, however, full-fledged ERGs can only
be measured at slightly later stages (Branchek, 1984; Saszik et al., 1999).

In total the retina is comprised of six neural and one glial type, arising from a common pool of

multipotent progenitor cells, organized into a trilaminar structure.

c¢. Photoreceptor development

Due to the relevance of the photoreceptors in the SCA7 disease, is important to review in more

detail the development of this structure.

Photoreceptor cells include two different populations rod and cone photoreceptors cells. The
differentiation of zebrafish photoreceptors, starting from the exit of the cell cycle up to the
formation of OS and synaptic ribbons, occurs in a short period of less than 20 hours. Starting

between 43 and 48 hpf when the zebrafish photoreceptors first exit the cell cycle, by 48 hpf
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they develop their characteristic elongated form and at 54 hpf rudiments of photoreceptor OS
appear. Finally the synaptic ribbons are apparent in the ventral area by 62 hpf and are well
differentiated throughout the retina by 72 hpf. (Hu and Easter, 1999; Schmitt and Dowling,
1999).

Functionally, the expression of the rod opsin becomes detectable around 50 hpf followed by
the rest of the opsins shortly after. In total zebrafish express six opsins: blue, red, rod,

ultraviolet and two types of green (Raymond et al., 1995; Vihtelic et al., 1999).

2.Molecular pathways involved

The developmental events that take part in the formation of the eye are highly regulated by
different secreted signaling molecules, including the Wnt, Transforming Growth Factor Beta
(TGF-B), Fibroblast Growth Factor (FGF) and Hedgehog (Hh) families (Adler and Canto-Soler,
2007; Bazin-Lopez et al., 2015; Fuhrmann, 2010; Zagozewski et al., 2014). The latter being

one of the most extensively studied.

a.Hh signaling

More than two decades ago Hh was first identified (Nusslein-Volhard and Wieschaus, 1980).
Since then many studies have shown the relevance of Hh signaling not just in the development
of neural tissues, limb buds, bones, cartilage, and germ cells; but novel biological insights have
implicated Hh signaling with congenital diseases, and several cancers as well (Briscoe and
Therond, 2013).

Unlike drosophila that presents a single Hh gene, or mammals that present three Hh family
members including Sonic hedgehog (SHH), Indian hedgehog (/HH) and Desert Hedgehog
(DHH); zebrafish has five Hh genes shha, shhb (also known as tiggy- winkle hedgehog, twhh),
ihha, ihhb and dhh (Currie and Ingham, 1996; Ekker et al., 1995; Krauss et al., 1993).

b. Shh involvement in the Optic Vesicle formation and patterning

Zebrafish Hh members regulate several aspects of OV formation, patterning and
morphogenesis (Amato et al., 2004). Hh signaling from the ventral midline plays a critical role
in optic field separation by directing the separation of the eye field into two bilateral OVs (Figure
4B and Figure 4). This phenomenon has also been documented in both mice and human

embryos (Chiang et al., 1996; Roessler et al., 1996). Moreover, Hh signaling plays a role in
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the P-D and D-V patterning of the OV (Ekker et al., 1995; Hernandez-Bejarano et al., 2015;
Macdonald et al., 1997).

Hh expression is first crucial for the separation of the OP. Loss of Shh function in both, human
and mice, have been reported to cause severe developmental defects, particularly with the
presence of cyclopia due to a failure in the eye field separation (Chiang et al., 1996; Roessler
et al., 1996). Interestingly, shh mutations in the zebrafish embryo, do not lead to cyclopia, likely

due to redundancy present with twhh (Karlstrom et al., 1999; Schauerte et al., 1998).

The second fundamental role in the OV is the determination of the P-D axis. The Shh signals
emanating from the ventral midline define distinct ocular tissue identities by regulating
expression of key transcription factors. In response to Shh, paired box gene 2 (pax2) and
ventral anterior homeobox (vax) genes are expressed in adjacent regions to the midline and
specify the optic stalk, choroid fissure and ventral retinal fates respectively, whereas paired
box gene 6 (pax6) and retinal homeobox (rx) are expressed in regions further distal to the
midline and defines the optic cup and RPE respectively (Figure 5B and Figure 7) (Macdonald
et al., 1995; Stenkamp and Frey, 2003; Take-uchi et al., 2003). While pax2 expression is critical
for the specification of the optic stalk and the proper formation of the optic nerve, the correct
expression of pax6 in the optic vesicle, is required for proper retinal neurogenesis, RPE and

lens formation (Baumer et al., 2003; Oron-Karni et al., 2008; Torres et al., 1996).

Shh overexpression promotes the expression of pax2 in more distal OV territories where it is
normally absent. Furthermore, there is a corresponding retraction of the pax6 expression in
the OV area (Ekker et al., 1995; Lee et al., 2008; Macdonald et al., 1995; Pillai-Kastoori et al.,
2014; Wen et al., 2015). Conversely loss of midline Hh expression leads to a reduction or no
expression of pax2, resulting in failure in optic primordium separation (Ekker et al., 1995). The
distinctive expression of pax2 and pax6 is due to a reciprocal regulation. They both repress
each other’s transcription and thereby form a precise boundary between the optic stalk and
retina (Schwarz et al., 2000) (Figure 7).
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Figure 7 Overview of cell fate changes in the Optic Vesicle depending on Shh signaling.

Schematic representations of frontal views of the zebrafish CNS. (A) In the wild-type embryo,
Pax6 (blue) is present in the pigment epithelial and neural layers of the retina and Pax2 (red)
is present in the optic stalks and a small region of the ventral anterior retina. The Pax6-
expressing region of the optic primordium later invaginates with more distal cells forming neural
retina and more proximal cells forming the pigment epithelium. (B) In low shh expression levels
Pax6 protein is present in cells across the rostral midline of the forebrain, Pax2 is almost absent
and most if not all cells differentiate as retina (example: Cyclops). (C) In shh-overexpression
embryos, Pax6 protein is absent from most cells in the optic primordia whereas Pax2
expression is expanded. Optic stalk-like tissue is hypertrophied and the retina is greatly
reduced. Based on (Macdonald et al., 1995)

Abbreviations: Di: Distal; Pr: Proximal; D: Dorsal; V: Ventral.
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¢.Shh involvement in the retinal differentiation

Additional to its role in the OV formation and patterning, Hh signaling appears to be also
involved in the retina and RPE cell differentiation (Choy and Cheng, 2012; Neumann and
Nuesslein-Volhard, 2000; Perron et al., 2003).

The first postmitotic cells appear between 27 and 28 hpf in the ventro nasal retina in proximity
to the optic stalk. These cells differentiate into ganglion cell and present two waves of gene
expression: a wave of ath5 and a wave of shh (Masai et al., 2000). Ath5 expression is required
for the differentiation of RGCs, as the zebrafish lakritz mutant that harbors a mutation in the
ath5 locus exhibits a complete loss of RGCs (Kay et al., 2001). Interestingly midline-derived
Shh signaling prior to retinal neurogenesis is required for the timing of ath5 expression and
RGC differentiation (Kay et al., 2005). Moreover, the midline Hh activity is also required for the
RGC axon pathfinding and confines the growth cone of the optic nerve during optic chiasm
formation (Trousse et al., 2001). Additionally experiments in shh mutant sonic-you (syu) have
shown that the expression of shh is required for its own spread through the retina. Interestingly
the Hh signaling is required for the spread, but not the induction of the first Hh-expressing
neurons. Despite the disruption in the shh gene, syu mutant presented retinal neurogenesis.
This has been attributed to the expression of twhh in the ganglion cell layer. Treatment of
embryos with cyclopmaine (inhibit signaling of Hh family members (Incardona et al., 1998))
during neurogenesis, blocked both the spread and the wave of neurogenesis (Neumann and
Nuesslein-Volhard, 2000).

Soon after the initial expression in the ganglion cell layer, a second independent wave of shh
expression is initiated in the differentiating amacrine cells in the INL of the zebrafish retina.
Experiments with shh mutant shown that, shh activity in the INL is required for the
differentiation of amacrine cells, bipolar cells and Mdller glia. Shh acts as a short-range signal
in the neural retina to direct the differentiation of these cell types, as well as the formation of

plexiform layers (Shkumatava et al., 2004).

The RPE is a thin monolayer of cells that underlies the retina and maintains the function and
development of the photoreceptors (Sheedlo et al., 1998; Strauss, 2005). Around 45 hpf shh
and twhh expression is detected in a discrete ventral patch of the zebrafish RPE. This
expression occurs immediately prior to the first morphological manifestation of photoreceptor
differentiation, and it is proposed that Hh genes may play a role in the propagation of the

photoreceptor differentiation wave across the developing eye (Stenkamp et al., 2000).
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Several studies in zebrafish strains known to have mutations in the Hh signaling pathway
genes exhibit retardation in the differentiation as well as reduction in the number of
photoreceptors. Moreover, abnormalities in the retinal lamination were observed in these
mutants (Stenkamp and Frey, 2003; Stenkamp et al., 2000). It is worth to mention that no such
abnormalities were found in the expression of neuroD, crx and rx2. All of these genes are
implicated in the photoreceptor differentiation. However, reduced expression of rx71, a
photoreceptor progenitor gene, is observed in the smu mutant (mutation of smoothened),

suggesting that rx1 might be regulated by Hh signaling activity (Stenkamp et al., 2002).

d. Otx2 and Crx involvement in the photoreceptor morphogenesis.

Photoreceptor specification has been attributed mainly to two homeobox transcription factors,
orthodenticle homeobox 2 (Otx2) and Crx. These two control the earliest stages of
photoreceptor development. Otx2 is a transcriptional factor that is also required to specify the
forebrain and the RPE. Otx2 mutants have shown a loss of RPE pigmentation, photoreceptor
cells and an increase in amacrine cell numbers (Lane and Lister, 2012; Nishida et al., 2003).
Crx, a downstream target of Otfx2, is required for development and maintenance of the
photoreceptors (Furukawa et al., 1999). Crx deficient animals form photoreceptors but they
express dramatically reduced amounts of visual pigments as well as other components of the
phototransduction cascade. Moreover, photoreceptors fail to form and eventually degenerate.
(Furukawa et al., 1999). In zebrafish it has been demonstrated that crx has earlier and broader
roles in retinal development compared to mice, including retinal specification and a delayed

retinal differentiation including but not limited to photoreceptors (Shen and Raymond, 2004),

Different mutations in CRX lead to human cone-rod dystrophies or retinitis pigmentosa,
suggesting that human CRX is also essential for the maintenance of photoreceptors (Sohocki
etal., 1998). Together, otx2 and crx play a role in the photoreceptor cell fate and differentiation,
rod or cone cell fate is dependent on the expression of other three transcription factors, TRj32
(also known as NR1A2), Nrl and Nr2e3 (also known as PNR).

3.Retinal disease models in zebrafish

Zebrafish (Danio rerio) is a small freshwater fish species original from the rivers of India that
since the 1970’s has become an attractive model for study as its embryogenesis is similar to
higher vertebrates, including humans. Moreover, it offers advantages such as large numbers

of offspring, external and rapid development that makes it an attractive model for study.
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Furthermore, its characteristic optical transparency during embryonic morphogenesis can take

advantage of microscopy techniques.

Zebrafish have 25 chromosomes and its genome is well curated by multiple databases. This
has allowed the identification of zebrafish orthologs of most human genes. Approximately 72%
of human genes have at least one ortholog in the zebrafish genome, with 84% of known human
disease-causing genes having a zebrafish counterpart (Howe et al., 2013). This combined to
the number of techniques that have been successfully adapted to the zebrafish has enable
relatively straightforward reverse genetic manipulation of genes of interest (Hruscha et al.,
2013; Huang et al., 2012) .

Taking together these advantages, the zebrafish has emerged as an outstanding model for
understanding the development of multiple organs including the eye. Zebrafish are visually
responsive by 72 hpf by which time the retina resembles adult retinal morphology that is
anatomically and functionally similar to humans (Chhetri et al., 2014). Additionally the zebrafish
is remarkable for its diurnal color vision, the cone rich zebrafish retina resembles the human
macula, making it a good candidate to complement studies from the nocturnal rod-dominated
mouse retina, a relevant system for mammalian genetics and retinal biology but insufficient in

cones.

Large scale genetic screens have allowed the identification of candidate genes related to
ocular defects (Muto et al., 2005). Currently more than 50 human ocular disorders affecting a
particular retinal layer or eye morphogenesis have been associated with a zebrafish

homologue (Figure 8).

Of particular interest for us is the modeling of Cone-Rod dystrophies (CRDs) which are most
frequently non syndromic, but they may also be part of several syndromes, such as Bardet
Biedl syndrome and Spinocerebellar Ataxia Type 7 (SCA7). Zebrafish is being used to model
cone—rod dystrophies by studying mutants of human gene orthologs or by expression of

validated disease associated human genes (Link and Collery, 2015; Richardson et al., 2017).

There has been remarkable progress in the effort to better understand the molecular
mechanisms underlying the vertebrate eye development. As a result, it has been possible the
identification of a large number of genes expressed at different points of the developing eye.
Additionally different signaling molecules and intrinsic transcription factors have shown a
relation to human ocular disorders when mutated. However we are just beginning to
understand how these molecules interact with one another to regulate different aspects of eye

morphogenesis, maintenance and function. Understanding the role of these genetic
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interactions in vertebrate eye will be essential to better understand human inherited eye
diseases and eventually develop novel therapies. Even though the general principles in retinal
synaptic organization and function are conserved among vertebrate, there are species-specific
variations in these principles. Adaptation to the environment plays an important role. For
example diurnal vertebrates who have to distinguish color in their environment need more
cones in comparison with animals whose environment is depleted of light or those who are

primarily nocturnal.

The zebrafish, as a diurnal animal, appears as an attractive model because of its relative
simplicity, rapid development and accessibility to genetic analysis. Moreover, the remarkable
evolutionary conservation of the vertebrate eye provides the basis for the use of the zebrafish

retina as a model of human inherited eye defects
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Figure 8 Toluidine blue-stained zebrafish retinal coronal section of 5 dfp larvae.

Schematic representation of the cell layers of the eye. Diseases modeled in zebrafish are

listed next to each layer. Based on (Link and Collery, 2015).

Abbreviation: RPE, retinal pigment epithelium.
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Objective, hypothesis and experimental approaches

The objective of this thesis was to determine the physiological role of ATXN7 in vertebrate.
Given that loss of function mechanism is thought to account for polyQ pathogenesis and that
SCA7Y primarily affects specific CNS tissues (e.g. cerebellum and retina) and selective
neuronal cell types (e.g. Purkinje cells and photoreceptors) despite the ubiquitous expression
of ATXN7 protein, we hypothesized that ATXN7 has very important functions specifically in
these disease-targeted tissues and neurons. The sensitivity of these tissues/neurons to
ATXN7 dysfunction would make them more susceptible to degeneration in SCA7. We also
wished that this study would reveal new molecular and cellular pathways in which ATXN7
would play a role. We anticipated that the characterization of the physiological function of
ATXN7 would provide insight into the pathogenic mechanisms underlying neuronal specific

dysfunction and loss in SCAT7.

To determine the physiological role of ATXN7 and to test our hypothesis, we have used
zebrafish as a model system. Our choice was motivated by several criteria. There is current
no knock-out mouse model for Atxn7 gene. The International Mouse Phenotyping Consortium
has very recently regenerated embryonic stem cells with a cre/lox cassette to inactivate the
mouse Atxn7 gene, however, the KO mice has not been yet generated despite several
attempts. As we mentioned above, the zebrafish offers several advantages to characterize the
function of a gene, including the large numbers of offspring, the external and rapid
development and its characteristic optical transparency during embryonic morphogenesis.
Additionally, zebrafish is remarkable for its diurnal color vision, which makes zebrafish retina

more alike the human macula, and a better model than nocturnal mouse on this respect.

The approach of the present work was to inactivate the atxn7 ortholog gene in zebrafish using
morpholino antisense oligonucleotides and CRISPR/Cas9 technology. Given that eye
anomalies appeared to be the most prominent phenotypes, we conducted a careful

characterization of these phenotypes at the morphological, cellular and molecular levels.
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RT-PCR analysis.

RNA extraction

Total RNA was extracted from 50 embryos at required stage by TRIzol Reagent (Invitrogen)

adapting recommended volumes from the user guide manual for zebrafish embryos. Resulting

protocol:

1.

Dechorionate embryos if needed with Dumont Tweezers #5, transfer to 1.5 mL

Eppendorf tubes removing as much liquid as possible and freeze in liquid nitrogen.

a. For embryos younger than 24 hpf dechorionation was performed on a petri dish

coated with agarose 2% to avoid breaking.

Add 200uL of TRIzol Reagent (Invitrogen cat. no. 15596-018) and homogenize sample
with Disposable Polypropylene, RNase-Free Pellet Pestles.

Centrifuge 12,000 rpm for 10 min at 4°.

Remove and discard the fatty layer and transfer the remains to a new 1.5 mL Eppendorf
tube.

Incubate for 5 min at room temperature (RT) and add 40 pl of chloroform. Mix by

manual inversion 15 seconds.
Incubate for 3 min at RT and centrifuge samples at 12,000 rpm for 15 min at 4°.

Remove aqueous phase and place into a new 1.5 mL Eppendorf tube and add 100 pL

of 100% isopropanol.

Incubate at RT for 10 min.
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9. Quick vortex.

10. Centrifuge at 12,000 rpm for 10 min at 4°. Remove and discard supernatant.
11. Wash the remaining pellet with 200 uL of 75% ethanol.

12. Quick vortex.

13. Centrifuge 7,500 rpm for 5 min at 4°. Remove and discard the ethanol and air dry the
remaining pellet.

14. Add 30 uL of water
15. Measure the concentration using NanoDrop

Produced RNA was kept at -80°.

Reverse transcription

RNA was reverse transcribed into cDNA with random primers and the SuperScript || Reverse
Transcriptase (Invitrogen cat. No. 18064-014) according to the manufacturer’s instructions
(user manual p.2). All experiments performed in this study were performed with the

corresponding —RT (without reverse transcriptase) control.
PCR
The resulting cDNA was amplified with Taq polymerase and the following mix:

Component Volume
cDNA | 2 uL
Mix 5X * | 4 uL
Primers 10uM | 1 uL
Taqg | 0.1 yL
H.0 | 12.9 uL

FINAL VOLUME | 20 pL

Table 6 PCR mix.
* PCR Sigma 10X buffer without MgCI2 (cat. No. P2317) added MgCL 1.5mM final
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Cycling parameters for pB-actin, atxn7 (MO2) atxn7L2a and atxn7L3.

1:95°C 3 min; 2: 94°C 30 sec; 3: 61.5°C 20 sec; 4: 72°C 30 sec; 5: Go to 2, 30 times; 6: 72°C

7 min; 9: 15°C forever.

Cycling parameters for atxn7, atxn7L1and atxn7L2b.

1:95°C 3 min; 2: 94°C 30 sec; 3: 64°C 20 sec; 4: 72°C 30 sec; 5: Go to 2, 30 times; 6: 72°C 7

min; 7: 15°C forever.

The RT-PCR products were then electrophoresed on a 2% agarose gel.

Fwd Rv Expected
band size

atxn7 5'- 5'- 694 bp
CCCTGCCTAGTCCCGAA | GACGATTGGTGGCCTTT
ATA-3’ CC-3

atxn7 Mo2 | 5'- 5- 471 WT 590
GCCTTCCAAGCACATTAC | TTGTCTTGGGACGATTGG | Mo2
-3 TG-3

atxn7L1 5- 5- 1178 bp
GTCTACCCACCCAAAGG | TCCAGAGGAGCCGAGAG
AGC-3’ AAA-3

atxn7 L2a 5- 5'- 548 bp
AGAGGAACCAAGACGCA | AAAGTGAAGACACCGTG
CAA-3 ACC-3

atxn7L2b 5’- 5- 889 bp
GCACGCGCTAAAACGGT | TCTCGTGGTTGACAGAC
AAT-3’ CCT-3

atxn7L3 5- 5'- 275 bp
TCAGAGTCTTCCTCCTTG | GCCTGCTATTCTGTCTCG
GG-3 CT-3

p-actin 5'- 5- 102 bp
CGAGCAGGAGATGGGAA | CAACGGAAACGCTCATT
CC-3 GC-3’

Table 7 Expected band size and primers.
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mRNA Human N10 generation.

Capped human mRNA for microinjection was prepared with mMMESSAGE mMACHINE SP6 kit
(Ambion Ref no. AM1340). pCS2+ vector containing the full-length coding sequences for the
human wild-type ATXN7a with 10Q (N10) was linearize with Pvull. Phenol-chloroform
purification and 100% ethanol precipitation was performed. Capped RNA transcription was
performed following the manufacturer’'s instructions (User Guide p.11). Followed by a

verification of the mRNA integrity on a 1% agarose gel.

Produced RNA was kept at -80°.

Morpholino and mRNA injections.

Translation blocker, splicing and control MOs were designed and obtained from Gene Tools.
¢ Morpholino MOs and mRNA were diluted in nuclease free water .

¢ Mo1 was injected at the concentration of 3 ng (dose response included 1.5 ng, 2 ng, 3

ng, 6 ng and 9 ng).
e Control morpholino was injected at the concentration of 6 ng.

¢ Mo2 was injected at the concentration of 1.5 ng (dose response included 1 ng, 1.5 ng

and 2 ng).

¢ mRNA was injected at 150 ng (different concentrations 50, 100, 200 and 300 ng to

assess the toxicity).

CRISPR sgRNA and Cas9mRNA synthesis, injection and efficiency.

gRNA design

Atxn7 target sites were identified and the corresponding sgRNA oligos were designed using

the Chop-Chop online software (Labun et al., 2016).
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Target gRNA exon1 (19+1) Primer FW Primer RV
5- | 5- 5 5%
GGCCGATGATGACGTCA | TAATACGACTCACTATAGG | TAATACGACT | TTCTAGCTC
GG-3’ | GCCGATGATGACGTCAGG | CACTATAGGG | TAAAACCCT
GTTTTAGAGCTAGAAATAG | CCGATGATGA | GACGTCATC
CAAGTTAAAATAAGGCTAG | CGTCAGG-3* | ATCGGCC-&
TCCGTTATCAACTTGAAAA
AGTGGCACCTGAGTCGGT
GCTTTT-3

Table 8_ATXN7 gRNA and specific primers

gRNA generation

Oligos were mixed with the Master mix and tracer fragment T7 included in the GeneArt
Precision gRNA Synthesis kit (Invitrogen Ref. Num. A29377) for generation of the gRNA
template, following the manufacturer’s instructions (User Guide p.12). Cycling parameters
PCR amplification 1: 98°C 10 sec; 2: 98°C 5 sec; 3: 55°C 15 sec; 4. 72°C 30 sec; 5 Goto 2 32
times; 6: 72°C 5 min; 7. 15°C forever. Product was verified in an agarose 2% gel (120 bp). In
vitro transcription of the template was conducted with the same kit according to manufacturer’'s

instructions (User Guide p.14).

Injection

A mix containing .2 ug/uL Cas9 protein from Streptococcus pyogenes (PnaBIO Ref Num. CP
01-50), .1 pg/uL of gRNA was injected into embryos at the one cell stage using a Nanoject Il

micro-injector (Drummond scientific). Injection was performed directly in the cell.
Validation

To determine the efficiency of the gRNA, genomic DNA of 24hpf embryos was obtained
individually by alkaline lysis with 100 yL NaOH 50mM for 10 min at 95° then placed the tubes
on ice and neutralized with 10 yL TRIS 1M. Amplification of the fragment surrounding the
target site was performed with atxn7 specific primers (fw-5’CCTCAGAAATTCGCGCACAC 3’)
(rv-5 ATTTCGGGACTAGGCAGGGA 3’). Cycling parameters PCR amplification 1: 95°C 3
min; 2: 94°C 15 sec; 3: 65°C 20 sec4. 72°C 30 sec; 5 Go to 2 35 times; 6: 72°C 5 min; 7 15°C
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forever. For the Heteroduplex mobility assay (HMA), 2uL Gel loading Blue Dye added 7 pL
PCR product. Denaturation parameters: 1. 95° 2 min; 2. Go to 85° (2°/sec); 3. Go to 25° (-
0.1°/sec); 4. 16° forever and loaded product on 15% polyacrylamide gels. For sequence
analysis PCR products were sublconed with PCR Cloning Kit Vector pJet1.2 (Thermo
scientific) according to manufacturer’s instructions (User guide p.5) and send to sequence to
GATC Biotech Company.

In Situ Hybridization.

In situ hybridization on whole-mount embryos was performed principally as described
previously (Thisse and Thisse, 2008). However, some modifications were done. Here is the

final protocol used in this study.

Probe synthesis

Linearization of the DNA plasmid containing individual probes was performed with the

appropriate enzyme.

Probe Enzyme RNA
Polymerase

atxn7 EcoR1 T7

crx EcoR1 T7

pax2a BamH1 SP6

pax6 Aatll SP6

shh Hind 111 T7

twhh Bam H1 T7

vax2 Not1 SP6

Table 9 Probes with the corresponding linearizing enzyme
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Transcription of all probes was perform at 37°C for 2 hours using the mix:

For SP6 polymerase For T7 polymerase

2 uL 4 uL Buffer Transcription (5x or 10X)

2 uL 2 uL Roche Mix (DIG RNA REF
11277073910)

0.5uL 0.5uL RNAsine 400 u/pL

- 2 uL DTT 0.5mM

2 uL 2 uL DNA (linearized)

2 uL 2 uL Corresponding RNA
polymerase (as indicated in
previous Table)

11.5uL 7.5uL H20

Table 10 Probe generation mix

Verification of the transcript integrity was performed on a 1% agarose gel. Followed by a LiCl

and ethanol precipitation. Finally dissolved in Hybridization Mix 1 (Anex 1) and stored at -20°C
Staining

Embryo Preparation

Embryos were kept at 28.5°C in water until reached the desired stage according to previous
reports (Kimmel et al., 1995). Embryos were dechorionated manually with Dumont Tweezers
#5, alternative to the suggested pronase treatment. For embryos younger than 24 hpf removal
of the chorion was performed on a petri dish coated with agarose 2% due to the fragility of the
embryos. Embryos were then transferred to 1.5 mL Eppendorf Tubes and fixed in 4%
paraformaldehyde (PFA: 4% in PBS) over night at 4° C.

It is worth to mention that embryos intended for in situ hybridization were always kept in water
without PTU. For older embryos (after 28 hpf) removal of pigmentation was performed by
hydrogen peroxide treatment. Fixed embryos were rinsed in phosphate-buffer saline (PBS)
and incubated at room temperature in a 3% H202/0.5% KOH medium until pigmentation
completely disappeared. The time depended on the stage of the embryos. Depigmented

embryos were rinsed with PBS.
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Staining Day 1

Embryos rinsed in PBS were permeabilized with 500uL of proteinase K (10ug/mL) at room
temperature for different time according to the stage (1-4 hpf: 30 sec; 18hpf: 5 min; 24-28 hpf:
12 min; 42: 16 min; 48hpf: 18 min; 54hpf: 20 min; 72hpf: 30 min). The reaction was stopped
by replacing the proteinase K by PFA 4% for 20 min at room temperature, followed by series
of rinses with PBS (5x5 min at room temperature). Pre hybridization was performed with 500uL
of Hybridization Mix 1 (Anex 1) for 3 hours at 70°C in a water bath. Then replaced with the
appropriate probe (2uL of probe/200uL hybridization buffer) and incubated the embryos

overnight at 70°C in water bath.

Staining Day 2

Gradual substitution of the Hybridization Mix 2 (Anex 1) to 2X saline-sodium citrate (SSC)
buffer was performed through a series of 10 min at 70°C in water bath. Wash once in each of
the following: 75% MH-25% 2X SSC, 50% MH-50% 2X SSC, 25% MH-75% 2X SSC followed
by two additional washes in 100% 0.2X SSC for 30 min. Gradual substitution of the 0.2X SSC
to Maleic Acid Buffer containing Tween 20 (MABT) (alternative to the suggested PBS) solution
was performed through a series of 10 min at room temperature. Wash once in each of the
following: 25% MABT -25% 0.2X SSC; 50% MABT-50% 0.2X SSC; 75% MABT-25% 0.2X
SSC; 100% MABT for 10 min. Followed by incubation in blocking reagent 1X (Anex 1) for 3
hours at room temperature with gentle rocking. Then replaced with anti-DIG (Roche Ref. Num.
11093274910), dilution 1:4000 in blocking reagent 1X overnight at 4°C with gentle rocking.

Staining Day 3

The anti-DIG was replaced with 500uL of PBST. Followed by 6 washes with PBST of 15 min
each at room temperature. After the last wash embryos were transferred to a 24-well plate and
washed 3 times with 500uL of revelation solution (Anex 1) for 5 min at room temperature.
Following the last wash the revelation solution is replaced with staining solution (Anex 1). The
time in the staining solution is variable depending on the probe. During this phase embryos
were regularly checked. To stop the reaction series of PBST washes were performed and a
final 20 min fixation in PFA 4% was performed. Embryos were either prepared for imaging or
stored at 4°. Embryos were imaged in 100% glycerol Leica M420 Macroscope with
COOLSNAP coupled camera.

For eye dissection of stained embryos, chemically etched tungsten needles were used to

preserve the integrity of the structure.
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Chapter 3

Results

The results of my thesis will be presented in the format of a manuscript including: Abstract,
Introduction, Materials and Methods, Results, References and Figures. The discussion for

the manuscript is included as part of the general Thesis discussion contained in Chapter 4.
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ABSTRACT

Spinocerebellar ataxia type 7 (SCA7) is an autosomal dominant neurodegenerative disorder
caused by a toxic polyglutamine (polyQ) expansion in Ataxin-7 which leads to degeneration of
cone and rod photoreceptors and cerebellar Purkinje and granule cells. The selective nature
of degeneration remains unclear since Ataxin-7 is ubiquitously expressed. Ataxin-7 is a subunit
of the multiprotein complex SAGA, a co-regulator of transcription, but its physiological function

is unknown.

Here, we have explored the function of the Ataxin-7 ortholog in zebrafish. We show that atxn7
is expressed throughout the zebrafish embryogenesis and has a highly dynamic tissue-
expression pattern, with particular high level in the eye. Inactivation of atxn7 in zebrafish —
through antisense oligonucleotides or CRISPR/Cas9 approaches- primarily resulted in a
coloboma defect, a structural malformation of the eye caused by failure of the choroid fissure
to close during morphogenesis of the eye. atxn7 morphants displayed altered proximo-distal
patterning of the optic vesicle, including expanded pax2a expression from the area of the optic
stalk with a corresponding retraction of the pax6 expression in the area of the optic vesicle.
We further show that the abnormal ocular morphogenesis observed in atxn7-deficient

zebrafish is caused by elevated Hedgehog (Hh) signaling.

Careful examination of the photoreceptors reveals a defect in the morphogenesis of the outer
segments. Consistent with this, atxn7 morphants displayed strong decreased expression of

crx, a key transcription factor involved in photoreceptor terminal differentiation.

Taken together our results indicate that atxn7 plays an essential role in vertebrate eye
morphogenesis and assembly of photoreceptor outer segments. The eye sensitivity to
variations in atxn7 function could account for SCA7 physiopathology. Our study also suggests

that atxn7 loss of function may contribute to the development of human coloboma.

Key words: Spinocerebellar Ataxia type 7, retina, photoreceptor, coloboma, zebrafish
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INTRODUCTION

Spinocerebellar ataxia type 7 (SCA7) is an autosomal dominant, neurodegenerative disorder
characterized by progressive neuronal loss in the cerebellum and associated structures,
leading to cerebellar ataxia, dysarthria and dysphagia (David et al., 1998; Martin, 2012;
Michalik et al., 2004). SCA7 is pathomechanistically related to the group of CAG/polyglutamine
(polyQ) expansion disorders, which includes other SCAs (1-3, 6 and 17), Huntington’s disease
(HD), spinobulbar muscular atrophy (SBMA) and dentatorubral-pallidoluysian atrophy
(DRPLA); where a translated CAG repeat expansion in the different causative genes leads to
the expansion of a polyQ tract in the corresponding mutant proteins. The precise repeat
threshold to pathogenesis varies within the disease (David et al., 1997; Zoghbi and Orr, 2000).
Cumulative evidence indicates that toxic gain of function of mutant proteins and loss of normal
protein function account for polyQ pathogenesis (Cattaneo et al., 2005; Lim et al., 2008; Zoghbi
and Orr, 2000). Consequently, determining the normal function of the polyQ related proteins

can contribute to a better understanding of the pathogenesis behind these disorders.

SCAT is caused by the expansion beyond the normal range of the polyQ tract (4-35 repeats)
located at the N-terminus of the ATAXIN-7 protein (ATXN7), an evolutionary conserved 892
amino acids protein (Michalik et al., 2004). ATXN7 is a highly conserved member of the
multiprotein Spt-Ada-Gcn5 Acetyltransferase (SAGA) complex (also known in human as the
TBP-free TAF-containing complex (TFTC) and the SPT3-TAF9—GCN5 complex (STAGA).
SAGA regulates transcription through GCNS-dependent histone H3 acetylation and USP22-
dependent H2B deubiquitination activities fundamental to normal cell function (Helmlinger et
al., 2006; Kohler et al., 2008; Zhao et al., 2008). Two distinctive characteristics of SCA7 are
the strong anticipation by which earlier onset and more severe symptoms are observed in
successive generations of affected families, and the loss of visual acuity caused by cone-rod
photoreceptor degeneration found in 83% of patients (Benton et al., 1998; David et al., 1998;

Hoche et al., 2008; Stevanin et al., 1998).
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The retinal disease begins with an initial deterioration of the central vision affecting first cone
photoreceptors, manifested by the loss of blue/yellow color discrimination (dyschromatopsia)
and of visual acuity (due to loss of cone function); and then progresses toward a cone-rod
dystrophy, this is manifested by the loss of peripheral visual fields (due to loss of rod function).
This progressively spreads out to the whole retina, declining toward complete blindness.

(Enevoldson et al., 1994; Gouw et al., 1994; Thurtell et al., 2009).

Over the past 17 years, multiple studies have been performed in transgenic and knock-in

mouse models of SCA7 to characterize in particular the degeneration of the retina.

Retinal dystrophy present in SCA7 is characterized by accumulation/aggregation of mutant
ATXN7 (mATXN7) in retinal neuron nuclei and progressive reduction of electroretinograph
activity primarily due to photoreceptor dysfunction, which precedes cell death (Helmlinger et
al., 2004a; La Spada et al., 2001; Yoo et al., 2003). In the SCA7 R7E transgenic mouse, which
specifically expresses mATXNY in rods (Yvert et al., 2000), the expression of photoreceptor
specific genes is progressively lowered and photoreceptors undergo extensive morphological
remodeling characterized by the disappearance of outer segments (Yefimova et al., 2010).
SCAT photoreceptor thus shows an atypical scheme of degeneration, reminiscent of loss of

the terminal differentiation status (Marc and Jones, 2003; Yefimova et al., 2010).

While biochemical approaches and the characterization of cellular and animal models of SCA7
have greatly advanced our understanding of disease pathogenesis in SCA7, much more needs
to be learned before we get a solid comprehension of the pathogenic mechanisms underlying

neuronal specific dysfunction and loss.

Yet there is no knock-out mouse model available and zebrafish then emerges as an alternative
model, having an atxn7 ortholog gene that shares 51.74% of identity with the human ATXN?7.
Zebrafish is a popular model for the study of vertebrate development and genetics, this is
mainly due to its transparent embryos that develop ex-utero, making the visualization of

developmental events possible (Ota and Kawahara, 2014). Furthermore, the zebrafish is
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remarkable for its diurnal color vision, the cone rich zebrafish retina resembles the human
macula, making it a good candidate to complement studies from the nocturnal rod-dominated

mouse retina (Chhetri et al., 2014).

In this study, we examined the function of atxn7 in zebrafish ocular development. We show
that atxn7 is required for choroid fissure closure and proper proximo-distal patterning of the
optic vesicle. Furthermore, we show that the ocular phenotype of atxn7-deficient zebrafish is

caused by an alteration in the Hh signaling pathway.
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MATERIALS AND METHODS

Zebrafish. Zebrafish were maintained as described previously at 28° in a standard zebrafish
facility (Westerfield, 2000). Embryos were kept at 28.5°C in water with or without 0.003% 1-
phenyl-2-thiourea (PTU, Sigma Aldrich) to prevent pigment formation. Embryos were staged
according to hours (hpf) or days (dpf) post-fertilization as previously described (Kimmel et al.,
1995). Wild-type embryos were from the AB strain and transgenic SoFa1 strain was kindly

provided by Dr. William A Harris (Almeida et al., 2014).

RT-PCR analysis. Total RNA was extracted from 50 embryos at required stage by TRIzol
Reagent (Invitrogen) and reverse transcribed into cDNA using the SuperScript || Reverse
Transcriptase (Invitrogen) according to the manufacturer’s instructions. cDNA fragment (694
bp) encompassing the atxn7 exon 1 to 5 was amplified using the atxn7 specific primers (fw 5’-
CCCTGCCTAGTCCCGAAATA-3') (rev 5-GACGATTGGTGGCCTTTCC-3'.). Expression of -
actin (fw 5-CGAGCAGGAGATGGGAACC-3) (rev 5-CAACGGAAACGCTCATTGC-3’) was
used as an internal control. To determine the efficiency of the atxn7 MO2 cDNA fragments
(471 WT and 590 Mo2) encompassing exon 3 and exon 5 were amplified using atxn7 specific
primers (fw 5- GGCCTTCCAAGCACATTAC-3’) and (rev 5-TTGTCTTGGGACGATTGGTG-
3’). PCR products were cloned with PCR Cloning Kit Vector pJet1.2 (Thermo scientific)
according to manufacturer’s instructions and sequenced. Paralogs expression was analyzed
using the corresponding primers: atxn7L1 (fw 5-GTCTACCCACCCAAAGGAGC-3’) (rv 5-
TCCAGAGGAGCCGAGAGAAA-3); atxn7L2a (fw 5-AGAGGAACCAAGACGCACAA-3) (rv
5-AAAGTGAAGACACCGTGACC-3'); atxn7L2b (fw 5-GCACGCGCTAAAACGGTAAT-3') (rv
5-TCTCGTGGTTGACAGACCCT-3) and atxn7L3 (fw 5-TCAGAGTCTTCCTCCTTGGG-3’)

(rv 5- GCCTGCTATTCTGTCTCGCT-3’).

Morpholino (MO) — mediated knockdown of Zebrafish atxn7. MO1 blocking the translation
of atxn7 [AUG; 5-CGTCATCATCGGCCCTTTCCGACAT-3’], MO2 blocking the splice site
[SPL; 5-CAAGCGGAAGGTGGTCTTACCGTAA-3’] and a standard Control MO [ctrl: 5'-

CCTCTTACCTCAGTTACAATTTATA -3'] were obtained from Gene Tools (Oregon, USA).
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Embryos at one or two cell stages were injected at indicated MO concentrations using a

Nanoject Il micro-injector (Drummond scientific).

Phenotypic Rescue. Capped human mRNA for microinjection was prepared with SP6
MMESSAGE mMACHINE SP6 kit (Ambion) using linearized pCS2+ vector containing the full-
length coding sequences for the human wild-type ATXN7a with 10Q (N10). For rescue
experiments, a mix containing MO1 (3ng) and human atxn7 N10 mRNA (150ng), was injected
into embryos at the one to two-cell stage using a Nanoject Il micro-injector (Drummond

scientific), and the phenotypes were analyzed at the indicated stage.

CRISPR sgRNA and Cas9ImRNA synthesis and injection. Atxn7 target sites were identified
and the corresponding sgRNA oligos were designed using the Chop-Chop online software
(Labun et al., 2016). Oligos were mixed with the Master mix and tracer fragment T7 included
in the GeneArt Precision gRNA Synthesis kit (Invitrogen) for generation of the gRNA template,
followed by a PCR amplification (120 bp). In vitro transcription of the template was conducted
with the same kit according to manufacturer’s instructions. A mix containing 2 ug/uL Cas9
protein from Streptococcus pyogenes (PnaBIO), 1 ug/uL of gRNA was injected into embryos
at the one cell stage using a Nanoject Il micro-injector (Drummond scientific). To determine
the efficiency of the gRNA, genomic DNA of 24hpf embryos was obtained by alkaline lysis and
amplified with atxn7 specific primers (fw-5CCTCAGAAATTCGCGCACAC 3) (rv-5
ATTTCGGGACTAGGCAGGGA 3’). For the Heteroduplex mobility assay (HMA), PCR
products were analyzed by electrophoresis on 15% polyacrylamide gels. For sequence
analysis PCR products were sublconed with PCR Cloning Kit Vector pJet1.2 (Thermo
scientific) according to manufacturer’s instructions and sequenced. Sequence analysis was
performed using Serial Cloner 2.6. For generation of the figure, alignment was performed with
using Clustal Omega (McWilliam et al., 2013) figure generated with Jalview 2.10.1

(Waterhouse et al., 2009).

Phenotype analysis. Different retina phenotypes were analyzed between 24 hpf to 5 dpf

according to the desired experiment. Embryos were anesthetized with 0.02% Tricaine (Sigma-
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Aldrich) and mounted in 3% methylcellulose. Bright field images were captured using Leica

M420 Macroscope with COOLSNAP coupled camera.

Angle measurement and body length. Images captured using Leica M420 Macroscope with
COOLSNAP coupled camera were analyzed using ImageJ software (Schneider et al., 2012).
Corresponding statistical analysis and figures were performed using GraphPad Prism version

6.00 for Windows.

In situ hybridization. Anti-sense RNA probe were generated by in vitro transcription of the
corresponding plasmid containing a portion of the coding sequence of the gene of interest,
using SP6, T7 or T3 polymerase and digoxigenin (DIG) (Roche Applied Science, Indianapolis,
IN). The atxn7 was generated by cloning PCR products into the pJET1.2/blunt Cloning Vector
(Thermo scientific) according to manufacturer’s instructions and sequenced. Subsequently
transcribed using the T7 polymerase. shh, twhh and pax6 were kindly provided by Dr. Julien
Vermot. The plasmids for pax2.a and Vax2 were kindly provided by Dr. Stephen Willson. The
plasmid for crx was kindly provided by Dr. Pamela Raymond. Embryos were fixed in 4% PFA
at 4°C for 4 h to overnight and /n situ hybridization on whole-mount embryos was performed
principally as described previously (Thisse and Thisse, 2008). Images were captured using

Leica M420 Macroscope with COOLSNAP coupled camera.

Axon Pathfinding Analysis. SoFa1 injected embryos were kept at 28.5°C in water with
0.003% 1-phenyl-2-thiourea (PTU, Sigma Aldrich) to prevent pigment formation. Embryos
were anesthetized with 0.02% Tricaine (Sigma-Aldrich). For general optic nerve visualization,
embryos were mounted in 3% methylcellulose in a depression slide and oriented for imaging.
Images were captured using Leica DM 400B with COOLSNAP coupled camera using the 10X
objective. For eye 3D models SoFa1 embryos were staged, anaesthetized with 0.02% Tricaine
(Sigma-Aldrich) and mounted in 0.5% low melting-point agarose (Sigma Aldrich). Confocal
imaging was performed on a Leica SP8 confocal microscope. Images were acquired with a

low-magnification water immersion objective.
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Cryosections. SoFa1 injected embryos were fixed with PFA 4% 4°C for 4 h to overnight.
Cryosections were performed adapted from previous report (Fadool, 2003). Embryos were
rinsed in phosphate-buffer saline (PBS) and cryoprotected in 30% sucrose solution. Embryos
were mounted in HistoMolds (Leica, 2x15mm) with Shandon Cryomatrix embedding resin
(Thermo scientific) and frozen on dry ice. Sections, 8 um in thickness, were adhered to pre
cleaned microscope slides (Thermo scientific) and stored at -80°C. Previous to imaging
cryosections were counterstained with DAPI. Images were captured using Leica DM 400B with

COOLSNAP coupled camera using the 20X objective.

Sections and Electron Microscopy. 5 dpf larvae were fixed in 2.5% glutaraldehyde, 2.5%
formaldehyde in cacodylate buffer (0.1 M, pH 7.4), post fixed in 2% osmium tetroxide in 0.1 M
cacodylate for 1 h at 4°C and dehydrated through graded ethanol (50, 70, 90, 100%) and
propylene oxide for 30 min each. Samples were oriented and embedded in Epon 812. Semi-
thin (2um) sagittal sections were cut with an ultramicrotome (Leica Ultracut UCT) and stained
with toluidine blue Images were captured using Leica DM 400B with COOLSNAP coupled
camera using the 20X objective. Selected sections were histologically analyzed by light
microscopy. Images were captured with Mega View Il (Soft Imaging system) and contrast was

adjusted for display purposes.

Paralogs sequence analysis Human ATXN7 and paralog sequences were used to identify
orthologue sequences in zebrafish using ENSEMBL database similarity searches
(http://www.ensembl.org/). Human ATXN7 (ENST00000295900.10), ATXNT7LA
(ENST00000419735.7), ATXN7L2 (ENST00000419735.7), ATXN7L3 (ENST00000454077.6).
Zebrafish Atxn7 (ENSDART00000110499.3), Atxn7L1 (ENSDART00000122605.2), Atxn7L2a
(ENSDART00000090520.4), Atxn7L2b  (ENSDART00000143922.1) and  Atxn7L3
(ENSDARTO0000010418.3). Conserved domains in Atxn7 and paralogs were based in previous
report (Helmlinger et al., 2004b) alignment was performed with using Clustal Omega

(McWilliam et al., 2013), figure generated with Jalview 2.10.1(Waterhouse et al., 2009).
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RESULTS

Expression pattern of atxn7 transcript in zebrafish embryo development.

BLAST search with the Ensembl zebrafish (Zv9) database identified a single orthologue of
human ATXN7 gene in the =zebrafish. This gene referred to hereafter as atxn7
(ENSDARGO00000074804) is localized in the chromosome 11 and comprises 14 exons, 12 of
which encode a single protein of 866 amino acids (referred hereafter as Atxn7,
ENSDART00000110499.3) that shares 51.74% identity with its human orthologue. Sequence
comparison revealed domain conservation. The expandable polyQ stretch is present and
localized in the N-terminal portion of both orthologues followed by a C2H2 zinc-finger domain
(Zfn Domain), an atypical Cys-X9—10-Cys-X5—-Cys-X2-His motif, known as SCA7 domain and

a conserved C-terminal domain (Figure 1A).

Using reverse-transcription PCR (RT-PCR), it was possible to determine the temporal
expression profile of the zebrafish atxn7 mRNA. atxn7 was expressed at constant levels
throughout the development (Figure 1B). atxn7 expression was detected from the cleavage
period as early as 1 hour post fertilization (hpf), also known as 4 cell stage, and maintained
expression during the blastula period represented by the sphere stage, showing that the
transcript for atxn7 is maternally provided. The expression continued from early to late
segmentation period (12 and 24 hpf, respectively), and throughout the hatching period (48-72

hpf), up until the early larval stage of 5 days post fertilization (dpf).

To determine the spatial expression of atxn7, whole-mount in situ hybridization (WISH) was
performed on selected stages ranging from 1 hpf to 3 dpf with a DIG-labeled antisense RNA
probe specific for atxn7 (Figure 1C-F’ and Supplementary Figure S1). The spatial expression
of atxn7 was dynamic during embryonic development. Consistent with the RT-PCR

observations, atxn7 was expressed during zygotic period as early as 4 cell stage, and was
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ubiquitously distributed as in the blastula period, represented by the sphere stage
(Supplementary Figure S1A-B). During early segmentation period, at 18 hpf, zygotic atxn7
MRNA was shown to be ubiquitously expressed and enriched in the developing brain and eyes
(Figure 1C-C’ and Supplementary Figure S1C). This pattern was maintained at 24 hpf where
atxn7 expression was found without any restrictions (Figure 1D-D’ and Supplementary Figure
S1D). By 48 hpf the expression becomes predominantly anterior, in the brain and eyes, but
excluding the lens and in the fin buds (Figure 1E-E’ and Supplementary Figure S1E). Finally
by 72 hpf (3 dpf) expression continues to be restricted predominantly to the anterior portion of
the larvae (Supplementary Figure S1F). Moreover, expression was observed in dissected eyes
with particular interest in the area of the photoreceptor, where expression was found in the
outer nuclear layer (ONL) (Figure 1F-F’). WISH with a DIG-labeled sense RNA probe specific

for atxn7 (s.atxn7) was used as a staining control (Figure Supplementary Figure S1G).

These results demonstrate that atxn7 is both maternally and zygotically expressed during
zebrafish embryogenesis, has a highly dynamic expressing pattern and may play a role in the

eye development.

Alteration in the expression of atxn7 causes ocular coloboma.

Knockdown of atxn7 causes coloboma.

Previous studies have suggested that in addition to brain defects, alteration in the levels of
expression of atxn7 can result in eye abnormalities (Mohan et al., 2014; Yanicostas et al.,
2012). In order to address this point in a developmental context, translation blocking
morpholino targeting the 5-UTR at translation start site of the corresponding mRNA was

designed to knock down atxn7 expression in zebrafish embryos (Figure 2A). BLAST search
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with the Ensembl zebrafish database (Zv9) for the proposed morpholino confirms that there is

no presence of similar sequence elsewhere in the genome that could be a potential off-target.

Since there is no known existing mutant to phenocopy, concentration-effect experiments were
carried out to establish a working concentration with minimal toxicity level. One to 2 cell stage-
embryos injected with 2 and 3 ng of morpholino displayed easily visible morphological
anomalies of the eye with high frequency at 72 hpf (60.9% and 89.1 %, respectively; see
Supplementary Figure 2B). With 6 and 9 ng, the frequency of eye phenotype reached 100%.
However, with these high amounts of morpholino, embryos showed mortality superior to 10%
already at 24 hpf (Supplementary Figure 2A), and the survivors often displayed severe body
anomalies with gnarled tails or abnormal shortening of the body axis at 72 hpf (Supplementary
Figure 2E & F). In contrast, embryos injected with 3 ng or less always had straight
anteroposterior body axis, as in non-injected embryos or in embryos injected with Control
morpholino (6ng) (Supplementary Figure 2C & D and data not shown), and their mortality was
low. For the rest of the studies here presented, wild-type zebrafish embryos of the strain AB,
were injected with 3 ng of translation blocking morpholino per embryo, hereafter referred as

Mo1 morphants or Mo1, and analyzed for eye phenotype.

The formation of the eye cup involves key morphogenetic events. In particular, in the ventral
area of the developing eye, the two edges of neuroectodermal layers meet at 24 hpf to form a
narrow choroid fissure. Later, the choroid fissure closes to circumscribe the retina and the RPE
in the eye cup (lllustrated Figure Supplementary 2H) (Chow and Lang, 2001; Sinn and
Wittbrodt, 2013). Compared to the Control morphants at 24 hpf, Mo1 morphant eyes presented
larger opening of the choroid fissure (Figure Supplementary 2G-G’). The extent of opening
varied in severity, and was sometime accompanied by neuroectodermal lip bent backwards.
To ensure this was not a developmental delay, embryos were followed throughout the
development. By 48 hpf, the ocular defects in Mo1 morphant were more pronounced, with the
choroid fissure that clearly failed to close, a morphological anomaly called coloboma (compare

Figure 2 C-C’ and E-E’ for control and Mo1 morphant, respectively).
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In addition to coloboma, when the Mo1 morphants were visualized laterally, they lacked
pigmentation in the ventral area surrounding the choroid fissure. The pigmentation of the eye
comes from the melanosomes of the underlying retinal pigmented epithelium (RPE). These
defects persist throughout the development. At 5 dpf, Mo1 morphants displayed a striking
difference in the coloration through the lens, in the area corresponding to the RPE in the
posterior retina; compared to the Control that presented a uniform black coloration through the
lens, the Mo1 that had no coloration (Figure 2D-D’ and F-F’ respectively). Notably, when the
same Mo1 morphants were visualized dorsally, the posterior eye cup had irregular edge,
incomplete pigmentation and extrusion of non-pigmented tissues toward the forebrain (Figure
2 F”), which might explain the apparent lack of pigmentation when visualized laterally. (Figure

2PF).

To perform quantitative analysis of the variably-penetrant coloboma and associated
pigmentation phenotypes, four point grading scale was defined at 72 hpf, “No Phenotype”,
“‘Mild”, “Unilateral”’, and “Bilateral” (see Figure legend 2B for definition). Non injected and
Control fish behaved identically with 96.9% “No Phenotype” (Figure 2B). In contrast, 89.3% of
Mo1 morphant showed eye phenotype, with 67.8% of “Bilateral” phenotype, 14.2 % of
“‘Unilateral” and 7.1% “Mild”. When this point grading scale was used to score embryos in the
concentration-effect curves, the penetrance and severity of the phenotype increased in a

concentration dependent manner (Supplementary Figure 2B).

Although bioinformatic analysis didn’t reveal a possible off-target effect, a second experiment
was performed using a non-overlapping atxn7 morpholino in order to confirm the specificity of
the Mo1 morphant coloboma phenotype. This second morpholino (Mo2) was designed to
target a splice site of the atxn7 intron4 (Figure 2A and Supplementary Figure 3A). BLAST
search in the Ensembl zebrafish database (Zv9) using the sequence of the Mo2 splice-blocker
morpholino confirmed that there is no presence of similar sequence elsewhere in the genome
that could be a potential off-target site. Wild-type zebrafish embryos of the strain AB, injected

at 1 to 2 cell stage with Mo2 morpholino were scored for ocular phenotypes at 24, 48, 72 hpf
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and 5 dpf by light microscopy in the same conditions as the Mo1. As shown in Figure 2G-H”,
Mo2 (1 ng) injected embryos presented similar alterations of choroid fissure closure and eye
pigmentation, with similar progression as the ones found with the translational morpholino

(Mo1). The phenotype present in Mo2 was as in Mo1, concentration dependent (not shown).

Inhibition of intron4 splicing by Mo2 splice-blocker should lead to retention of intron4 in the
atxn7 mRNA, hence the creation of a premature stop codon. To confirm the efficacy of Mo2 to
block intron4 splicing, RT-PCR experiment was performed with specific oligos encompassing
atxn7 exons 3 to 5, using 24 hpf-embryos injected with an increasing amount of Mo2
morpholino (Figure Supplementary 3C). The efficacy of Mo2 was demonstrated by the dose-
dependent decreased intensity of the band corresponding to the spliced intron4 PCR product
(471 bp without intron4) and increased intensity of the non-spliced intron4 product (590 bp with
intron4). Furthermore, sequence analysis of the 590 bp PCR product confirmed the specificity
and efficiency of the Mo2 splice-blocker as this sequence showed the retention of intron4 and

the introduction of a premature stop codon (Figure Supplementary 3B-D).

RT-PCR analysis also revealed an additional 302 bp product in Mo2-treated samples
(Supplementary Figure S3B-D). Sequence analysis indicated that it results from the use of a
cryptic 5° donor splice site located in the exon4. This aberrant splicing creates a shift in the
reading frame and a premature stop codon. It is noteworthy that this 302 bp band was never
present in any of the RT-PCR experiments performed at the different time points through the
development in Control embryos, suggesting that its appearance is a direct consequence of

the Mo2 morpholino injection.

Altogether, the consistent eye phenotype produced by the two morpholinos and the proven
efficiency of the splice-blocker Mo2 supports the specificity of the coloboma phenotype

resulting from the downregulation of atxn7.

To further support that the coloboma phenotype observed in morphants was caused by the

downregulation of zebrafish atxn7, rescue experiments were performed by the expression of
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ectopic ATXN7 mRNA into Mo1 morphants. Human mRNA expressing ATXN7 with ten
glutamines (N70) was injected into Mo1 morphants and the four points grading scale was used
to quantify its effect on the variably- penetrant coloboma phenotype. As shown in Figure 3A,
injection of ATXN7 N10 mRNA (Mo1-N10) significantly reduced the frequency or the severity
of the coloboma phenotype, as compared to embryos injected with Mo1 alone (Chi square
P<0.0001). There was a striking 2.5 fold increase in the proportion of larvae with “No
Phenotype” when embryos were coinjected with N10 (Mo1-N10), and an important 2 fold
decrease of larvae that displayed the most severe phenotype (“Bilateral” phenotype) (Figure
3B-E). These data suggested that human ATXN7 can compensate for the loss of zebrafish
atxn7 and that the developmental role of atxn7 in the eye formation is conserved between
zebrafish and humans. Additionally, these results further support that the coloboma of atxn7

morphants was due to reduced expression of atxn7.

Analysis of atxn7gRNA + Cas9 injected PO founder embryos revealed coloboma defect.

In order to recapitulate the coloboma defect found in the atxn7 morphants the CRISPR-Cas9
system was utilized as previously reported (Hruscha et al., 2013; Hwang et al., 2013; Jao et
al., 2013). A single guide RNA (sgRNA) was designed to target the coding region in the first
exon of atxn7 gene to increase the likelihood of altering the protein reading frame (Figure 4A).
The gRNA was co-injected with Cas9 protein from Streptococcus pyogenes into fertilized one-
cell stage embryos. Injected embryos were analyzed at 24 hpf for genome modifications of the
target locus or at 24 and 48 hpf for phenotypic analysis. Three controls were used for analysis:

Non-injected, injected with sgRNA but not Cas9 and injected with Cas9 alone.

PCR amplification of the target region (357 bp) was performed on genomic DNA of individual
embryos using flanking primers and the products were analyzed by electrophoresis on 15%
polyacrylamide gels to determine the presence of indel mutations. 68.62% (35/51) of embryos

injected with sgRNA and Cas9 presented indels, as reflected by the presence of multiple
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heteroduplex bands (Figure 4B). None of the control embryos (n= 5 out of 20 from each of the

three control conditions) showed similar multiple band pattern.

For 3 randomly selected embryos, the PCR products were subcloned and multiple clones were
sequenced. All the 53 sequences of atxn7gRNA + Cas9 injected embryos had altered
sequences generating 19 different types of mutation, which include deletion, insertion or
deletion plus insertion of various numbers of nucleotide. Importantly, 100% of sequences
analyzed in embryo #1 (21 sequences), embryo #2 (15 sequences) and embryo #3 (17
sequences) bear mutation (Figure 4C-E). Bioinformatic translation tool available on Jalview,
was used in order to translate the nucleic acid sequence to the corresponding peptide
sequences. All but one sequences translated revealed a premature stop codon, with that one
sequence remaining in frame but missing an Aspartic Acid. Sequence analysis of the control
samples didn’t show any mutation. These results indicate that the sgRNA in our CRISPR/Cas9
system introduced DNA double-strand breaks at the target genomic sequence in the atxn7
gene and thereby induced indels via error-prone non homologous end joining repair with high

efficiency.

Once the efficiency of CRISPR/Cas9 system was established, injection for phenotype analysis
was perform in embryos of the strain AB. Embryos were scored for ocular phenotypes at 24
and 48 hpf by light microscopy. At 24 hpf, sgRNA injected embryos presented first signs of eye
defect. At 48 hpf, 24.48 % (12/49) of the sgRNA injected embryos displayed a clear coloboma

defect. None of the control larvaes showed the appearance of eye phenotype (Figure 4F).

Taken together, the consistent phenotype observed in atxn7gRNA + Cas9 injected embryos
and in Mo1 and Mo2 morphants strongly supports that alteration of atxn7 expression during

zebrafish development leads to coloboma.
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Down regulation of atxn7 causes coloboma but not Microphtalmia.

Coloboma is part of a spectrum of ocular malformations that also includes microphthalmia and
anophthalmia (MAC), which can be present in a unilateral or bilateral manner; and may occur
in any combination when bilateral (Skalicky et al., 2013). Microphthalmia is defined as the
presence of a small eye within the orbit. A microphthalmic eye in human is defined as an eye
with a total axial length that is at least two standard deviations below the mean of wild type for

a selected age (Weiss et al., 1989).

To assess whether atxn7 morphants may have microphthalmic eye in addition to coloboma,
larvaes were transiently anesthetized with tricaine (0.02%) and imaged, at 3 different days in
order to follow the same larvaes through development. Eye axial length and anteroposterior
body length were measured on images of Mo1 morphants and Control morpholino- and non-
injected embryos (Supplementary Figure S4A). At 48 hpf, the length of nasal to temporal ocular
axis of Mo1 morphant eyes was significantly shorter, as compared to control eyes (ANOVA
with post-hoc Dunnett test p<0.0001, n=30 embryos/condition). This reduced axial length of
Mo1 morphant eye was maintained at 72 hpf and at 5 dpf (Supplementary Figure S4B) and
was more than two standard deviations below the means of Control eyes in all the three
selected stages (-2.68 at 2 dpf, -2.67 at 3 dpf and -2.55 at 5dpf Mo1 morphant compared to
non-injected; similar results were present in comparison to Control morphants). While these
results indicate the possible presence of microphthalmia combined with coloboma in Mo1
morphants, further analysis of the images indicated that the body length at the anteroposterior
axis of Mo1 morphant larvaes was also significantly shorter compared to Controls (Figure
Supplementary 4B). As a normalization of eye measurement, a ratio between the eye and body
lengths was calculated. The eye/body ratio was strikingly similar in the Mo1 morphants and in
the Controls at all stages, indicating that there is no clear presence of microphthalmia in the

Mo1 morphants.

83



Ocular coloboma in Mo1 morphant is caused by an alteration of the Hh pathway.

Downregulation of atxn7 causes proximo-distal patterning alterations.

Multiple studies have shown that genetic perturbations of developmentally important genes
and signaling pathways results in the failure of the optic fissure closure in vertebrate eye
(Azuma et al., 2003; Eccles and Schimmenti, 1999; London et al., 2009; Schimmenti et al.,
2003; Vissers et al., 2004; Wang et al., 2008; Wyatt et al., 2008). Some of these genes are
proposed to form a network of transcriptional factors and signaling molecules that regulate the
developmental events for correct formation of the eye in a precise manner (Gregory-Evans et

al., 2013).

Central in this network is Sonic Hedgehog (shh), that acts as a key regulator of other genes
associated with the optic vesicle formation, patterning and morphogenesis (Amato et al.,
2004). Notably, the Hh signal is required at several developmental stages following its
expression from the ventral midline where it first regulates the separation of the eye field into
two bilateral optic vesicles. Subsequently, Hh signaling controls proximo-distal patterning of
the optic vesicle into optic stalk domains in a concentration dependent manner, particularly
controlling the expression pattern of two genes, the proximal pax2a, which is expressed in the
optic stalk, and the distal pax6, expressed in the optic vesicle. (Ekker et al., 1995; Macdonald
et al., 1995). Moreover, studies have shown that there is a reciprocal transcriptional repression
between pax2 and pax6 to form a boundary between the optic stalk and vesicle (Schwarz et

al., 2000).

Taking this in account, we hypothesized that a possible alteration in the Hh signaling pathway
could be responsible for the coloboma phenotype here described. To test this hypothesis,
WISH was performed by the time the optic vesicle has fully evaginated at 18 hpf using the
probes shh, pax2a and pax6 in Control and Mo1 morphants. Compared to the Control, the shh

signal in Mo1 morphant appeared to be properly localized at the ventral portion of the
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diencephalon in the intermediate region flanked by the optic vesicles. However, the signal was
more intense in the Mo1 morphants (Figure 5A-C). This was consistently visualized in multiple
Mo1 injections and WISH experiments. Interestingly, the region of expression of pax2a was
expanded into the area of the optic vesicle in the Mo1 morphants compared to the Control
where the signal was restrained to the presumptive optic stalk (Figure 5D-E). Furthermore,
there was a corresponding retraction of the pax6 expression in the area of the optic vesicle in
Mo1 morphants (Figure 5F-G). The increase expression of shh in the ventral portion of the
diencephalon and the altered expression of pax2 and pax6 in the optic vesicle were also

observed on the lateral view (Figure 5A’-G’).

These results suggest an alteration in the proximo-distal patterning of the developing eye in
the Mo1 morphants. An important point to consider is that this same altered pattern of
expression of pax2a and pax6 has been reported in other mutants and morphants with
coloboma phenotype as a result of alteration in the expression of genes related to the Hh
pathway (Lee et al., 2008; Sehgal et al., 2008; Wen et al., 2015). The expansion of pax2a
signal in Mo1 morphant persisted later on in development. At 28 hpf, it was still visualized in
an expanded form, ruling out the possibility of being an effect due to a developmental delay

(Supplementary Figure S5A-B).

To further support the increase of the Hh signaling, the expression of vax2 was tested by
WISH. The expression of vax2 in the optic stalk positively correlates with the expression level
of shh, but is independent of pax2a expression (Take-uchi et al., 2003). 28 hpf-Mo1 morphants
presented an increased signal of vax2 in the optic stalk and an expansion of this signal into
the dorsal retina compared to the Control, consistent with the increased shh signaling

(Supplementary Figure S5C-D).

In addition to shh another member of the Hh family that is expressed in the zebrafish ventral
midline is tiggy-winkle hedgehog (twhh), which has also been associated with the development
of the retina (Ekker et al., 1995). WISH was performed to determine if variations could be

observed in the expression of this gene. Similar to shh, twhh appeared to be properly localized
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in the Mo1 morphants, and as for shh, twhh expression was more intense compared to the

control (Supplementary Figure S5E-F).

Angles in Mo1 somite are more obtuse.

Multiple studies have well characterized the developmental consequences of perturbing the
shh signaling pathway, particularly in the somite formation. These perturbations were studied
either in mutants (Koudijs et al., 2008; Koudijs et al., 2005; van Eeden et al., 1996) or by
chemical alteration on the levels of shh signaling (Rost et al., 2014), and revealed an acute

dosage sensitivity.

To determine if the alteration of shh expression level in Mo1 morphants could have other
morphological impact, the formation of the somites, shape and angle of somites were analyzed
at 72 hpf. On light microscopy, somites of Mo1 morphants displayed a subtle but consistent
phenotype when compared to the Controls. Indeed, the usual chevron-shape of somites was
maintained in Mo1 morphant embryos at 72 hpf, however, their angle was slightly different
(Figure 6B). To quantify this difference, the angle of 5 somites anterior to the end of the ventral
fin was measured (Figure 6C). Statistical analysis showed that the mean somite angle in the
Mo1 larvae was significantly more obtuse (117.3° +/- 12.1°) compared to the non-injected and
Control embryos (91.7° +/- 4.4°) (ANOVA with post-hoc Dunnett test p<0.0001). However, this
subtle change in somite angle of Mo1 morphant didn’t result in a flatten phenotype, as reported
in zebrafish when shh is overexpressed (Hammerschmidt et al., 1996). This is likely because
in the latter overexpression experiment the Hh signaling is much higher than that in Mo1
morphant. WISH demonstrates that the expression of shh is slightly increased in the area of
the neural tube and notochord, of Mo1 morphant compared to Control, consistent with the

observed somite phenotype (Supplementary Figure S5G-H)
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Together, these results show that atxn7 downregulation leads to an increased Hh signaling,
as reflected by the increased level of shh and twhh by WISH and by characteristic phenotypic

consequences such as coloboma and increased angle of somites in Mo1 morphant embryos.

Knockdown of atxn7 doesn’t alter retinal differentiation but affects the optic nerve

formation.

After its role in the formation of the optic cup, Hh signalings play additional roles in the
development of the eye, specifically in the regulation of the retinal neurogenesis by controlling
the proliferation and differentiation of progenitor cells (Marti and Bovolenta, 2002; Stenkamp

et al., 2000).

Retinal sections of 5 dpf larvae were obtained to examine if Mo1 morphants presented
alterations beyond the coloboma defect. Lens formation was unaffected. Overall, the retinal
lamination was normal, as both Mo1 and Control morphants present the characteristic 3
nuclear layers separated by two plexiform layers (Figure 7 A-B). Mild defects were found in
some part of Mo1 ganglion cell layer (Figure Supplementary 6B). Interestingly, on retinal
section, it was possible to visualize the tissue previously described as extruding into the area
of the brain (yellow arrows in Figure 2F” and H”), which is composed of neural retina with
preserved lamination even in the extruding area. The formation of the RPE was normal in the
anterior part, but was disrupted in the posterior part, where the neural retina extrudes into the
brain (Figure 7 A’ B’). This likely explains the lack of pigmentation at the posterior part of
morphant eyes and the hole, as visualized at macroscopic level (Figure 2E and H”).
Additionally, sections allowed for imaging of the different degrees of the phenotype severity

that also correlated with the macroscopic observations (Figure Supplementary 6 A-B”).

For better visualization of the area surrounding the lack of pigmentation, electron microscopy

(EM) images were obtained. EM confirms a proper layering of the retina, with only mild
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disorganization in the outer plexiform layer (OPL) of Mo1 morphants. Moreover, compared to
the Control, Mo1 morphant photoreceptors were properly polarized with mitochondria in the
apical side of the inner segment. However, the photoreceptor outer segments (OS) were

smaller in Mo1 morphant than in Control (Figure 7 C-D).

The transgenic line Spectrum of Fates (SoFa1) allows to analyze at the cell type level the
retinal lamination as well as neuronal differentiation (Almeida et al., 2014). This particular line
combines several transgenes to generate a color code for each class of retinal neurons,
allowing a synchronized visualization of the main retinal cell types. This gives the advantage
of visualizing the retinal ganglion cells (RGC) in the RFP spectrum, amacrine (AC) and
horizontal cells (HC) in the GFP spectrum and bipolar and photoreceptors in the CFP

spectrum.

Mo1 was injected in the SoFa1 line and visualized at 5 dpf. In this genetic background, the
lamination and differentiation of AC, HC and RGC were also overall normal (Figure 7 E-F).
Interestingly, the Mo1 SoFa1 morphant retina revealed the coloboma defect at cellular level,
showing the nasal and temporal lobes of the retina not fused and separated by a gap (Figure
7 E’-F’). Given that Hh signaling has been related with the differentiation of RGC (Zhang and
Yang, 2001), this neuronal cell type was examined more carefully in Mo1 SoFa1 morphants.
The RGC axon properly converged at the posterior part of the retina in Control and Mo1
morphants in order to form the optic nerve (Figure 7 E-F). However, compared to the Control
that form a single bundle of axons, axons in Mo1 morphants fail to merge properly, resulting in

the axons forming two bundles that exit through the colobomatous retina. (Figure 7 G-H).

Additionally, there has been evidence that the Hh cascade is also involved in the regulation of
the axon pathfinding. Experiments in chick embryos revealed that the overexpression of shh
in the chiasm misrouted the retinal axons in a concentration dependent manner in an ipsilateral
fashion (Trousse et al., 2001). Moreover, analysis of fish mutant related to the Hh pathway
revealed anomalies in pathfinding (Macdonald et al., 1997). Analysis of Mo1 SoFa1 morphants

revealed mild changes in the axon pathfinding. The axons of morphants properly crossed the
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ventral midline of the diencephalon to form the optic chiasma, and ultimately to innervate the
contralateral tectal lobe (Figure Supplementary 6C-D”). However, 30.76% (n=4/13) of Mo1
morphant embryos presented axons that aberrantly extended toward the anterior commissure,
suggesting a more relaxed axon bundle (Figure Supplementary 6D’). Furthermore, the Mo1
morphants present a minor alteration in the pathfinding. This might be a consequence of the
retinal tissue extruding into the area of the brain, changing the morphology of the ventral

diencephalon (Figure Supplementary 6 E-F’).

These results show that atxn7 downregulation doesn’t have a strong effect in the retina layering
and differentiation of AC, HC and RGC. However, the RGC axon pathfinding and the optic
nerve bundling are affected, which is consistent with RGC alterations upon increased

expression of shh previous reported.

The RPE is a source for secreted factors, including shh, for photoreceptor differentiation,
alterations present in the photoreceptors could only be related to areas depleted of RPE,
however here we have shown areas with RPE that also presented alterations suggesting that
the interruption of RPE and a possible consequent lack of shh appear not to affect the
differentiation of the photoreceptors and doesn’t appear to explain the decreased size of the

OS present in the Mo1 morphants.

Photoreceptor terminal differentiation is altered in Mo1 morphant.

The interaction between photoreceptors and RPE is essential for a proper visual function
(Strauss, 2005). Moreover, during development of the retina, the RPE is a source for secreted
factors, including shh, towards the photoreceptors for their differentiation (Raymond and
Jackson, 1995; Sheedlo et al., 1998). Surprisingly, as shown in Figure 7D, the morphology of
Mo1 morphant photoreceptors was almost normal in area lacking RPE, except for the OS

which were smaller.
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To assess whether these smaller OS in the RPE disrupted region was a simple consequence
of anomalies in the architecture of the extruding retina, photoreceptor OS were further
analyzed in region where RPE was not disrupted and the retina not extruded. This analysis
reveals that the formation of photoreceptor OS was strongly altered in Mo1 morphant, but at
variable degree along the retina. Some regions had polarized photoreceptors with small OS,
as the ones encountered in the area lacking RPE (compare Figure 8B and 8C). In other retinal
region, photoreceptors were also polarized with normal inner segment (IS), but completely
lacking OS (Figure 8D). Finally, there were regions where photoreceptors lack OS, and present
disorganized IS where the distinctive ellipsoid morphology was lacking the characteristic
mitochondria in the most apical area (Figure 8E). Importantly, no obvious sign of cell death
was visualized in these different retinal regions of Mo1 morphant. Together, these observations
suggest that the terminal differentiation of photoreceptors with the formation of OS is

compromised in Mo1 morphant, independent of the presence or the absence of RPE.

Therefore, we hypothesized that intrinsic factors in the photoreceptors, rather than the
signaling coming from the RPE, might be altering the photoreceptor differentiation in Mo1
morphants. In order to test this hypothesis, WISH was performed with crx probe at 48 hpf in
Control and Mo1 morphants. Selection of this gene was based on three key aspects: first, its
expression is important for proper differentiation of zebrafish photoreceptors (Shen and
Raymond, 2004); second, mouse crx is required for terminal differentiation of photoreceptors
with the formation of OS; and third, previous studies have reported an interaction between

ATXN7 and CRX in mammalian cells (Chen et al., 2004; La Spada et al., 2001)

Compared to the Control, Mo1 morphant presented a significant difference in the intensity and
localization of the crx signal. Notably, Mo1 morphants presented areas with complete lack of
signal and areas of decreased signal, which could explain the different level of photoreceptor
differentiation in Mo1 morphant (Figure 8F-G). To determine if this was due to a delay in the
Mo1 development, WISH was performed in Control embryos at 42 hpf. Compared to the 48

hpf Mo1 morphants, 42 hpf Control embryos presented homogenous and widespread
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expression of crx, except for very few areas lacking the signal, which did not match the
abnormal crx expression pattern seen in 48 hpf Mo1 morphant retinas (compare Figure 8G
and 8H). Furthermore, compared to Mo1 morphants at 48 hpf, older Mo1 morphants at 54 hpf
presented an improvement in the crx signal, however, some regions were still lacking crx
expression (compare Figure 8G and 8l). These regions lacking crx expression in 54 hpf
morphant appeared as important as, if not larger than the ones seen in Control embryos at 42

hpf (i.e. 12 hpf difference) (compare Figure 8H and 8l).

Together, these results indicate that the downregulation of atxn7 leads to alteration in the

expression of crx, and compromise the terminal differentiation of the photoreceptors.

Interestingly, it has been reported that the expression of crx is independent of variations in
the expression of shh (Stenkamp et al., 2002), suggesting that there could be more than one

signaling pathway affected in the Mo1 morphants.

ATXN7 paralogs and its expression in the developing zebrafish

Previous reports identified four paralogs in vertebrates that share a distinctive conserved
domain known as SCA7. This signature is specific to this family of genes (Helmlinger et al.,
2004b). BLAST search with the Ensembl zebrafish (Zv9) database identified single
orthologues for human ATXN7, ATXN7L1 and ATXN7L3 genes (atxn7, atxn7l1, atxn7I3
respectively), and duplicated orthologues for ATXN7L2 in the zebrafish genome (atxn7/2a and

atxn712b) (Supplementary Figure S7A).

Sequence comparison analysis was performed to determine if the previously described
conserved blocks were present in the zebrafish orthologues. The first N-terminal domain (Block
[) contains a Cys-X,-Cys-X11-His-X3.4-Cys/His motif. Deletion of this domain was shown to
cause the dissociation of the DUB module from the SAGA complex (Kohler et al., 2008). All
zebrafish paralogs presented this conserved domain with the exception of atxn7/1, suggesting
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that at least this paralog might not share a redundant function with atxn7 in zebrafish
(Supplementary Figure S7C). The atypical Cys-Xo.1—Cys-Xs—Cys-Xo-His motif, known as
SCA7 domain (IPR013243) was conserved in all paralogs (Block Il) (Supplementary Figure
7D). Finally, a conserved C-terminal domain, whose function remains unknown was conserved
in all the paralogs with the exception of atxn7/3, as expected. (Block IIl) (Supplementary Figure
7E). The localization of these blocks is summarized in the Supplementary Figure 7A.

Interestingly, atxn7 is the only paralog that presents a PolyQ stretch.

RT-PCR was performed to determine the temporal expression profile of the zebrafish atxn7
paralogs. atxn7L2a, atxn7L2b and atxn7L3 were expressed at 24 hpf and 48 hpf. Interestingly,
atxn7L1 is not expressed during late segmentation period (24 hpf), and begins expression
during early hatching period (48 hpf) suggesting that atxn7L 1 might not be essential during the

first stages of development (Supplementary Figure 7B).

Furthermore, to determine if there was an increase in the expression of any of the paralogs
that could suggest a compensation when atxn7 was downregulated, RT-PCR was performed
in the Mo1 morphant context. None of the paralogs presented a significant altered expression

compared to the Control Morphant (Supplementary Figure 7B).

Together, these results show for the first time that all the ATXN7 paralogs have a
corresponding orthologue in the zebrafish (Atxn7L1 was not previously described). Additionally
sequence analysis revealed the presence of the conserved SCA7 domain. Nonetheless, RT-

PCR didn’t reveal a possible compensation effect, which could mask atxn7 function.
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Figure 1 Expression pattern of atxn7 transcript in zebrafish embryo development.
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Figure 1

Expression pattern of atxn7 transcript in zebrafish embryo development.

(A) Modular structure of human and zebrafish ATXN7 proteins contains a polyQ stretch, a
C2H2 zinc-finger domain (Zfn Domain), an atypicalCys-X9—10—Cys-X5-Cys-X2-His motif,
known as SCA7 domain and a conserved domain, sharing an identity of 51.74%. The polyQ
stretch is composed of 5 residues in zebrafish and is polymorphic from residues 4 to 35 in
human.

(B) mRNA expression in developing zebrafish. Total RNA was reverse transcribed into cDNA
and analyzed by semi-quantitative PCR using atxn7-specific primers. B-actin expression is
shown as reference control. The maternal origin of atxn7 transcript is supported by its presence
at 4 cell and sphere stages. From early somitogenesis stage, 12 hpf, up to 5 dpf, atxn7
expression is maintained.

(C-E’) atxn7 mRNA expression pattern in wild-type embryos by whole-mount in situ
hybridization of embryos with atxn7 specific antisense probe. Typical lateral view of embryos
at 18 hpf (C), 24 hpf (D) and 48 hpf (E) are presented and the corresponding dorsal views of
the head region (C’-E’). During early somitogenesis stage (C, C’) the atxn7 transcript is
detected ubiquitously in the embryo with higher intensity in the eye area. This expression is
maintained through the development as seen at 24 hpf (D, D’) and 48 hpf, arrow indicates fin
bud (E, E’).

(F-F’) Dissected eye from a 72 hpf embryo (F’) with enlarged lateral view of photoreceptor

layer. Expression in the photoreceptors is supported by the presence of signal in the ONL.

Abbreviations: e, eye; L, lens; ONL, Outer Nuclear Layer; OS, Outer Segments.
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Figure 2

Knock down of atxn7 causes coloboma.

(A) Schematic representation of the atxn7 gene showing coding exons 1 to 5 and 12 (empty
boxes) and untranslated intronic sequences (single lines). Antisense morpholino
corresponding to the sequence at the translational start site in exon 1 was designed to inhibit
translation (Mo1), and morpholino located at the exon 4 intron 5 boundary was designed to
inhibit splicing and create premature stop codon (Mo2).

(B) Histogram showing the frequency of eye anomalies induced by atxn7 gene knockdown.
Embryos were injected with 3 ng of Mo1 (n=112 embryos) or 6 ng of Control morpholino
(n=133) The severity of eye phenotype was estimated at 72 hpf, according to the following
classification: “No Phenotype” being the normal eye where the two edges of the choroid fissure
fused normally and the posterior eye cup shows no tissue extruded into the brain area;
categories “Mild”, when there was minimal but present defect; “Unilateral”, when there was
presence of strong phenotype in one eye and Bilateral when there was presence of severe
anomaly in both eyes. Defining severe anomaly as the presence of combined hole and visible
extrusion, while mild was the possible range between normal and severe defect.

(C-H”’) Representative light microscopic images of Control embryos (C-D”), Mo1 (E-F”) and
Mo2 (G-H”’) morphants. Respectively: 48 hpf eye lateral view (C, E, G) and the corresponding
whole lateral view of the same embryos (C’, E’, G’); 5 dpf eye lateral view (D, F, H) and the
corresponding dorsal view (D”, F”, H”) and whole lateral view (D’, F’, H’) of the same larvae.
Several pigmentation defects are visible on lateral and dorsal views of morphant eyes. On 48
hpf-eye lateral view, red arrowhead indicates the lack of pigmentation in the area of choroid
fissure and developing lens (L) in Mo1 and Mo2 (E and G, respectively) compared to the
Control (C). On 5 dpf- eye lateral view, a pale coloration through the lens in Mo1 and Mo2 (F
and H respectively) compared to the black coloration in Control (D). On the corresponding 5
dpf- eye dorsal view, Mo1 and Mo2 (F” and H” respectively) have irregular eye edge (red line)
and non-pigmented tissue extruding into the area of the forebrain (yellow line and arrow) in

comparison with the Control (D”’). Abbreviation: L, lens.
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Figure 3 Human ATXN?7 can partially compensate the loss of zebrafish atxn7.

(A) Histogram of the four point grading scale used to quantify the variably penetrant coloboma
phenotype induced by atxn7 knockdown (Mo1) compared to Mo1 morphants that also received
150 ug human ATXN7 mRNA (N10). With expression of N10, there were significantly fewer 72
hpf larvae with a “Bilateral” phenotype and more larvae with “No Phenotype”. N=100/condition
(Chi square P<0.0001).

(B-E) Representative images in dorsal view of the phenotypes found at 72 hpf in Mo1
morphants and in Mo1 + N10. “No Phenotype” being the control phenotype where no tissue
extruded into the brain area. Categories “Mild”, “Unilateral”’, and “Bilateral” indicate increasing
severity of eye phenotype with, respectively, little but present defect (C), severe defect but just
in one eye (D) or both eyes with severe phenotype respectively (E). Red arrow indicate affected

areas.
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Figure 4

Mutation analysis of atxn7gRNA + Cas9 injected PO founder embryos.

(A) Schematic representation of the genomic structure of the atxn7 gene exon1. The 19-bp
target sequence of sgRNA is indicated in green box, adjacent to GGG motif (PAM) sequence
in light blue box. Bottom primers indicate the amplified region for sequence analysis.

(B) Heteroduplex mobility assay (HMA) in embryos injected with ~2-nl of a solution containing
.2 Jg/ul Cas9 protein and .1 ug/uL of sgRNA. Multiple heteroduplex bands were observed in
PCR products from sgRNA+Cas9 injected embryo (#1-#3), whereas a three band pattern was
observed from each control embryo without injection.

(C-E) Sequence analysis from subcloned PCR products from injected embryos. Red dashes
and letters indicate the identified mutations. The sgRNA targeting sequence and PAM indicate
in green and light blue boxes, respectively. The size of deletions and insertions are shown to
the right of each mutated sequence (A, deletions; +, insertions). Numbers on the right edge
indicate the numbers of mutated clones identified from all analyzed clones from each embryo.
(F) Representative images of eye and body lateral views of the same larvaes at 48 hpf. Red
arrow head indicates the persistence of choroid fissure in 24.48 % (12/49) of the
atxn7gRNA+Cas9 embryos, which displayed a coloboma defect. None of the control embryos

(n= 5 out of 20 from each of the three control conditions) presented coloboma.
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Figure 5

Knock down of atxn7 alters the expression of shh and proximo-distal axis gene markers.
(A-A’) Schematic diagram with the corresponding bright field image of larvae at 18 hpf stage
in dorsal and lateral positions respectively, highlighting areas of interest - blue optic stalk and
green optic vesicle. Whole-mount in situ hybridization was conducted to study the expression
dynamics of shh, pax2a and pax6. Representative images of control and Mo1 morphants at
18 hpf dorsal view (B-G) and lateral view (B’-G’) of stained embryos. 30 embryos were treated
per condition and at least 5 imaged. Yolks were removed for better visualization.

(B-C’) The shh probe labels the areas of forebrain and floor plate in Control and Mo1
morphants at 18 hpf. (B-C’), however, an increased expression of shh is found in the Mo1
compared to the Controls (arrows).

(D-E’) The pax2a probe labels the proximal optic stalk in control and Mo1 morphants at 18 hpf.
The region of pax2a expression is abnormally extended within the optic vesicle in Mo1 region.
Horizontal black lines represent the boundaries of expression in dorsal view while arrow show
in lateral view.

(F-G’) Conversely, the pax6 probe labels the distal optic vesicle at 18hpf. The pax6 expression
is substantially contracted within distal optic vesicle of Mo1 morphants. Horizontal white lines
represent the boundaries of expression in dorsal view while arrow show in lateral view.

Dotted circle indicates area where the optic vesicle is localized in lateral views.
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Figure 6 Knock down of atxn7 have an impact in the somite angle, making them more
obtuse.

(A) Schematic diagram of a larval zebrafish indicating the area where somite shape and angle
were studied. Average of the 5 somites anterior to the end of the ventral fin were measured.
(B) Representative image of Control and Mo1 morphants taken at 72 hpf. Both control and
Mo1 morphant show the typical chevron shape of somites. However, the mean angle are
different: 118° for the Mo1 larvae compared to 91° for the Control.

(C) Histogram of angle measurements from non injected (NI), Control and Mo1 morphants.

The error bars show the SEM. N=25. One-way ANOVA with post-hoc Dunnett test p<0.0001.
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Figure 7

Retinal differentiation in atxn7 morphants.

(A,B) Toluidine blue-stained retinal coronal sections of 5dpf Control (A) and Mo1 morphant (B)
larvae. Dorsal histological section of Mo1 retina showing ectopic retinal tissue extruded into
the brain area, red arrow heads indicate interruption of the RPE; Dotted box indicates area
amplified in (A’-B’). Scale bar: 50 ym.

(C,D) Transmission electron microscopy of retinal coronal sections of 5dpf larvae from the area
in dotted yellow box from A’ and B’, respectively. In the Control (C), photoreceptor OS were
elongated and melanin-filled granules were clearly visible in the RPE. In the Mo1 morphant
(D), photoreceptor OS were present but smaller in the region devoided of pigmented RPE
(yellow arrowhead). Photoreceptors in both cases were polarized with mitochondria in the
apical side of the inner segment, directly below the outer segment. Mild disorganization in the
OPL area was also visualized (yellow asterisk). Scale bar: 10 um.

(E,F) Confocal 3D lateral view of 5 dpf SoFa1 Control (E) and Mo1 morphant (F) retina.
Atoh7:gapRFP RGC layer (red), Ptf1a:Gal4/UAS:gapGFP AC and HC (green). In SoFa1
Control and Mo1 morphant, the layering and differentiation of AC, HC and RGC were
completed and overall normal. Mo1 morphant retina revealed the presence of coloboma defect
(F’), as nasal and temporal lobes of the retina are not fused and separated by a gap (white
arrowhead). The RGC axon (white asterisk) converged at the posterior part of the retina in
Control (E) and Mo1 morphants (F).

(G,H) Confocal 3D frontal view of 5 dpf SoFa1 Control (E) and Mo1 morphant (F) retina (R) in
the red spectrum (Atoh7:gapRFP RGC). Compared to the Control, Mo1 morphant axon fails
to bundle and is split in two portions. Scale bar: 50 ym.

Abbreviations: L, lens; RGC, Retinal Ganglion Cells; IPL, Inner Plexus Layer; AC, Amacrine
Cells; BC, Bipolar Cells; HC, Horizontal Cells; PhC, Photoreceptor Cells; OS, Outer Segment;
M, Mitochondria; N, Nucleus; OPL, Outer Plexus Layer; RPE Retinal Pigmented Epithelium;

R, Retina.
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Figure 8 Photoreceptor morphology in Mo1 morphants.
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Figure 8

Photoreceptor morphology in Mo1 morphants.

(A-E) Transmission electron microscopy of 5dpf larvae retinal sections. (A) In Control, RPE
shows melanin-filled granules, while photoreceptors presents elongated OS and distinctive IS
ellipsoid with the characteristic mitochondria in the most apical area just below the OS.

(B) In regions where pigmented RPE is lacking in Mo1 retina, photoreceptors have smaller OS
(yellow arrowhead). (C,D) In some regions where pigmented RPE is present, Mo1
photoreceptors have smaller OS (C) or no OS at all (red arrow) (D). (E) In other regions, Mo1
photoreceptors do not have OS (red arrow), but also lack the distinctive IS ellipsoid with apical
mitochondria. Scale bar: 10 um.

(F-I) Whole-mount in situ hybridization comparing the expression of crx in Control and Mo1
morphant at different hours post fertilization. Representative images of dissected eyes from 48
hpf Control and Mo1 morphants (F-G), Control morphant at 42 hpf (H) and Mo1 morphant at
52 hpf (). 30 embryos were treated per condition and at least 5 imaged.

Abbreviations: RPE Retinal Pigmented Epithelium; OS, Outer Segment; IS, Inner Segment; M,

Mitochondria; N, Nucleus; L, Lens.
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Supplementary Figure S1 Expression of atxn7 by whole-mount in situ hybridization at
different stages during zebrafish development.

i
i gl

E!
18 hipl alens
atEn’ Al hpd afen?

F G

atariT 24 hipt & adwra T

Embryos at (A) 1 hpf (4 cell stage) lateral and (A’) dorsal; (B) 4 hpf, (sphere stage) lateral and
(B’) dorsal; (C) 18 hpf (18 somites); (D) 24 hpf; (E) 48 hpf; (F) 72 hpf were examined by whole-
mount in situ hybridization with an antisense atxn7—specific probe (atxn7). (G) 24 hpf embryo
with the atxn7 sense probe (s.atxn7). The maternal origin of atxn7 transcript is supported by
its presence at 4 cells and sphere stages at the animal pole (A, B). During early somitogenesis
stage (C) the atxn7 transcript is detectable ubiquitously in the embryo. At the end of
somitogenesis, the hybridization signal is still ubiquitous but more intense in structures of the
developing central nervous system and eye (D). Later on, at 48 (E) and 72 hpf (F), the

expression is preferentially maintained in the anterior part of the larvae.
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Supplementary Figure S2

Concentration dependent effects of atxn7 morpholino on mortality and phenotypes.
(A) Histogram showing the mortality induced by injection of translation blocking morpholino
(Mo1) (ranging from 1.5 to 9.0 ng/embryo), by Control morpholino (6 ng) or not injected (NI).
n=118 to 138 embryos injected/condition. Mortality was analyzed at 24 hpf.

(B) Histogram showing the frequency of eye anomalies induced by atxn7 gene knockdown.
Embryos were injected with translation blocking morpholino (Mo1) (ranging from 1.5 to 9.0
ng/embryo), Control morpholino (6 ng) or not injected (NI) (n=71 to 151 embryos
injected/condition). Severity of the eye phenotype was scored at 72 hpf. Defining severe
anomaly as the presence of combined hole and visible extrusion, while mild was the possible
range between normal and severe defect. The severe defect could be present unilaterally or
bilaterally.

(C-F) Representative images of control and Mo1 morphants (injected at 3, 6 and 9 ng
respectively) at 72 hpf. Arrows indicate different structures of the embryo (black show non
affected, red show affected). Scale bar equals 500 uM.

(G-G’) Representative light microscopic images of Control and Mo1 morphant eyes at 24 hpf.
Mo1 morphants display large opening of the choroid fissure with different degree of severity.
Line shows the gap between the two edges of the neuroectoderm. Red arrow shows areas
where one of the neuroectodermal lip of the eye is bent backwards.

(H) Diagram representing closure of the choroid fissure. Dotted square highlights the ventral
area of the developing eye, where the two edges of neuroectodermal layers must get in touch
and fuse in order to circumscribe the retina and the RPE in the eye cup, as shown in the Control
panels. Failure of choroid fissure closure results in a coloboma as shown in the Mo1 panel.

Abbreviation: e, eye; o, otholit; b, body; vy, yolk; L, lens.
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Supplementary Figure S3

Non overlapping morpholino analysis (Mo2).

(A) Schematic representation of the atxn7 gene showing exons 1 to 5 and 12 (colored boxes),
untranslated intronic and exonic regions are depicted as single lines and empty boxes
respectively. Antisense morpholino corresponding to the sequence around the translational
start site in exon 1 was designed to inhibit translation (Mo1), morpholino located at the exon 4
intron 5 boundary was designed to inhibit splicing (Mo2). Top arrows indicate the localization
of the primers used for RT-PCR and sequence analysis. (fw 5- GGCCTTCCAAGCACATTAC-
3') (rev 5-TTGTCTTGGGACGATTGGTG-3').

(B) Schematic representation of the atxn7 cDNA and two spliced variants resulting from Mo2
injection. Numbers and colored boxes correspond to each exon, red single line in Splice
Variant 1 represents the inserted intron4 as a result of the splicing morpholino. Numbers on
the right edge indicate the size of the product represented.

(C) Total RNA was reverse transcribed into cDNA and analyzed by PCR using atxn7 splice -
specific primers (Fwd and Rv) in non-injected (NI), control embryos and morphant embryos
that had received increasing concentrations of Mo2 (0.5, 1 and 2 ng). $-actin is shown as a
reference control.

(D) Sequence analysis from subcloned PCR products from 1 ng injected embryos. Colors
correspond to the representations in figures A and B; intron included in spliced variant 1 (SV1)
represented in the red box; red dashes represent deleted sequence in SV2. Red underlined

triplets indicate the stop codon for SV1 and SV2.
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Supplementary Figure S4 Knock down of atxn7 affects eye and body lengths similarly.
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Supplementary Figure S4

Knock down of atxn7 affects eye and body lengths similarly.

(A) Schematic diagram of zebrafish larvae depicting the two measurements taken into account
to quantify the eye (red line) and body (green line) lengths of Mo1 morphants.

(B-C) Plot of average lengths of the naso-temporal eye axis (B) or the anteroposterior body
axis (C) of non injected (NI), Control and Mo1 morphant larvae at 2, 3 and 5 dpf. The error
bars show the SEM. N=30 embryos per condition.

(D) Plot of the average of eye/body length ratios of non injected (NI), Control and Mo1
morphant larvae at 2-5 dpf. The error bars show the SEM. N=30. One-way ANOVA with post-

hoc Dunnett test p<0.0001. .
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Supplementary Figure S5

Knock down of atxn7 alters expression of Hh signaling genes.

Whole-mount in situ hybridization was conducted to study the expression dynamics of pax2a,
vax2 at 28 hpf and twhh and shh at 18 hpf. 30 embryos were treated per condition and at least
5 imaged.

(A-B) Head portion lateral view where the pax2a probe labels the proximal optic stalk (arrow)
in control and Mo1 morphants at 28 hpf. Expression in Mo1 is observed in a broader domain
in comparison with the controls.

(C-D) Head portion frontal view where vax2 marks the ventral optic cup at 28hpf, expression
is substantially expanded into the dorsal optic cup in the Mo1 compared to Control. Horizontal
lines represent the boundaries of expression in frontal view while arrow show expression in
the telencephalon.

(E-F) Head portion lateral view where twhh marks the ventral forebrain (black arrow) and the
floor plate (red arrow) in embryos staged 18 hpf. Compared to the controls; Mo1 morphants
present an increased intensity of the staining in both areas.

(G-H) Portion of the trunk in a lateral view where shh mark the notochord and the floor plate in
embryos staged 18 hpf. Compared to the controls, Mo1 morphants displayed an increase
intense of the staining in the notochord area.

Dotted circle indicates area where the optic vesicle is localized in lateral views.

Abbreviations: T, telencephalon ; Y, yolk; N, notochord.
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Supplementary Figure S6

Retinal differentiation in atxn7 morphants.

(A-B”’) Toluidine blue-stained zebrafish retinal coronal sections of 5 dpf Control (A) and Mo1
morphant larvae with different phenotype severity (B-B”). Yellow arrow head indicates altered area
in the RGC layer. Red arrows indicate interruption of the RPE. Scale bar: 50 um.

(C-D”) Epifluorescent images of 5dpf SoFa1 embryos frontal view. Atoh7:gapRFP allowed
visualization of RGCs and their axon in Control (C) and Mo1 morphant (D-D”). Optic nerve with
increasing phenotype penetrance in Mo1 morphants (green arrow in D-D”). Proper formation of the
optic chiasma in Control and Mo1 morphants (yellow arrow in C-D” respectively). Occasionally
Mo1 morphant presented axons that aberrantly extended toward the anterior commissure (doted
white circle and amplified circle in D’). Scale bar: 10 um.

(E-F’) Transversal cryosections of 5dpf SoFa1l Control (E) and Mo1 morphants (F-F”).
Atoh7:gapRFP RGC layer, Ptf1a:Gal4/UAS:gapGFP AC and HC and Crx:gapCFP photoreceptors
and BC. Yellow arrow points the optic nerve. Red arrow indicates the area of extruding retina in the
Mo1 morphant brain. Scale bar: 50 um.

Abbreviations: L, lens; RGC, Retinal Ganglion Cells; IPL, Inner Plexus Layer; AC, Amacrine Cells;
BC, Bipolar Cells; HC, Horizontal Cells; PhC, Photoreceptor Cells; RPE Retinal Pigmented

Epithelium; B, Brain.
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Supplementary Figure S7

Atxn7 Paralogs.

(A) Modular structure of human and zebrafish ATXN7 orthologs and paralogs. A polyglutamine
stretch (PolyQ) (green) is present in the N terminal portion of ATXN7 human and zebrafish
orthologs, but it is absent in atxn7 zebrafish paralogs. A C2H2 zinc-finger domain (Zfn Domain)
is shared in all zebrafish paralogs but atxn7L1. An atypical Cys-X9-10-Cys-X5-Cys-X2-His
motif, known as SCA7 domain is conserved in all zebrafish paralogs. A C-terminal domain is
conserved in all zebrafish paralogs but atxn7L3. Numbers on the right edge indicate the
percentage of identity with the human ATXN7 (%).

(B) mRNA expression at two different stages during the zebrafish development. Total RNA
from Control and Mo1 morphants was reverse transcribed into cDNA and analyzed by semi-
quantitative PCR using specific primers for each paralog. B8-actin expression is shown as a
reference control. No significant change was found in the Mo1 context for all the paralogs at
different time points.

(C-E) Sequence alignment of ATXN7 conserved blocks. Block | (C) (residues 126 to 176,
according to the numbering of the human sequence), block Il (D) (residues 341-400) and block
[l (E) (residues 508-565). Conserved areas without change (100% identity) are indicated with
black shading, conserved areas with one residue difference (<80% identity) are indicated with
dark gray shading and areas with two residues difference (>80 % identity) are indicated in light

gray. Black arrow heads indicate conserved His and Cys residues.
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Chapter 4

Discussion and Perspectives

The goal of this thesis was to determine the physiological role of atxn7 using zebrafish as a
model. Given that the retina is affected in SCA7, we paid attention to the ocular morphogenesis
and retinal neuron differentiation, with particular interest in the photoreceptors. Originally our
general hypothesis was that atxn7 is required for ocular development and loss-of-function of
atxn7 should result in ocular defects, indicating an organ sensitivity. This hypothesis was tested

and supported in Chapter 3 (Manuscript).

We showed that atxn7 is expressed dynamically during zebrafish development and is
particularly increased in the area of the retina. atxn7 knockdown in zebrafish resulted
predominantly in a characteristic ocular malformation named coloboma, supporting our initial
hypothesis. We also demonstrated that the coloboma defect was a result of an increase of the
Hh signaling that altered proximo-distal patterning of the optic vesicle, including expansion of
pax2 expression and retraction of pax6. Finally, we showed that atxn7 is also required for the

terminal differentiation of photoreceptors through the regulation of crx expression.

Taken together, these results indicate that atxn7 plays an important role in vertebrate ocular

development and in the terminal differentiation of photoreceptors.

Alteration in the expression of atxn7 causes ocular coloboma.

Ocular coloboma is an eye malformation caused by a failure in the closure of the optic fissure
during embryonic development, and is the leading cause of blindness in children. The
estimated prevalence of coloboma is 1 of 5000 live births (Shah et al., 2011). Multiple studies
have shown that genetic perturbations of developmentally important genes and signaling
pathways results in the failure of the optic fissure closure in vertebrate eye (Azuma et al., 2003;
Eccles and Schimmenti, 1999; London et al., 2009; Schimmenti et al., 2003; Vissers et al.,
2004; Wang et al., 2008; Wyatt et al., 2008). However, these causative genes that have been
identified account for a small fraction of the clinically reported cases (Skalicky et al., 2013),
highlighting the importance of looking for new causative genes that can provide a better

understanding of this common defect.
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In the present work, we have demonstrated a specific role of atxn7 in regulating the choroid
fissure closure. Morpholino-mediated atxn7 downregulation caused coloboma and an altered
proximo-distal patterning of the optic vesicle. We further tested and confirmed this phenotype
on a mosaic atxn7 knockout generated with CRISPR/Cas9. FO founders already presented a
coloboma phenotype. Furthermore, the analysis of different concentrations of morpholino
showed the high specificity and sensibility of the ocular phenotype, since at low morpholino
concentration the eye defect persisted. Finally, ectopic expression of human ATXN7 partially
rescued the coloboma phenotype, demonstrating that the phenotype is specifically due to
decreased atxn7 level, and at the same time that the function of ATXN7 in the closure of the
choroid fissure is likely conserved in vertebrate evolution. Furthermore, since coloboma is
often associated with microphthalmia, we tested this possibility and found that indeed atxn7
morphant eye were smaller, but in strict proportion to a smaller animal size. Therefore,
coloboma in atxn7 morphant appears to represent a structural developmental eye defect
independent of microphthalmia. The role of atxn7 in the regulation of the choroid fissure closure
is consistent with the spatiotemporal expression pattern of atxn7, which is characterized by
maternal contribution and early and persistent zygotic expression, with important expression

level in the eye.

It is worth mentioning that in an earlier characterization on atxn7 morphant phenotype by
Yanicostas and collaborators (Yanicostas et al., 2012), the coloboma was not reported. The
authors only described a “partially depigmented retina”’, which was not further analyzed.
However, the supplementary figures presented in this paper clearly show the presence of

coloboma.

Atxn7 acts as a negative regulator of Hh signaling pathway

Gregory-Evans proposed a coloboma gene network composed of various coloboma-causing
genes identified (Gregory-Evans et al., 2013). A central member of this network is shh. Multiple
studies have established a relationship between the concentration levels of the Hh signal and
the presence of coloboma (Ekker et al., 1995; Lee et al., 2008; Macdonald et al., 1995; Pillai-
Kastoori et al., 2014; Wen et al., 2015). Mutations of many genes regulated by shh also lead
to coloboma phenotype in vertebrates. Therefore, comparing our observations with those
reported phenotypes, we hypothesized that the Hh signaling pathway might be affected in

atxn7 morphant.
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We indeed found an increased level of shha and twhh in the ventral midline of the developing
brain of atxn7 deficient embryos at 18 hpf. At this site and precise time point, Hh signaling
controls the proximo-distal patterning of the optic vesicle by regulating the expression of two
genes, pax2a, expressed in the optic stalk, and pax6, expressed in the optic vesicle (Ekker et
al., 1995; Macdonald et al., 1995). Accordingly, we found that the signal of pax2a was
abnormally extended into the area of the presumptive optic vesicle, while the expression of
pax6 was retracted in the area of the optic stalk. This specific alteration of pax2/pax6
expression pattern, is consistent with deregulation of Hh pathway as reported earlier (Ekker et
al., 1995; Lee et al., 2008; Macdonald et al., 1995; Pillai-Kastoori et al., 2014; Wen et al., 2015).
Moreover, aberrant expression of vax2 in the dorsal retina further support the alteration in the

shh signaling pathway, as previously reported (Take-uchi et al., 2003).

Additional experiments are required in order to determine the mechanism(s) whereby atxn7 is
regulating the Hh signaling pathway. ATXN7 is a highly conserved member of the SAGA
complex that regulates transcription through GCN5-dependent histone acetylation and USP22-
dependent histone deubiquitination activities (Helmlinger et al., 2006; Kohler et al., 2008; Zhao
et al., 2008). As part of the SAGA co-regulator of transcription, it is possible that atxn7 could
directly alter the expression of the Hh genes. However, there is yet no reports that could
support this direct interaction. A second possibility could be an indirect regulation. Supporting
this hypothesis, a very recent report of mouse embryos lacking enzymatic activity of the
acetyltransferase of GCN5 (Gcn5"2hat) presented an increased diencephalic Shh signaling
caused by a decreased diencephalic retinoic acid (RA) signaling (Wilde et al., 2017).
Interestingly enough, RA pathway has also been implicated with an aberrant choroid fissure
closure, resulting in a coloboma defect (Gongal et al., 2011; Lupo et al., 2011). Moreover, it is
suggested that RA acts upstream of Shh (Gongal et al., 2011). Additionally, it has been
reported that USP22 can act as a repressor of the SOX2 gene (Sussman et al., 2013).
Furthermore, it has been shown that SOX2 participates in the regulation of genes of the SHH
signaling pathways (Engelen et al., 2011) and that SOX2 mutations can as well cause
coloboma (Wang et al., 2008). In Drosophila, the absence of atxn7 produced a global decrease
in the levels of H3K9 acetylation and H2B ubiquitination (Mohan et al., 2014). Integrating all
these observations to try to explain the coloboma phenotype in atxn7 deficient zebrafish, this
suggest: on the one hand, the loss of atxn7 function would compromise the activity of GCNS5,
which would lead, according to Wilde et al 2017, to decreased RA signaling and increased
SHH level, and hence to coloboma; on the other hand, the loss of atxn7 function would
potentiate the activity of USP22, which would repress SOX2, leading to alteration of the Hh

pathway and hence to coloboma phenotype. Therefore, we favor an indirect model of
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regulation and we hypothesize that atxn7 negatively regulates the expression of Hh -and
possibly sox2- as a consequence of alterations in the histone acetylation -and/or

deubiquitination- activities of the SAGA complex.

These hypotheses can be tested in zebrafish. First, it would be worth to test by Western blot
the global levels of H3K9 acetylation and H2B ubiquitination in atxn7 deficient fish, to confirm
the drosophila data. It would be important to study USP22 and GCN5 as well, to test whether
their potential dysfunction in atxn7 deficient fish could be related to their level of expression.
Additionally, measurements of the expression level and pattern of sox2 and its related genes
could be performed either by WISH, quantitative RT-PCR or western blot. Regarding the levels
of RA, we propose the use of previously reported transgenic line RGYn2. This stable
transgenic zebrafish line carries a RA-inducible reporter gene that is able to localize regions
of RA-mediated gene activation during zebrafish development (Perz-Edwards et al., 2001). As
a final point, it would be interesting to conduct unbiased examinations such as RNA-seq or

even ChlP-seq to identify more atxn7 targets that are involved in ocular development.

Molecular rescue of the atxn7 coloboma phenotype. (RA, crx)

To validate the upregulation of Hh pathway activity. Multiple studies have used cyclopamine,
a pharmacological inhibitor of the Hh pathway that acts downstream of the Hh receptor
Patched (Chen et al., 2002; Cooper et al., 1998), to suppress a coloboma phenotype (Lee et
al., 2008; Pillai-Kastoori et al., 2014; Wen et al., 2015).

In theory, we would be able to perform a molecular rescue on the atxn7 morphants, however
unlike the other reports of coloboma phenotype due to an increase Hh pathway activity, here
we demonstrated a parallel diminished expression of the crx gene. This is relevant since it has
been demonstrated that reduced expression leads to the expansion of pax2 into the optic
vesicle and the retraction of pax6 (Shen and Raymond, 2004). And as we have cited the
expression of crx is independent of variations in the expression of shh (Stenkamp et al., 2002).
Suggesting that despite a reduction in the Hh pathway activity, the coloboma defect could
persist in atxn7 morphtans due to the reduced expression of crx, discarding thus the possibility

of a molecular rescue of the coloboma phenotype.

Double rescue combining mRNA injection to restore the wild-type level of CRX in addition to
the cyclopamine in atxn7 deficient embryos, would represent a bigger challenge. Cells are very
sensitive to variations in concentrations levels of Hh. Establishing proper concentration levels

for both —-mRNA and cyclopamine- could be difficult.
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Shh one morphogen, same response?

Hh signaling has been widely studied in various models from Drosophila to higher vertebrates
and it has been shown that it plays essential roles in patterning of the embryo, limb buds and
organs among others (Briscoe and Therond, 2013). Does this mean that atxn7 deficiency
would systematically cause coloboma through Shh deregulation in any other animal model?
Not necessarily. Although Hh signals are involved in common developmental mechanisms in
several organisms, it has been shown as well that alterations in the Hh signaling can produce
different outcomes according to the animal model used. For example, the zebrafish shh mutant
(syu) displays a reduction in RGC formation (Neumann and Nuesslein-Volhard, 2000), while
on the contrary knocking down shh in chick causes an increased in RGC differentiation (Zhang
and Yang, 2001). Similarly, shh mutations cause severe cyclopia in mouse and human (Chiang
et al., 1996; Roessler et al.,, 1996) but not in zebrafish, likely because redundancy of Hh
members (Karlstrom et al., 1999; Schauerte et al., 1998). Moreover, there are many
components involved in the Hh transduction pathway, and it appears that different members
of the pathway present differences among the organisms. For example, Gli1 acts as the main
activator in the Hh cascade in zebrafish, but is dispensable in the mouse (Karlstrom et al.,
2003). On the contrary, Gli2 appears to be the major mediator in the mouse (Park et al., 2000).
This suggests that members of the cascade can be differentially recruited in different species,
consequently presenting differences in phenotypes. Another important factor to take in account
is the conditions used to alter the levels of Hh expression. Cells are extremely sensitive to
variations in the concentration levels of Hh, hence distinct methods (pharmacological,
antisense oligonucleotides, point mutation, etc.) could result in different phenotypes due to
diverse degrees in inhibition. Therefore, it will be worth taking these factors in account when
comparing the phenotype of different organisms where atxn7 is inactivated. Additionally, the
present results put ATXN7 as a candidate gene in human coloboma, however, this possibility
shall be taken into the context of the complex Hh signaling pathway, which differs among

species.

Could alterations in cell death or proliferation account for the coloboma defect in
atxn7 deficient fish?

The choroid fissure closure can be subdivided in three stages: 1) the proliferation of the
retinoblasts generating enough cells that the lateral edges of the choroid fissure come in

proximity; 2) the basement membrane lining in the choroid fissure is degraded facilitating
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adhesion between the cells facing the opposite sides of the fissure; 3) cells on opposing sides
of the fissure form adhesions that spread and thereby close the choroid fissure in the area of
the ventral retina (Bazin-Lopez et al., 2015; James et al., 2016). These ocular developmental
events require constant and dynamic coordination between cell proliferation, cell
differentiation, and cell death. Multiple experiments have demonstrated that the Hh signaling
could play a role in modulating the proliferation of progenitor cells and can also act as a survival
factor (Amato et al., 2004). Furthermore, over proliferation within the retinal has been shown
to lead to colobomas (Kim et al., 2007). Thus, this raises the question if the increased Hh
signaling in atxn7 deficient zebrafish could influence the cell death or proliferation balance and

ultimately cause the coloboma defect.

During the eye morphogenesis, two major proliferation events occur: first, during the eye field
outgrowth, cell proliferation is controlled by numerous transcriptional factors including Rx1,
Six3, Lhx2, and Optx2 that are independent of the Hh signal (Fuhrmann, 2010; Zuber et al.,
2003); second, there is proliferation of retinoblasts during retinogenesis, and in this case there
is no report of direct link with the Hh signal or any of its members; so far the involved
participants that have been reported belong to the (v)-ATPase complex or the Inhibitor of
differentiation (Id) family (Nuckels et al., 2009; Uribe and Gross, 2010). Moreover, multiple
reports of mutants with altered Hh signal similar to the one we here report have shown that
over proliferation is not a main cause for coloboma defect (Lee et al., 2008; Pillai-Kastoori et
al., 2014; Wen et al., 2015).

Concerning the involvement of Shh in cell death, diverse reports have demonstrated that at
early stages, cell survival is not dependent of Hh signals (Neumann and Nuesslein-Volhard,
2000; Stenkamp et al., 2002); it is after the retinal differentiation that Hh plays a role in retinal
cell survival (around 58 hpf). In our study, we have reported defects of shh expression at earlier
stage (24 hpf), which are persistent and strong until 48 hpf (Figure 2 and S2). This suggests
that the coloboma defect that we report is not a consequence of the involvement of Hh
signaling in cell death. Moreover, the mutant of pax2a (noi), a member of the Hh pathway, had
no rescue in the coloboma phenotype when exposed to an anti-apoptotic compound (Gregory-
Evans et al., 2011).

Taking all this in account we consider that neither over proliferation nor increased cell death in
response to the Hh signal alteration is responsible for the coloboma phenotype exhibits in
atxn7 morphants. Therefore, other cellular mechanisms such as degradation of the basement
membrane or cell adhesion would be worth to preferentially analysis to further characterize the

closure defect.
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Alteration in the axon guidance.

Analysis of fish mutant related to the Hh pathway revealed anomalies in the axon pathfinding
(Macdonald et al., 1997). Using the transgenic line SoFa1 we analyzed the axon pathfinding
of atxn7 morphants and demonstrated that the axons properly crossed the ventral midline of
the diencephalon forming the optic chiasma, and ultimately innervate the contralateral tectal
lobe. However, we reported that 30.76% (n=4/13) of morphant embryos presented axons that
aberrantly extended toward the anterior commissure. We suggest this could be a direct

consequence of a more relaxed axon bundle, as we observed in Figure7H.

However we don'’t discard the possibility of an axon pathfinding anomaly. To test this option

we suggest cell transplants of altered atxn7 SoFa1 donor cells placed into non injected-non
transgenic acceptor embryos, this could help track the optic nerve in a properly formed axon
bundle.

Reduced size in atxn7 morphants.

Here we have presented evidence that there was no presence of microphtalmia but overall the
body size was significantly reduced in atxn7 morphants during development (Supplementary
Figure S4). Interestingly, morphants appeared to be morphologically normal with a reduced
‘short’ body.

The underlying factors that could account for this reduction in embryo size remain to be found.
We have the hypothesis that the defect could be the result of alteration of the Hh signaling
pathway. There has been evidence of reduced body size in pax6 morphants (Coutinho et al.,
2011). However, comparison of the whole larva phenotype displayed in pax6 morphants with
the phenotype reported with overexpression of shh and the phenotype we present in this
dissertation appear all to differ (Macdonald et al., 1995). Variations in the experimental
methodology or as well the change in the target gene could account to the difference in the
phenotype. Further experimentations, including analysis of the expression of Hh signaling
involved genes by in situ hybridization in other areas besides the retina might bring light to this

hypothesis.

Finally, we have discarded the possibility of an increase cell death causing the reduced size
as merely a side effect of morpholino injection. It is known that morpholino major off-targeting
effect is the activation of p53 apoptosis pathway (Robu et al., 2007). However, reduced size
was also found in the FO mosaic knockout of atxn7 (not shown) and so far there are no reports

of p53 induction by the system CRISPR-Cas9.
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Atxn7 alters photoreceptor terminal differentiation.

Differentiated photoreceptor cells in zebrafish typically display elongated nuclei, well
differentiated outer segments apposed to the RPE, and clusters of mitochondria in the
intervening inner segments, directly below the outer segments. The terminal differentiation of
photoreceptors involve the formation of the outer segments. We reported the requirement of
atxn7 in proper photoreceptor terminal differentiation, since most atxn7 morphant
photoreceptors exhibited lack or much shorter outer segments than normal. Other atxn7
morphant photoreceptors were more affected with delocalized mitochondria and disorganized
inner segments. These defects were likely not a secondary effect of coloboma, since it was

observed in other areas of the retina apart from the extruding area.

Trying to explain this phenotype we formulated three hypotheses. 1) The alteration in the
photoreceptor morphogenesis could be a response to the Hh upregulation in the midline. In
this situation, we would expect alteration of the differentiation of other retinal neurons; however,
this was not the case, as only the photoreceptors were affected. 2) The RPE is a known source
for secreted factors, including shh, towards the photoreceptors for their differentiation. In this
situation, only photoreceptors located in the extruded retina would be affected; however,
alteration of photoreceptor morphogenesis was also observed in region where RPE appears
normal. 3) Excluding the two previous hypotheses, we postulated that malformation of
photoreceptors could be intrinsic to the photoreceptor cell itself, due to the lack of expression
of key transcription factors known to control the terminal differentiation of photoreceptors. This
hypothesis made sense since photoreceptors are the most sensitive neurons to the toxicity of
mutant ATXN7 in SCA7. Furthermore, ATXN7 is proposed to directly interact with CRX
allowing SAGA to execute epigenetic modifications on CRX-regulated genes (Chen et al.,
2004; La Spada et al., 2001). In zebrafish, it was challenging to test the transactivation function
of crx on its targeted genes in the absence of atxn7. However, by in situ hybridization we
discovered that there was a significant difference in the intensity and localization of the crx
signal in the atxn7 deficient fish. Notably, atxn7 morphants presented areas with complete lack
of signal (Figure 8F-G) and this was not caused by a developmental delay. Importantly, it has
been reported that the expression of crx is independent of variations in the expression of shh
(Stenkamp et al., 2002). Therefore, the variables level of crx likely accounts for the variability
in the photoreceptor morphogenesis seen in atxn7 morphants. Importantly, these results
indicate that there is at least two independent molecular pathways (shh and crx) that are

altered in atxn7 morphants.
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This is thus the first evidence that atxn7 could regulate crx expression. Whether this regulation
is direct or indirect needs more investigation. Crx is not the only transcription factor involved in
photoreceptor differentiation (Swaroop et al., 2010). Nrl and Nr2e3, for instance, are also
involved in photoreceptor differentiation, the latter is particularly important for the cell-fate
specification of cone and rod lineages. In addition, these three transcription factors are
downstream in a regulatory cascade involving several upstream transcription factors, such as
Otx2 or RORB. Therefore, it would be first worth testing by in situ hybridization these other
transcription factors involved in photoreceptor differentiation in order to identify at which step

atxn7 could play a role.

The heterogenous patterns of crx and outer segment alterations that we observed in atxn7
deficient fish likely explain the observation of Yanicostas et al., (2012), who previously reported
variable level of expression of rhodopsin along the retina of similar atxn7 morphant. In this
study, the underlying mechansim of rhodosin alteration was not explored. Given that atxn7
seems to play a role in the regulation of transcription factors involved in photoreceptor
differentiation, and given that the cones are affected before the rods in SCA7, it would be
interesting to compare the labeling of different cone subtypes and rhodopsin to determine if
there is —like in the disease- any specific cone-type susceptibility to the atxn7 downregulation
(Vihtelic et al., 1999).

Atxn7 and SAGA

Studies have established several molecular functions of SAGA. SAGA is a multifunctional
coactivator complex containing histone acetyltransferase (HAT) and deubiquitylase (DUB)
activities and it also directly interacts with the TATA-binding protein (TBP) to facilitate
transcription initiation (reviewed in (Koutelou et al., 2010; Rodriguez-Navarro, 2009)).To
determine the specific regulatory network of SAGA, several studies used genome-wide
transcriptome analyses. Analysis of steady-state mRNA initially indicated that yeast SAGA
regulates the expression of about 10% of yeast genes. This view was recently challenged by
Bonnet et al (2014) who reported that SAGA is responsible for H3K9ac at promoter regions
and deubiquitination of H2Bub in gene bodies of almost all transcribed genes, in both yeast
and human. In addition, SAGA inactivation in yeast strongly affected Pol Il recruitment at active
promoters leading to a major decrease of Pol Il transcription, as revealed by the analysis of
newly-synthesized RNA.

If SAGA is required for the expression of all Pol Il transcribed genes, how can we explain a
prominent role of zebrafish atxn7 in ocular development? One possibility is that atxn7 and its
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paralogs play different roles in SAGA to ensure the regulation of specific genetic program.
Along this view, atxn7 would specifically allow SAGA to regulate the choroid fissure closure
and the terminal differentiation of photoreceptors. To address this question our initial approach
was to determine the expression of the paralogs in the atxn7 morphant context by RT-PCR.
We didn’t find significant changes, however we don’t discard the possibility of alteration in the
spatial expression pattern or that alterations could be masked in this global experiment. We
suggest a second approach by in situ hybridization to determine the areas of expression of
each paralog and determine the presence of alterations in a more refined manner. Additionally

co-injection of each paralog with atxn7 Mo could reveal a possible rescue effect.

Relationship between atxn7 downregulation and SCA7.

In SCA7, the ubiquitously expressed mutant ATXN7 leads to selective neurodegeneration,
predominantly affecting the Purkinje cells of cerebellum and the photoreceptors of retina. The

mechanism underlying selective degeneration in SCA7 still remains unclear.

Here we have shown that the downregulation of atxn7 presents a predominant ocular
phenotype i.e. even at minimal concentrations of morpholino an eye specific phenotype
persisted. Moreover, we showed a specific impairment of the photoreceptor cells. At minimal
morpholino concentration, we notice that the brain also showed morphological alterations —
although it was not characterized in this study- but no other organ. Together, our results
strongly indicate a sensitive and specific function of atxn7 in the ocular and photoreceptor
development. This organ and neuronal sensitivity might account for the pathogenesis observed
in the SCA7 disease, since loss of function mechanism is thought to contribute to the
pathogenesis in polyQ disease. Interestingly, the SCA7 R7E transgenic mouse photoreceptors
progressively lose their outer segments and cell polarity, and relapse to round cell shape
suggesting the loss of photoreceptor differentiation (Yefimova et al., 2010). While the formation
of OS is compromised during photoreceptor terminal differentiation in the atxn7 morphant. Both
models suggest an apparent mirror phenotype raising the question whether atxn7 could have
a function in the maintenance of the outer segment integrity in adult photoreceptors. It's worth
mentioning that the OS of both rods and cones is a dynamic structure, undergoing on daily
partial renewal and shedding. In order to do so there is required an important gene expression

activity.

The hypothesis that atxn7 is required for the renewal and maintenance of photoreceptor outer
segment can be assessed in zebrafish. To do so, we suggest to perform a transient kockdown

of atxn7 in the retina. This can be achieved by the electrophoration of positively-charged
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lissamine-tagged morpholinos in the fish adult retina as previously reported (Thummel et al.,
2011).

If this function of atxn7 is confirmed, then it would be tempting to overexpress wildtype ATXN7

in the SCA7 mouse retina to preserve the photoreceptor integrity, as a preclinical trial.

Analyzing embryonic development for an adult onset disease.

All polyQ disorders are late-onset neurodegenerative disorders. Most studies in different
animal models have been focused on the disease onset and progression or just prior to it.
However, studies in SCA2, SCA6, and HD (Arteaga-Bracho et al., 2016; Barnat et al., 2017;
Jayabal et al.,, 2017; Kiehl et al., 2000; Miyazaki et al., 2004; Molero et al., 2016) are
challenging this view, showing that developmental anomalies could account as the biological
base for the programming and the vulnerability of adult onset disorders. For example, Molero
et al.(2016) showed that when mice are selectively exposed to mutant HTT 97Q until postnatal
day 21, they recapitulate a HD-like phenotype including neuropathology and motor deficits.
Whether in SCA7 ATXN7 dysfunction leads to developmental malformation of photoreceptors,
rendering them susceptible to degeneration in adult, remains a possibility, given our finding

showing the important role of zebrafish atxn7 in photoreceptor differentiation.

Shh and SCA7

Is there any other link between the Hh signaling pathway and other tissues vulnerable in
SCAT? Interestingly, it has been reported that expression of Shh is needed for differentiation
of Bergmann glia. Additionally, altered expression of Shh result in an abnormal arrangement
and development of Purkinje neurons (Dahmane and Ruiz i Altaba, 1999). Two of the most
susceptible cell types in the SCA7 cerebellar pathology (Furrer et al., 2011; Garden et al.,
2002; Palhan et al., 2005). Interestingly there have been reports of patients with Pax6
mutations presenting cerebellar ataxia (Chien et al., 2009). Yet most of the genes involved in
the Hh signaling pathway have generally been studied in a developmental context. In adults,
it is known that Shh continues to be expressed in the cortex and in the granule layer of the
cerebellum (Traiffort et al., 1998). And that it has a role in the survival of the spinal cord (Miao
et al., 1997). Finally, it has been demonstrated that increased amount of Hh signaling is linked
to dedifferentiation of cells (Landsman et al., 2011), a phenotype that has been seen in the

SCAT mice. Therefore, the question deserves further consideration.
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Highlights of the present work

e Atxn7 is required for proximo-distal patterning of the optic stalk and vesicle, and in
choroid fissure closure.

e Atxn7 regulates the expression of Hh family members in a negative manner.

e Atxn7 is required for the morphogenesis of the photoreceptor outer segment through

the control of crx expression.

136



Discussion and Perspectives

In summary, this thesis includes a detailed examination for the requirement of atxn7 in
regulating ocular morphogenesis in zebrafish. It provides a thorough expression profile of
atxn7, both temporally through the development and spatially in retina during early ocular

morphogenesis and retinal neurogenesis stages.

Independent loss-of-function analyses conducted on atxn7 by morpholino-knockdown and
mutant Crispr-Cas9 models demonstrated a specific role of atxn7 in regulating the choroid
fissure closure. Molecular analysis of the ocular coloboma provided strong evidence that
atxn7 negatively regulates midline Hh. The elevated midline Hh activity as a result of atxn7
deficiency caused an expanded optic stalk, reflected by the expansion of the pax2a signal
that ultimately inhibited the choroid fissure from closing, causing a coloboma defect. This
was confirmed with the corresponding retraction of the pax6 signal and expansion of the
vax2 signal. Moreover, alteration in the angle of the somites further supports variations in

the Hh signaling.

We have also provided some evidence for a requirement of atxn7 in photoreceptor
morphogenesis that appears to be independent of the Hh signaling. We are therefore eager
to elucidate additional functions of atxn7 in regulating embryonic retinal and brain

neurogenesis and development.

While further analysis is required to continue identifying direct target genes of atxn7, our
study during ocular development opens new lines of study for the involvement of atxn7
deficiency on human disease. First we demonstrate a specific eye defect which proves a
clear organ sensibility to variation in the function of atxn7 during ocular morphogenesis,
second we show the involvement of atxn7 in photoreceptor morphogenesis both which
could account for SCA7 physiopathology. Moreover, the discovery of a regulatory
relationship between atxn7 and the Hh signaling pathway during ocular development
provides evidence to propose atxn7 as a causative gene of coloboma. This is relevant,
since coloboma despite being a common vision condition and the leading cause of
blindness in children, only a handful of causative genes have been identified, and they
account a minimal fraction of the clinically reported ocular coloboma cases. Future studies
will focus on the determination of the direct target(s) of atxn7, and how these targets affect

Hh signaling activity and ocular development.

Taking this together it is reasonable to speculate that atxn7 deficiency may be involved

SCAY retinopathy and is a novel addition for the gene coloboma network.

137



ANEX1

138



ANEX 1

Reagents

In situ hybridization.

Hybridization Mix 1 (Stored at -20°C)

5mL Formamide (Deionized)
2.5mL |20X SSC

100uL | Heparin 5mg/mL

50uL | Tween-20 20%

92uL Citric acid 1M

2.25mL | Ultra-pure water

Hybridization Mix 2 (Better prepare at the moment the amount needed)

10 mL

Formamide

5mL

20X SSC

100 L

Tween-20 20%

184 L

Citric acid 1M

4.7 mL

Ultra-pure water

MABT (Storage at room temperature)

5mL Maleic Acid 1M
0.43g |NaCl

250 pyL | Tween-20 20%
45 mL | Ultra-pure water

Blocking Solution 10X (Storage at -20)

ANEX 1
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Blocking reagent

10 mL

MAB

(Maleic Acid Buffer WITHOUT Tween 20)

Preparation of BS requires to be with shaking and heating

Revelation Solution (Better prepare at the moment the amount needed)

2mL Tris HCL 1M

1 mL MgCI2 1M
400uL [NaCl 5M

100uL | Tween-20 20%
16.5 mL | Ultra-pure water

Staining Solution (Better prepare at the moment the amount needed)

10 mL |Revelation Solution
45 yL | NBT solution *
35 uL | BCIP solution *

*NBT and BCIP ROCHE commercial solutions

Imaging

3% Methylcellulose

1549

methylcellulose (Sigma M-0387) **

50 ml

PBS

** This number is important not all methylcellulose has the same viscosity

The preparation of methylcellulose can be tricky leading to cloudy/opaque solutions

inadequate for imagining. The used protocol for this study:
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Heat the PBS to 60°C in a tall beaker.

Add the methyl cellulose and mix with a very long glass rod.

Put the beaker in the freezer and stir it every half hour until it begins to freeze.
Put at 4° for two days.

To remove little specks of undissolved methyl cellulose spin at 10.000 rpm.

The solution should now be clear, aliquot in 1.5 ml tubes at keep at -20C.
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Introduction

L’'ataxie spinocérébelleuse de type 7 (SCA7) est une maladie neurodégénérative a
transmission autosomale dominante caractérisée par une perte progressive des neurones du
cervelet et des structures associées, conduisant a une ataxie cérébelleuse, une dysarthrie et
une dysphagie (David et al., 1998). SCA7 appartient a un groupe de désordres liés a une
expansion CAG/polyglutamine (polyQ), incluant d’autres ataxies spinocérébelleuses (SCA1-
3, 6 et 17), la maladie de Huntington (HD), I'atrophie musculaire spinobulbaire (SBMA) et
I'atrophie dentatorubrale-pallidoluysienne (DRPLA). Pour ces maladies, une expansion du
nombre de répétitions CAG traduites dans différents génes causatifs conduit a I'expansion du
triplet polyQ dans les protéines mutées correspondantes. Le seuil précis de répétitions
conduisant a la maladie varie au sein de celle ci (David et al., 1997 ; Zoghbi et Orr, 2000). Des
preuves cumulatives indiquent qu’un gain de fonction toxique des protéines mutées et la perte
de fonction de la protéine normale sont a 'origine de la pathogenése polyQ ((Lim et al., 2008;
Zoghbi and Orr, 2000). Ainsi, déterminer la fonction normale des protéines a polyQ
contribuerait a une meilleure compréhension des mécanismes pathologiques a I'origine de ces

maladies.

Deux caractéristiques distinctes de SCA7 sont: la présence d’'une forte anticipation par
laquelle une apparition précoce ainsi qu'une une sévérité plus grande des symptdomes sont
observés au cours des générations successives de familles atteintes et la perte de l'acuité
visuelle causée par la dégénérescence des photorécepteurs en cones et en batonnets
retrouvée chez 83% des patients (Benton et al., 1998; David et al., 1998; Hoche et al., 2008;
Stevanin et al., 1998). Les dystrophies des cbnes et des batonnets (CRD ; prévalence : 1/40
000) sont des maladies héréditaires de la rétine caractérisées par une implication primaire des
cbnes avec une diminution progressive de l'acuité visuelle et de la vision en couleur, suivie
d’une détérioration des batonnets, de la perte de la vision périphérique et d’'une cécité nocturne
(Hamel, 2007). Selon I'Organisation mondiale de la santé (OMS), jusqu’en 2014 285 millions
de personnes étaient atteintes par la détérioration visuelle et la cécité, dont 39 millions
d’aveugles et 246 millions ayant une vue faible. Les organismes modeéles ayant une
physiologie similaire a celle de 'Homme sont indispensables a la compréhension des
processus développementaux, a l'identification de potentiels génes causatifs des maladies

humaines et au développement de thérapies.

SCA7Y est causée par une augmentation du nombre normal de répétitions polyQ (4-35
répétitions) localisées en N-terminal de la protéine ataxine-7 (ATXN7), une protéine de 892

acides aminés conservée au cours de I'évolution (Michalik et al., 2004). ATXN7 est un membre
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hautement conservé du complexe multiprotéique Spt-Ada-Gen5 Acetyltransferase (SAGA)
régulant la transcription via I'acétylation de I'histone H3 par la sous-unité GCN5-dépendante
et la déubiquitination de H2B par la sous-unité USP22, deux activités enzymatiques
essentielles au fonctionnement normal de la cellule (Helmlinger et al., 2006; Kohler et al., 2008;
Zhao et al., 2008).

Les rétines post-mortem des patients SCA7 présentent une perte quasi totale des
photorécepteurs cénes et batonnets (Michalik et al., 2004). Les modéles murins de SCA7
montrent pour leur part une perte progressive de la morphologie typique des photorécepteurs,
avec notamment la disparition de leurs segments externes conduisant a leur
dysfonctionnement. Ces observations suggérent qu'une perte de la maintenance des
photorécepteurs en état différencié précede leur mort (Abou-Sleymane et al., 2006; Yefimova
et al., 2010).

Le role physiologique de 'ATXNY reste encore inconnu et il n'existe pas de modéle murin
déficient en ATXN7 disponible pour étudier la fonction de la protéine dans le développement
de la rétine et la différenciation des photorécepteurs. Le poisson-zébre émerge donc comme
un modele alternatif puisqu’il possede le géne orthologue atxn7 possédant 51,74% d’identité
avec le géne humain ATXN7. Ce modéle présente une popularité croissante pour les études
du développement des vertébrés et leur génétique du fait de la transparence de ses embryons
qui se développent ex-utero, rendant possible la visualisation d’événements du
développement. De plus, le poisson-zébre est un meilleur modele pour notre étude puisque
contrairement aux rongeurs et de fagon similaire aux humains, cet animal est diurne et sa
rétine est riche en cones de divers sous-types, en plus des batonnets. Finalement, la
morphogenése de I'ceil du poisson-zébre se déroule par étapes comme chez 'homme et la

souris, mais est 20 fois plus rapide et déja hautement caractérisée (Bibliowicz et al., 2011).

Objectif

L’'objectif principal de ma thése est de déterminer le role de 'ATXN7 au cours du
développement de I'ceil chez les vertébrés, en utilisant le poisson-zébre comme modéle

animal.

Bien que les maladies a expansion de polyglutamine se développent principalement a 'age
adulte des résultats récents, notamment pour la maladie de Huntington, montrent que des
anomalies précoces au cours du développement des animaux modéles pourraient rendre les

neurones adultes vulnérables a la dégénérescence. Dans ce contexte, notre approche devrait
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aussi enrichir notre compréhension des mécanismes pathologiques sous-jacents a SCA7 qui

reste encore aujourd’hui une maladie incurable.

Méthodes

Pour déterminer le rble de I'atxn7 chez le poisson-zebre, j’ai réduit I'expression du gene atxn7
dans la lignée poisson-zébre usuelle AB en utilisant deux types d’oligonucléotides anti-sens
morpholinos: I'un ciblant le codon initiateur AUG (atxn7 Mo1), ce qui prévient la synthése
protéique de I'atxn7, l'autre ciblant un site d’épissage (atxn7 Mo2) ce qui méne a la production
d’ARN messagers aberrants codant pour un codon de terminaison précoce. La caractérisation
des poisson-zébres inactivés pour l'atxn7 (ci-aprés appelés morphants) s’est faite en
combinant différentes techniques d’'imagerie incluant la microscopie optique conventionnelle,
la microscopie électronique et la microscopie confocale et des techniques d’hybridation in situ
et de RT-PCR pour tester 'expression de certains génes. De plus, jai inactivé I'atxn7 dans la
lignée transgénique innovante SoFa1 qui code pour différentes protéines fluorescentes dans
chaque couche de la rétine, permettant ainsi de mettre en image en microscopie confocale 3
dimensions (3D) la différenciation neuronale sur le méme poisson. Enfin, jai utilisé la
technologie innovante CRISPR-Cas9 pour valider les observations faites sur les poissons-

zébre morphants.

Résultats
Dysmorphogenése de I'ceil

L’inactivation du géne atxn7 dans les embryons de poisson-zébre AB a 'aide de 'atxn7 Mo1
a conduit a des anomalies importantes du développement de I'ceil. Le premier signe d’un
défaut oculaire a été détecté trés tot au stade 10 somites (14 heures post-fertilisation, hpf),
lorsque I'évagination de la vésicule optique se produit formant une créte horizontale. A ce
stade les embryons morphants présentent une créte anormale et ce défaut persiste et est
nettement plus visible a 48 hpf, ou la région ventrale de I'ceil montre un manque de
pigmentation et une fermeture incompléte de la fissure optique de la rétine, défaut connu sous

le nom de colobome chez ’humain.

Le colobome fait partie d'un spectre des malformations oculaires pouvant inclure la
microphtalmie et 'anophtalmie, qui peuvent étre présents de fagon unilatérale ou bilatérale;
lorsqu’elles sont bilatérales ces malformations peuvent survenir dans n’importe quelle
combinaison. Pour quantifier des différences potentielles dans la taille des yeux qui pourraient

suggérer la présence d’une microphtalmie, la longueur antérieur-postérieur de I'ceil a été mise
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en rapport avec la longueur du corps de chaque larve. Le ratio ceil/corps est fondamentalement
la mesure normalisée d’'un ceil. Ces analyses ont révélé une absence significative de
changement dans le ratio ceil/corps des embryons morphants comparés aux contrbles,

montrant une absence de microphtalmie.

A 5 jours post-fertilisation (dpf), les morphants présentent un trou dans I'épithélium pigmentaire
rétinien (RPE) postérieur lorsqu’orientés en position latérale, et une extrusion du RPE dans le
cerveau lorsqu’orientés de fagcon dorsale. Ces anomalies apparaissent de fagon progressive
au cours du développement et ont pu étre observées de fagon réguliére avec les deux
morpholinos ciblant le géne atxn7, de fagon concentration-dépendante, mais jamais en
présence du morpholino contrdle. Nos observations montrent pour la premiére fois que la

protéine atxn7 est impliquée dans la morphogenése de I'ceil.

Afin de déterminer plus précisément la nature du tissu qui extrude vers la région du cerveau,
des sections histologiques de rétine ont été analysées au microscope. Nous avons observé
une interruption du RPE dans la partie postérieure de la rétine, ce qui expliquerait 'absence
de pigmentation dans cette région lorsqu’observée en position latérale au macroscope. De
plus, nous avons trouvé que le tissu extrudant dans le cerveau comprend aussi bien le RPE

que la rétine neurale.

Tenant compte de la forte interdépendance entre le RPE et les photorécepteurs pour leur
développement et leur fonction, nous avons plus particulierement étudié ces 2 types cellulaires
par microscopie électronique. Nous avons trouvé que les segments externes des
photorécepteurs sont absents ou plus courts chez les morphants par rapport aux contréles,
indépendamment de la présence ou non du RPE. La perte de fonction de I'atxn7 du poisson-
zébre cause donc un effet similaire a I'expression de 'ATXN7 mutante chez la souris: la quasi

absence de segments externes des photorécepteurs.

Altération du programme génétique de développement de I'ceil

Au cours de la morphogenése de la cupule optique, les couches de la vésicule optique migrent
de fagon ventrale au niveau de la fissure de la choroide le long de I'axe proximo-distal de sorte
que la rétine et le RPE sont confinés in fine dans la cupule. L’échec de cette fermeture conduit
aux colobomes, qui sont caractérisés par la persistance d’'un trou a l'arriere de I'ceil tel
qu’observé chez les morphants atxn7. Les voies hedgehog (Hh) sont des régulateurs clés de
la morphogenése de la cupule optique et une altération de ces voies conduit a8 un phénotype
de colobome parce que la tige optique en développement est anormalement étendue dans la

rétine et entrave la rencontre et la fusion des bordures de la fissure de la choroide. La longueur
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appropriée de la tige optique est contrblée par le facteur de transcription pax2. L’expression
de pax2 est induite par la voie Sonic hedgehog (shh), mais restreinte a la tige grace a I'effet
répressif du facteur de transcription pax6; en effet pax6 forme une limite précise entre la tige
optique et la rétine neurale en devenir afin de restreindre pax2 a son territoire d’expression.
La surexpression du facteur Shh suffit a induire une expression aberrante de pax2 dans les
territoires plus distaux de la vésicule optique d’ou il est normalement absent, i.e. empiétant sur

le territoire de pax6, causant ainsi le colobome.

Afin de comprendre les bases moléculaires des phénotypes oculaires des morphants, nous
avons réalisé des hybridations in situ pour étudier I'expression de ces voies. Nous avons mis
en évidence une sur-expression de 2 membres de la famille Hh, shh et twhh, associée a une
expression aberrante de pax2 au-dela de ses limites et une réduction de la zone d’expression
de pax6, ce qui est cohérent avec les conséquences connues de la sur-activation de la voie
Hh. Ces résultats montrent que 'agencement des motifs proximo-distaux de la vésicule
optique est déterioré chez les embryons morphants atxn7 par l'altération de la voie de

signalisation Hh, conduisant ainsi au colobome.

De facon intéressante, le géne vax2 qui code pour un facteur de transcription qui participe a
la fermeture de la fissure optique et qui est également régulé par la voie Hh montre un niveau
d’expression aberrant, en accord avec le développement du colobome . Pris tous ensemble,
ces résultats nous permettent de proposer un modéle dans lequel atxn7 joue un role dans le
développement de I'ceil en agissant en amont de la voie de signalisation Hh, conduisant au
colobome, a l'extrusion de la rétine neurale et a linterruption du RPE que nous avons

rapportés.

Des études antérieures ont rapporté qu’une interruption de la voie Hh conduit a une altération
de la formation des somites dans le corps du poisson-zébre, présentant un angle plus obtus.
Afin d’appuyer nos observations concernant l'altération de la voie Hh, nous avons mesuré
'angle des somites chez les morphants. Nous avons mis en évidence la présence de somites
en forme de chevron chez les morphants, avec un phénotype des somites ayant un angle
moyen de 118°, comparé a 91° pour les contrdles, indiquant une dérégulation des voies de

signalisation Hh en absence d’atxn7.

Altération de la différenciation de la rétine neurale

Les défauts des segments externes chez les morphants suggérent que la différenciation des
photorécepteurs est incompléte, ce qui nous a conduit & explorer plus globalement le

processus de différenciation de la rétine neurale. La différenciation des neurones rétiniens du
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neuro-épithélium se propage progressivement en au moins 3 vagues paralléles menant aux
trois couches de la rétine. Afin d’étudier ce processus complexe, nous avons décidé d'utiliser
la lignée transgénique SoFa1 qui permet d'imager la différenciation neuronale en 4D sur le
méme poisson par microscopie confocale. A 5 jours, lorsque la rétine est entierement formée,
le colobome devient alors visible au niveau cellulaire.A ce niveau de résolution, nous avons
pu observer que les cellules ganglionnaires de la rétine (RGCs) projettent leurs axones formant
le nerf optique qui lui méme inerve le tectum optique En particulier, 'imagerie 3D a révélé que
les axones des RGCs des morphants ne sont pas correctement regroupés au niveau du nerf
optique, ce qui conduit a une subdivision du nerf optique. Les axones traversent correctement
la ligne médiane ventrale du diencéphale formant le chiasme optique, et vont ultérieurement
innerver le lobe tectal contre-latéral. Cependant, 30,76% (n=4/13) des embryons morphants
Mo1 présentent des axones étendus de fagon aberrante vers la commissure antérieure,
suggérant un empaquement axonal plus lache. Ces anomalies sont vraisemblablement une

conséquence du colobome.

Altération de la morphogenése des photorécepteurs chez les morphants Mo1

L’interaction entre les photorécepteurs et le RPE est nécessaire pour une fonction visuelle
appropriée (Strauss, 2005). De plus, le développement de chacune de ces 2 structures est
corrélé a celui de l'autre (Raymond and Jackson, 1995; Sheedlo et al., 1998). De facon
remarquable, les premiéres analyses morphologiques des photorécepteurs des morphants
Mo1 ont révélé la présence de photorécepteurs différenciés dans des zones dépourvues de

pigmentation.

L’analyse des zones présentant un RPE non interrompu a été réalisée en vue de déterminer
si les différences observées dans les segments externes(OS) chez les morphants Mo1 étaient
dues aux anomalies dans l'architecture de la rétine expulsée. Cette analyse a révélé la
présence de photorécepteurs morphologiquement similaires a ceux rencontrés dans les zones
dépourvues de pigmentation. De fagon intéressante, d’autres zones de la rétine présentent
des photorécepteurs avec des segments internes (IS) non affectés mais totalement dépourvus
de segments externes, confirmant l'indépendance du RPE dans la morphogenése des
photorécepteurs chez les morphants Mo1. Additionnellement, nous avons observé une
absence de segments externes et une désorganisation des segments internes chez certains
photorécepteurs, pour lesquels l'ellipsoide distinct ne présentait pas les mitochondries
caractéristiques de la région la plus apicale. Il est important de souligner qu’'en dépit des
altérations morphologiques des photorécepteurs décrites ci-dessus, aucun signe apparent de

mort cellulaire n’a pu étre mis en évidence dans les différentes régions observées de la rétine.
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Ces observations nous ont permis de poser I'hypothése selon laquelle des facteurs
intrinséques aux photorécepteurs interviendraient dans l'altération de la différenciation des
photorécepteurs chez les morphants Mo1. En vue de valider cette hypothése, des expériences
d’hybridation in situ pour crx ont été réalisées a 48 hpf sur des poisson-zébres contrbles ou
morphants Mo1. Le choix de ce géne pour I'étude s’est fait selon 2 critéres clé : premiérement,
il a été montré que I'expression de crx est essentielle a une différenciation correcte des
photorécepteurs (Shen and Raymond, 2004), et deuxiemement des études antérieures ont

rapporté une interaction entre atxn7 et crx (Chen et al., 2004; La Spada et al., 2001).

Les morphants Mo1 présentent une localisation et une intensité de crx significativement
différente des contréles. Notamment, les morphants Mo1 montrent des zones avec une

absence totale de signal. Ce défaut n’est pas dd a un retard de développement des morphants.

Ces résultats pris en compte, il ressort que la diminution des niveaux d’atxn7 conduit a une
altération de I'expression de crx, un géne important pour la différenciation terminale des
photorécepteurs. Il serait possible que le phénotype des photorécepteurs décrit dans notre
étude résulte au moins partiellement de laltération de I'expression de ce géne. Il est
intéressant de noter que des études ont rapporté que I'expression de crx est indépendante
des variations de shh (Stenkamp et al., 2002), suggérant que plus d’une voie de signalisation

serait affectée chez les morphants Mo1.

Atxn7 et ses paralogues

Afin de comprendre le lien entre l'inactivation d’atxn7 et la dérégulation de différents acteurs

régulant la morphogenése de I'ceil, nous avons réalisé 2 expériences différentes:

Les analyses bio-informatiques ont identifié la famille des génes SCA7 composée de 4
paralogues chez les vertébrés (atxn7, L1, L2 et L3b). L’alignement de tous les membres de la
famille des atxn7 du poisson-zébre a réveélé I'existence de 3 blocs d’homologie; de fagon
intéressante, le premier bloc n’est pas conservé pour le paralogue atxn7L1 et le 3¢ bloc ne
comprend pas atxn7L3 ; de plus, le paralogue atxn7L2 est dupliqué chez le poisson-zébre. En
vue de déterminer une potentielle altération de I'expression des paralogues atxn7 dans le
contexte du morphant qui pourrait expliquer les changements moléculaires que nous avons
observés, nous avons effectué des RT-PCR a différents temps et nous n’avons trouvé aucune
différence d’expression des paralogues entre contréles et morphants. Cependant, des études
supplémentaires sont nécessaires afin de déterminer I'éventuelle contribution des paralogues

dans le contexte d’absence d’atxn?.
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Spécificité du phénotype

Les anti-sens morpholino sont des outils flexibles et rapides d’utilisation pour inhiber
I'expression de géne. Cependant ils peuvent, comme plusieurs outils similaires, causer des
effets non-spécifiques qui brouillent 'analyse des résultats. Afin de confirmer la spécificité des
phénotypes des morphants générés par I'atxn7Mo2“9, nous avons effectué 3 expériences
différentes. Dans un premier temps nous avons généré un second morpholino non
chevauchant dirigé contre un site d’épissage de 'ARN de I'atxn7, I'atxn7Mos?. Ce dernier a
conduit a une altération de I'épissage de 'ARN, et a un défaut de fermeture de la choroide
similaire a celui produit par le premier morpholino atxn7Mo2'9. Nous avons ensuite effectué
une expérience de « sauvetage » du phénotype de I'ceil des morphants Mo1 en surexprimant
I'ARN messager de 'ATXN7 sauvage humaine (contenant 10 glutamines). LATXN7 humaine
a permis d’augmenter de 2.5x le nombre de poissons présentant un ceil normal et de diminuer
de 2x la présence de phénotype sévere de I'ceil des morphants. Ce résultat montre d’'une part
que le phénotype de I'ceil est bien relié a des variations du niveau d’ATXN7, et d’autre part
que la fonction de 'ATXN7 dans le développement de I'ceil semble conservée au cours de
I'évolution. Enfin, nous avons ensuite développé une toute autre approche pour inactiver
'atxn7 en utilisant le systeme CRISPR-Cas9. Deux ARN guides (sgRNA) ont été congus pour
cibler la région codante entre les exons 1 et 4, et ont été injectés avec la protéine Cas9 dans
les embryons afin d’étudier la population d’embryons FO résultants. Cette population a
présenté un colobome dans 24.48 % des cas (12/49). En revanche, aucun des embryons
injectés avec le guide ou la protéine Cas9 seul ne présentent ce défaut. L'analyse des
séquences ciblées ont confirmé que des indels ont été générés dans les embryons atteints.
Pris ensembile, les résultats obtenus avec les deux morpholinos et le CRISPR-Cas9 appuient

fortement la spécificité du phénotype de colobome lorsque I'atxn7 est inactivée.

Conclusion

En résumé, ces travaux de thése incluent un examen détaillé de la nécessité d’atxn7 dans la
régulation de la morphogenése oculaire chez le poisson-zébre. lls fournissent un profil
d’expression minutieux d’atxn7, aussi bien sur le plan temporel au cours du développement
que sur le plan spatial dans la rétine au cours de la morphogenése oculaire et des différents

stages de la neurogénése de la rétine.

Les analyses indépendantes de perte de fonction d'atxn7 réalisées par utilisation de
morpholinos inactivant atxn7 et de modeéles mutés par CRISPR/Cas9 ont montré un rble
spécifique d’atxn7 dans la régulation de la fermeture de la fissure choroide. L’analyse

moléculaire du colobome oculaire a fortement mis en évidence que l'atxn7 régule
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négativement la ligne médiane Hh. L’activité élevée de Hh de la ligne médiane comme
conséquence du déficit en atxn7 a conduit a une tige optique étendue, reflétée par I'expansion
du signal pax2a qui empéche la fermeture de la fissure choroide, causant le colobome. Ceci
a été confirmé par la rétraction correspondante du signal de pax6 et I'expansion du signal de
vax2. De plus, l'altération de l'angle des somites supporte également I'hypothése ?des

variations dans la signalisation Hh.

Nous avons également démontré qu’atxn7 est indispensable a la morphogenése compléte des
photorécepteurs qui semble indépendante de la voie de signalisation Hh. Nous prévoyons
donc désormais d’élucider les fonctions additionnelles d’atxn7 dans la régulation du

développement et de la neurogénése embryonnaire de la rétine et du cerveau.

Bien que des études supplémentaires soient nécessaires a [lidentification de génes
partenaires directs d’atxn7, notre étude réalisée au cours du développement oculaire ouvre de
nouvelles voies pour I'étude du déficit en atxn7 dans la maladie chez ’lHomme. Premiérement,
nous avons démontré un défaut spécifique a I'ceil prouvant une nette sensibilité de I'organe
aux variations de la fonction d’atxn7 au cours de la morphogénése oculaire. Dans un second
temps, nous avons montré l'implication d’atxn7 dans la morphogenése des photorécepteurs
qui pourrait aider a expliquer la physiopathologie SCA7. De plus, la découverte d’'un
mécanisme de régulation entre atxn7 et la voie de signalisation Hh au cours du développement
oculaire permet de désigner I'atxn7 comme le géne potentiellement causatif du colobome. Ceci
serait pertinent dans la mesure ou seuls quelques génes causatifs du colobome ont été
identifiés. Des études supplémentaires permettront de déterminer la ou les cible(s) directe(s)
d’atxn7, et comment ces cibles affectent I'activité de la voie de signalisation Hh et le

développement oculaire.

Pris tous ensemble, ces résultats permettent de suggérer que le déficit en atxn7 serait impliqué
dans la rétinopathie SCA7 et serait un géne additionnel dans le réseau de génes a l'origine de

colobomes.
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Etude du réle de I’Ataxine-7 dans le
développement de I'ceil et son impact
dans la compréhension des
pathologies de I'eeil et de I’ataxie
spinocérébelleuse de type 7.

Résumeé

L’ataxie spinocérébelleuse de type 7 (SCA7) est une maladie neurodégénérative a transmission
autosomale dominante, causée par une expansion toxique de polyglutamine (polyQ) dans la
protéine Ataxine-7. Elle se caractérise par une dégénérescence des photorécepteurs en cones et
en batonnets, ainsi que des cellules cérébelleuses de Purkinje et granuleuses. La nature sélective
de cette dégénérescence reste peu claire, I'expression d’Ataxine-7 étant ubiquitaire. Dans ce
contexte, nous avons exploré la fonction de I'orthologue d’Ataxine-7 chez le poisson-zébre au
cours du développement de I'ceil. L’inactivation d’atxn7 chez le poisson-zébre — par des approches
utilisant des oligonucléotides anti-sens ou par CRISPR/Cas9 — résulte principalement en un
colobome, malformation structurelle de I'ceil causée par un défaut de fermeture de la fissure
choroide. Les morphants atxn7 présentent une altération du motif proximo-distal de la vésicule
optique causée par une élévation de la signalisation Hedgehog (Hh). Une étude minutieuse des
photorécepteurs révele un défaut de la morphogénése des segments externes. La sensibilité de
I'ceil aux variations de fonction d’atxn7 pourrait expliquer la phyiopathologie SCA7. Notre étude
suggeére également qu’une perte de fonction d’atxn7 contribuerait au développement du colobome
chez ’lHomme.

Mots-clés : Ataxie spinocérébelleuse de type 7, rétine, photorécepteurs, colobome, poisson-zébre.

Résumé en anglais

Spinocerebellar ataxia type 7 (SCA7) is an autosomal-dominant neurodegenerative disorder
caused by a toxic polyglutamine (polyQ) expansion in Ataxin-7 which leads to degeneration of cone
and rod photoreceptors and cerebellar Purkinje and granule cells. The selective nature of
degeneration remains unclear since Ataxin-7 is ubiquitously expressed. Here, we have explored
the function of the Ataxin-7 ortholog in zebrafish during eye development. Inactivation of atxn7 in
zebrafish —through antisense oligonucleotides or crispr/cas9 approaches- primarily resulted in a
coloboma defect, a structural malformation of the eye caused by failure of the choroid fissure to
close. atxn7 morphants displayed altered proximo-distal patterning of the optic vesicle, caused by
elevated Hedgehog (Hh) signaling. Careful examination of the photoreceptors reveals a defect in
the morphogenesis of the outer segments. The eye sensitivity to variations in atxn7 function could
account for SCA7 physiopathology. Our study also suggests that atxn7 loss of function may
contribute to the development of human coloboma.

Key words: Spinocerebellar Ataxia type 7, retina, photoreceptor, coloboma, zebrafish




