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This doctoral thesis will first present the context of Down syndrome (DS) and its clinical
features. It will then examine the characteristic craniofacial phenotype of DS patients and the
main murine models, followed by a methodology to study the genes and molecular mechanism

underlying this specific phenotype.

1. Down syndrome

1.2. Geneticorigin

Down syndrome (DS) is the most common chromosomal disorder and the primary cause of
intellectual disability worldwide (Down 1995). In most of the cases, it is due to the presence of
a third human chromosome 21 (HSA21). The genetics can be divided in 3 principal types (Figure
1):

- Complete trisomy: This condition occurs in 95% of cases. In this form, an additional
complete chromosome 21 (HSA21) is present, and the karyotype has 47 chromosomes.
This trisomy affects all cells in the body (Lejeune, Gautier, et Turpin 1959).

- Translocated trisomy: Corresponds to the fusion of two acrocentric chromosomes. This
form of trisomy is present in 3 to 5% of DS carriers. In this case, a supernumerary copy
of chromosome 21 fuses with another chromosome, usually acrocentric, such as
chromosome 14 (Plaiasu 2017).

- Mosaic trisomy impacts 1 to 2% of cases of DS. In this case, the cells are separated into
two populations: one that is euploid and the other that has three copies of HSA21. Here,
the tissue location of the trisomic cells and the mosaicism percentage determine the

clinical characteristics of the trisomy carrier (Plaiasu 2017).

The inability of chromosomes to separate during cell division (non-disjunction) is the root cause
of DS, happening during meiosis | or Il. If the non-disjunction takes place during meiosis |, the
repercussions will be more severe, all the daughter cells in this instance are aneuploid.

Additionally, non-disjunction can also occur during mitosis after zygote formation (Antonarakis
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et al. 1992). Recently, differences in centromere structure have been hypothesized to play an
important role in role in chromosome nondisjunction. Centromeres play an essential role for
accurate chromosome segregation during meiosis by promoting the segregation of homologous
chromosomes and sister chromatids. In a recent report it was found that DS individuals have
shorter chromosome 21 (chr21) centromeres (possibly because of reduced size of the

centromeric a-satellite higher-order repeat array) (Mastrorosa et al. 2024).

Trisomy 21

Accounts for ~ 95% of cases of Down syndrome
Normal Down syndrome

Two copies of chromosome 21 Three copies of chromosome 21

Translocation
Accounts for ~ 4% of cases of Down syndrome

Normal Down syndrome
21
i B
‘ L
14 21 14 21
Two copies of chromosome 14 Three copies of chromosome 21

& two copies of chromosome 21

Mosaicism
Accounts for the other ~ 1% of cases of Down syndrome

Figure 1. Karyotype for Down syndrome. Complete trisomy, Translocation
(Robertsonian 14/21 translocation. The long arm of supernumerary
chromosome 21 (21q) is fused to the short arm of chromosome) and Mosaicism.
Image modified from the Human Genome Project (Hattori et al. 2000).
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1.2. Diagnosis

The diagnosis is clinical either during pregnancy or at birth (American College of Obstetricians
and Gynecologists’” Committee on Practice Bulletins—Obstetrics, Committee on Genetics, et

Society for Maternal-Fetal Medicine 2020).

The prenatal Screening for DS is compound of a blood test looking for serum markers, including
free beta—human chorionic gonadotropin (hCG) and pregnancy-associated plasma protein A,
collected with a capillary blood sample between 9 and 13 weeks 6 days’ gestation (Carlson et
Vora 2017). In addition, an ultrasound test (measurement of nuchal translucency) during the
first trimester of pregnancy is performed, between 10 and 13 weeks 6 days’ gestation. A nuchal
translucency of greater than 3 mm is significantly associated with both aneuploidy and
structural malformations. 35% of patients with a nuchal translucency measurement greater

than 3 mm subsequently had confirmed aneuploidy (Nicolaides et al. 1992; Hyett et al. 1997).

Besides, a combined test (sometimes called an integrated test) is carried out. This approach
uses both a blood test and an ultrasound during the first trimester, as well as a second-trimester
blood test. Therefore, the health care provider can set up a DS risk rating (Driscoll et Gross

2009).

If the prenatal screening test suggests the likelihood of DS, a diagnostic test can be performed.
Diagnostic testing for DS involves removing a sample of genetic material, in this case it would
be possible to perform either an amniocentesis, where a sample of amniotic fluid is taken.
Chorionic villus sampling in which a sample of cells from the placenta and percutaneous
umbilical blood sampling, that use a sample of fetal blood in the umbilical cord through the
uterus. All these tests are searching for an extra chromosome and present a risk for the fetus
(Carlson et Vora 2017). On the other hand, it is possible to use a non-invasive procedure to
analyze the plasma cell-free fetal DNA. This involves extracting fetal cells from the mother's
peripheral blood and rare fetal cells from exfoliated cells. The utilization of placental cells
circulating in maternal blood for DNA fragment diagnosis technologies has gained widespread
acceptance in clinical settings for the detection of common chromosomal aneuploidy (Tang et

al. 2022).
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Finally, a diagnosis after birth can be done, that is often based initially on physical signs of the
syndrome. However, because some individuals with DS may not have these symptoms, a blood
sample is taken to confirm the diagnosis. The blood sample is analyzed to confirm by genetic

approach (karyotype, sequencing...) the presence of an extra chromosome 21 (Hall 1966).

1.3. Prevalence

The actual prevalence is one out of every 1000 births worldwide. In France, at the end of 2017,
the total number of people carrying DS would therefore be between 38,700 and 49,100, giving
a prevalence in the total population of 5.5/10,000. (« European Platform on Rare Disease
Registration », s. d.). Now in France DS is considered as a rare disease. A disease is defined as
rare when it affects less than one in 2,000 people (« Rare Diseases - European Commission »

2024).

The prevalence is also affected by the rise in average maternal age over time that has brought
an increase in the number of pregnancies affected by DS. Nonetheless, the growing incidence
of prenatal screening and pregnancy termination has generally offset the impact of maternal

age and produced a comparatively constant live birth prevalence (Loane et al. 2013) (Figure 2).

250,000 - Age (years)

=60
% 200,000 50-59
8 40-49

Q.

% 150,000 - 30-39
E 25-29
€ 100,000 - 20-24
z 15-19
10-14

50,000 | m 59

H 04

0
&)

Figure 2. Down syndrome prevalence in US between 1950 and 2023. (Antonarakis et al. 2020).
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2. Down syndrome clinical presentation beyond craniofacial
changes

The clinical features of DS are complex and variable. Not all alterations are present in the same
manner in each affected individual (Hall 1966). These features occur in different degree in every
individual with trisomy 21, including craniofacial (CF) dysmorphology, intellectual disability,
hypotonia. CF is very frequent with 75% of individuals showing brachycephaly or 60% with
epicanthic fold. Some individuals also present congenital heart disease (40%), and higher
probability of having leukemia (10-20%) compared to the general population (Antonarakis et
al. 2004). Below | will present the two main features and the comorbidities associated with DS.

| will present separately the CF features in a dedicated paragraph.

2.1. Intellectual deficiency

Intellectual disability is recognized as the most important feature of DS (Vicari 2006). It is
defined as a developmental disability that begins during childhood and is characterized by
significant impairment of intellectual functioning and adaptive skills, which causes major

limitations to living a normal, independent life (Dierssen, Herault, et Estivill 2009).

When it comes to clinical practice, an intelligence coefficient (1Q) of less than 70 is considered
limited in intellectual functioning. The severity of the cognitive impairment and the appearance
of other (noncognitive) symptoms vary greatly amongst people with Down syndrome. People
with DS often have an IQ between 25 and 55, which is in the severely to moderately retarded

range (Vicari et al. 2004; Rueda, Flérez, et Martinez-Cué 2008).

The genetic complexity of Down syndrome accounts for the majority of the 1Q variability, and
other factors, such as the child's surroundings and the degree of stimulation received from
others around him, may also play a role. Furthermore, research on the cognitive deficiencies
experienced by DS carriers has shown that as their development advances, their 1Q scores

decrease. In fact, the average IQ of children with T21 is between 45 and 71, while that of
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adolescents and young adults is between 28 and 47, indicating a decrease in IQ with age (Vicari

et al. 2004).

A stable set of morphogenetic and functional central nervous system manifestations, including
neurological or psychiatric illnesses and brain deformities, are linked to the intellectual
disability in DS. Despite being widely utilized, the 1Q test lacks specificity and therefore cannot
be used to establish a genotype/phenotype correlation. It is important to establish precise
diagnostic criteria and use a battery of evaluative tools to record various cognitive abilities such
as verbal fluency, abstract reasoning, short- and long-term memory, skill learning, among

others (Dierssen, Herault, et Estivill 2009).

Adults with DS present psychiatric disorders as depressive disorder or aggressive behavior
(25.6%), which further complicates the situation. Individuals with DS may also have disruptive
behavior, attention deficit, hyperactivity disorder (6.1%), conduct/oppositional disorder (5.4%),

or aggressive behavior (6.5%) (Roizen et Patterson 2003).

In addition, children with Down syndrome exhibit a significant delay in their developmental
skills when compared to other children developing (van Gameren-Oosterom et al. 2011) such
as learning to walk, grasping objects or even language skills due to difficulties in articulating the
jaw (Melyn et White 1973). The brain's anatomical differences, such as the shrinkage of the
cerebellum, frontal lobes, parietal lobes, corpus callosum, and hippocampus, as well as a delay

in central and peripheral neuronal myelination, can account for the delay (Alesi et al. 2018).

2.2. Muscular hypotonia

Many deficits, including hypotonia, ligament laxity, decreased muscle strength, insufficient
muscular co-contraction, poor postural control, and disrupted proprioception, are found in
individuals with Down syndrome. Additionally, DS individuals exhibit balance dysfunctions (Jain

et al. 2022).

Hypotonia is caused by tendon laxity affecting the stability of the joint (Malak et al. 2015;

Schott, Holfelder, et Mousouli 2014). Besides, insufficient bone density, hypoplasia of cartilage,
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failure in sensory integration processes, and muscle weakness cause incorrect muscle

contraction (Malak et al. 2015).

Children and adolescents with Down syndrome experience a variety of neuromuscular and

musculoskeletal abnormalities as a result of these anatomical modifications (Malak et al. 2015).

2.3. Comorbidities associated with Down syndrome

DS individuals health is associated with different comorbidities as congenital heart defects,
gastrointestinal problems, endocrine disorders (hypothyroidism), higher risk for infections,
cancer, and obstructive sleep apnea between others (Startin et al. 2020). But also, DS is
associated with increased risk for other neurodevelopmental conditions including autism and

attention deficit hyperactivity disorder (ADHD) (Naerland et al. 2017).

2.3.1. Congenital Cardiac Defects (CHD)

Congenital cardiac defects are by far the most common and leading cause associated with
morbidity and mortality in patients with Down syndrome, especially in the first 2 years of life
(Benhaourech, Drighil, et Hammiri 2016). Septal defects are the most prevalent, with atrial
septal abnormalities accounting for 32.5% of cases, ventricular septal defects accounting for
20.6% of cases, and atrioventricular septal defects accounting for 17.4% of cases (Heinke et al.

2021).

It is advisable to undergo a fetal echocardiography examination throughout pregnancy. A
postnatal cardiology examination should also be conducted, followed by an echocardiography
examination within the first month following birth. The management of these defects, including
surgical repair, is similar for DS children and the general population. The postoperative
mortality rate in children with Down syndrome is comparable to or lower than in the whole
population. It is recommended that all individuals with Down syndrome have annual screening
throughout their lifetime to detect any evidence of acquired valve disease and heart failure

(Antonarakis et al. 2020).
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2.3.2. Gastrointestinal abnormalities

Gastrointestinal abnormalities occur in approximately 4 to 10% of individuals (Malt et al. 2013).
In longitudinal research spanning 10 years, it was shown that 50.7% of the participants
exhibited gastrointestinal issues. The predominant disorders observed were chronic intestinal
constipation (49%), intestinal parasites (giardiasis, ascariasis, or enterobiasis—22%), and
gastroesophageal reflux disease (14%). 5% of individuals experienced a deformity in their

digestive tract (Bermudez et al. 2019).

In a recent systematic study found that DS is connected with a range of prevalence rates of
obesity, ranging from 23% to 70%. Possible factors contributing to obesity, along with being
shorter in height, included elevated levels of circulating leptin (indicating leptin resistance),
decreased expression of adiponectin, following an unhealthy diet, having other medical
conditions, experiencing difficulty with walking, and having a lower resting energy expenditure

due to poor fitness and low levels of physical activity (Bertapelli et al. 2016).

2.3.3. Immune system-related diseases

DS is commonly linked to immunological dysfunction (Cruz et al. 2009). The presence of these
issues in DS patients leads to a reduction in life expectancy due to elevated rates of infections,
hematological malignancies, and autoimmunity. Various modifications to the inherent and
acquired immune response elements have been proposed as potential explanations for the
reported susceptibility of individuals with Down syndrome to autoimmune disorders (Ferrari et

Stagi 2021).

Malfunctions are detected in the process of distinguishing B cells, resulting in a notable
reduction of switched memory B cells. Dysregulated T cell function, impaired T cell maturation,
and abnormal proliferation of memory T cells exist. It has been shown that individuals with DS
have CD8+ T cells that produce excessive amounts of cytokines associated with autoimmunity,
while their CD4+ T cells have a biased state towards increased production of IL-17A (Araya et

al. 2019).
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Defects in the Toll-like receptors (TLRs) and interferon (IFN) activity are found. These are
important not only for defending against infections but also for preventing damage caused by
excessive cytokine production and the resulting autoimmunity. Cytokines may contribute to the
harmful effects of inflammation by increasing the levels of both pro-inflammatory (IL-2, IL-1, IL-
6, TNF-) and anti-inflammatory cytokines (IL-10, IFN- ) at the initial stage and after stimulation
(Mattos et al. 2018; Huggard, Doherty, et Molloy 2020).

2.3.4. Sleep Apnea

The occurrence of obstructive sleep apnea is widespread in patients with DS, with an estimated
prevalence ranging from 54% to 90%. It is important to do symptom screening at every health
check. These symptoms include loud snoring, heavy breathing, restless nights, daytime
sleepiness, as well as neurocognitive symptoms like irritability, melancholy, paranoia, cognitive

impairment, and behavioral problems (Antonarakis et al. 2020).

Sleep apnea has been attributed to the skeletal and soft-tissue structural alterations that are
characteristic of the DS phenotype, predisposing patients with this condition to sleep-
disordered breathing and airway obstruction. The particular modifications include
adenotonsillar hyperplasia, midfacial and mandibular hypoplasia, hypotonia, macroglossia,
choanal atresia, an acute cranial base angle, and tiny upper airways (de Miguel-Diez, Villa-

Asensi, et Alvarez-Sala 2003; Goffinski et al. 2015; Ng et al. 2006).

It is advisable to do overnight polysomnography for all children with DS who are under the age
of 4, irrespective of any symptoms they may have (Esbensen et al. 2018). Other methods, such
as home oximetry, have been proposed to identify persons at risk and decrease the number of
children needing comprehensive diagnostic studies. Treatment options for sleep apnea
encompass the utilization of continuous positive airway pressure (CPAP), mandibular
advancement devices, and weight reduction. While surgical procedures such as tonsillectomy
and adenoidectomy can be considered, it is important to note that sleep apnea may still

continue even after the surgery (Churchill et al. 2012).
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2.3.5. Cancer

While the overall occurrence of cancer is similar between the DS population and the general
population, individuals with DS have a lower likelihood of developing solid tumors and a higher
likelihood of developing hematological malignancies, specifically acute leukemia. Due to this
factor, children with Down syndrome have a notably higher likelihood of acquiring acute
leukemia compared to those who do not have DS (Henrik Hasle et al. 2016; H. Hasle,
Clemmensen, et Mikkelsen 2000). The cumulative risk of leukemia in children with DS is 2% by
5 years of age and 2.5% by 30 years of age. Leukemia represents 96% of all malignancies,

whereas in the general population it is 34% (Baruchel et al. 2023).

2.3.6. Alzheimer's disease

One notable characteristic of DS is an increased risk of developing Alzheimer's disease (AD)
between 45 and 65 years of age. Trisomy of chromosome 21, when it occurs in all cells,
consistently leads to the formation of amyloid plagues and neurofibrillary tangles in the brain,
which are common features of Alzheimer's disease pathology. This often happens by the age of
40, and around two-thirds of people with Down syndrome experience dementia by the age of
60 (Wiseman et al. 2015). Nevertheless, the occurrence of dementia does not reach a 100%
incidence, even among older adults, indicating that certain individuals with DS are shielded

from the development of AD.

APP, responsible gene for producing amyloid precursor protein is believed to play a crucial role
in the development of AD. The presence of an extra copy of the APP may contribute to the
progression of AD in individuals with DS by elevating the levels of amyloid-B (AB), a protein
fragment derived from APP that abnormally folds and builds up in the brain of AD patients
(Wiseman et al. 2015).

2.4. Physical Dysmorphisms

Individuals with DS exhibit distinct physical characteristics as a flattened face, especially the

bridge of the nose, up slanting almond-shaped eyes, a tongue that tends to stick out of the
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mouth, a short neck, small ears, hands, and feet, a single line across the palm of the hand
(palmar crease), small pinky fingers, poor muscle tone or loose joints and shorter-than-average
height (CDC 2024). Besides, defects in the atlantoaxial joint, which is located between the first

and the second vertebrae, are deleted in about 20% of individuals (Alvarez et Rubin 1986)

3. Craniofacial Dysmorphism in Down syndrome

Craniofacial (CF) dysmorphic features are distinctive in individuals with DS (Kisling 1966)
although their severity varies from individual to individual (Roper et Reeves 2006). Facial
features associated with DS can include epicanthic folds, oblique palpebral fissures, a flattened
nasal bridge, an upwardly turned nose, reduced size of the lower and upper jaw, a midface
retrusion (hypoplasia), impaired growth of the skull and face, a relatively short face, a tendency
to keep the mouth open which may result in a protruding tongue, and various other anatomical
alterations (Pueschel 2001). While the face is affected in all people with DS, the degree of
anatomical change in craniofacial osseous and soft-tissue induced by trisomy 21 during
morphogenesis and subsequent growth varies on a person by person basis (Alio, Lorenzo, et

Iglesias 2008).

It is important to understand that those facial features correspond to the expression of the
changes in the osseous structure. An overall reduction in head dimensions (microcephaly),
brachycephaly (relatively wide neurocranium), small midface, reduced mediolaterally orbital
region, reduced bizygomatic breadth, small maxilla, small mandible and increased individual
variability are seen (Fink, Madaus, et Walker 1975; Farkas, Kolar, et Munro 1985; Allanson 1993;
Frostad, Cleall, et Melosky 1971; Farkas, Posnick, et Hreczko 1991; Richtsmeier, Baxter, et
Reeves 2000). Moreover, individuals experience a low bone mass associated with reduced

osteoblast activity and bone turnover (McKelvey et al. 2013) (Figure 3).
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Euploid Down syndrome

Figure 3. Craniofacial dysmorphism in Down syndrome. Left euploid skull. Right Skull of DS
individual, it is possible to observe the characteristic microcephaly and brachycephaly.
(Dierssen, Herault, et Estivill 2009).

Initial studies on craniofacial morphology and variability in persons with DS relied on two-
dimensional analyses using lateral or frontal cephalograms, which were insufficient in capturing
the full range of variation and surface topography in three dimensions. (Frostad, Cleall, et
Melosky 1971; Kisling 1966; O’Riordan et Walker 1978). Qualitative labels are useful for
identifying and grouping facial features of individuals with DS, but such labels may be poorly
defined and are operator dependent. These factors may influence data collection and analysis
and could potentially obscure true patterns of anatomical changes associated with DS and their
impact on morphogenesis and growth. Several studies aiming to determine the variation in
individuals with DS have only utilized a limited number of basic assessments related to the

palate, teeth, and dermatoglyphics (Shapiro 1975; Shapiro et al. 1967).

CF cephalometric studies (Figure 4) analyzed different mean dimensions in the CF structure of
DS individuals. In the case of the cranial base length, measuring the mean distances between
Sella, Nasion and Basion points, it was found that anterior cranial base length was significantly

shorter in DS subjects than among control subjects (Jesuino et Valladares-Neto 2013), same
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finding for posterior cranial base (Latham 1972); giving in conclusion that the total cranial base
length is significantly smaller than in the general population. Upon evaluation of the cranial
base angle, it was observed that DS participants exhibited a considerably greater angle
compared to the control subjects. In addition, radiographic data of persons with Down
syndrome reveals a delay in the fusing of the intra-sphenoidal synchondrosis, which is crucial
for the flattening mechanism of the cranial base. The synchondrosis does not fuse until the age
of 7, but in the average population, it is completely obliterated by the end of the first year of
life (Michejda et Menolascino 1975).

The anteroposterior position of the maxilla to the cranial base, is also significantly shorter in
individuals with DS (Jesuino et Valladares-Neto 2013) and the maxillary length was found
significantly smaller in DS than control groups, corroborating the existence of maxillary
hypoplasia in the sagittal plane (Alio, Lorenzo, et Iglesias 2008). A review of 2020, where seven
studies using craniofacial cephalometric were analyzed, shows that the anterior and posterior
face height were significantly smaller among individuals with DS. The maxillary hypoplasia in
the vertical plane is fundamental for the deficiency in the midface region (Vicente et al. 2020).
The mandible in DS individuals is significantly smaller than that of the control subjects at all
ages (Fink, Madaus, et Walker 1975; Allanson 1993). In addition, in terms of growth, the
maxillary bone has reduced growth in comparison to the mandible (Fink, Madaus, et Walker

1975).

Brachycephaly is found in almost 90% of individuals with DS (Shukla et al. 2014). Brachycephaly
results in an abnormally broad head with a high forehead. It occurs when the right and left
coronal sutures close prematurely and is often associated with other craniofacial abnormalities.
However, the skull grows nearly to the same size as the general adult population (Dierssen,

Herault, et Estivill 2009).
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Figure 4. Cephalometry traced with a computerized analysis. Scheme of a lateral cranium
radiography traced with the following cephalometric landmarks S (sella), N (nasion), Ba
(basion), ANS (anterior nasal spine), PNS (posterior nasal spine), point A, Po (porion), Or
(suborbital), CC (pterygomaxillare), and Co (condylion) (Alio, Lorenzo, et Iglesias 2008).

To gain a more comprehensive understanding of craniofacial characteristics related to DS,
researchers have begun developing three-dimensional analysis methods. While radiographs
can only assess the skeletal structure, anthropometry enables a 3D analysis of the entire
craniofacial arrangement without subjecting the individual to potentially harmful procedures
(Farkas et al. 2001; Farkas, Katic, et Forrest 2002b; 2002a). Two quantitative noninvasive
methods started to be used, collecting soft tissue facial data in three dimensions: conventional
anthropometry and digital computerized anthropometry (Allanson 1993; Farkas et al. 2001;
Farkas, Katic, et Forrest 2002b; 2002a).

Some of the first quantitative studies performed with conventional anthropometry have
analyzed facial dimensions and ratios in North American whites (Farkas, Katic, et Forrest 2002b;

Farkas et al. 2001; Farkas, Katic, et Forrest 2002a) and Croatian subjects (Bagi¢ et Verzak 2003)
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with Down syndrome, providing a detailed description of the abnormal morphology. The recent
discoveries were consistent with the findings documented in previous literature: an
underdeveloped middle third of the face with a decreased projection of the nose (resulting in
a flatter facial contour in both the horizontal and sagittal planes), and a diminished mandibular
area (including a decrease in the angles formed by the soft tissues on both sides of the jaw)
(Farkas, Katic, et Forrest 2002a; 2002b; Farkas et al. 2001; Bagi¢ et Verzak 2003; J. T.

Richtsmeier, Baxter, et Reeves 2000; Ferrario et al. 2004).

Another initial digital anthropometry study was performed in a group of Italian subjects with
DS, and the areas and volumes of several facial structures (nose, lips, eyes, ears) were analyzed
(Ferrario et al. 2004). In 2005, the same team (with Italian subjects with DS), using digitalized
soft tissue facial landmarks, found smaller facial size and mean z-scores falling outside the

I”

normal interval when compared to “normal” sex-, ethnic-, and age-matched controls (Sforza et

al. 2005).

At present, the most reliable analysis corresponds to a morphometrics approach, with the
guantification and statistical analysis of form in three dimensions (Hallgrimsson et al. 2015). A
team in USA (Khurana et al. 2024) utilized Cone Beam Computed Tomography (CBCT) to
examine the dental and craniofacial morphology of six individuals with DS (Figure 5). This
investigation identified prognathic maxilla in five individuals, prognathic mandible in four
patients, and bimaxillary protrusion in two patients, contrasted results with previous reports
where retrognathic maxilla, prognathic mandible, and bimaxillary protrusion was found
(Korayem et AlKofide 2014). The dental examination revealed the presence of microdontia,
enamel hypoplasia, and congenitally missing teeth, with the maxillary and mandibular third
molars being the most frequently absent. Additionally, sinus abnormalities, delayed suture
closure, and cervical spine deformities were noted. These findings enhance our comprehension
of craniofacial traits associated with Down syndrome and align with earlier research. However,
it is important to note that studies of this nature involving humans are severely restricted

(Khurana et al. 2024).
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Figure 5. Cone Beam Computed Tomography of a Down syndrome individual. On the Left, lateral

cephalometric analysis shows hypodivergent face type, hypoplastic maxilla, proclined anterior teeth,
and anterior crossbite. In the middle, a 3D frontal volumetric rendering view shows facial asymmetry;
On the right side, a 3D lateral volumetric rendering view shows Class Il skeletal pattern (prognathic
maxilla and orthognathic mandible) Molar class Il full step (red circle) (Khurana et al. 2024).

4. Oral anomalies

DS individuals present several dentofacial anomalies, as fissured tongue, macroglossia,
ankyloglossia, angular cheilitis, high arched palate, lack of lip seal, malocclusion, crossbite, open
bite, crowding of anterior teeth and many dental anomalies (delayed eruption, microdontia,

fractured teeth, retained deciduous teeth, congenitally missing teeth).

4.1. Soft tissues disorders

The most common oral anomaly seen in the individuals with DS is the fissured tongue followed
by macroglossia (Bhowate et Dubey 2005). Most of the patients with fissured tongues
presented multiple fissures and various fissure patterns on the dorsal surface of the anterior
two-thirds of the tongue. The cause of the fissured tongue is possibly developmental (Shukla et
al. 2014) and is not associated with sex. The dorsal surface of the tongue, in most cases, was
dry because of mouth breathing. The macroglossia in Down syndrome individuals can be
defined as a “relative” macroglossia because the tongue that is large relative to the bony
elements of the oral cavity but with an absolute volume not greater than that of the normal

tongue (Guimaraes et al. 2008). A few individuals also presented with scalloped margins and
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imprints of teeth due to abnormal pressure of the enlarged tongue on the teeth (Shukla et al.

2014).

Angular cheilitis and lack of lip seal is also present in DS individuals, this can be the result of the
hypotonia of the orbicularis, zygomatic, masseter, and temporalis muscles that leads to mouth

breathing and drooling (Wilson 1994).

The high prevalence of high arched palate in this study could be due to midface hypoplasia

resulting in a reduction of the length, height, and depth of the palate (Klingel et al. 2017).

4.2. Occlusal disorders

The occlusion, in most cases, corresponds to a class lll with prognathy and inverse occlusion
(anterior and posterior) (Hennequin, Faulks, et Veyrune 2000). In a study from India, individuals
with Down syndrome showed a 93% incidence of definitive malocclusion, primarily of Angle
Class Il malocclusion (V. Macho et al. 2014). This could be attributed to the underdevelopment
of the midface bones, causing a shortened palate in the anteroposterior dimension (Alid et al.
2011). The most frequent occlusal abnormalities stem from variations in vertical and transversal
dimensions (anterior open bite, posterior crossbite and reductions in the maxillary arch) (Faulks

et al. 2008; Bauer et al. 2012).

Crossbite was found with a prevalence of 31-33% in a group of DS children (Oliveira et al. 2008).
Anterior crossbite is primarily attributed to the anteroposterior deficiency of the maxillary arch
development, resulting in a crossbite of the mandible, projecting the jawbone arch towards the
front of the maxilla (Soares et al. 2009). Anterior open bite is a common occurrence in
individuals with Down syndrome. The oral and facial musculature, specifically the tongue and
lips, exhibit hypotonia. Tongue thrust and posture may impede proper tooth eruption, leading
to an anterior open bite and affecting the form of the dental arch and tooth positioning.
Typically, these children exhibit an elevated palate, enlarged tonsils, reduced muscle tone, and
nasal blockage, resulting in breathing via the mouth and frequently causing an anterior open

bite (Oliveira et al. 2008).
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Also, It has been reported in the literature that bruxism prevalence is higher in children with
cognitive impairment compared to normal children (Miamoto et al. 2011). DS children have
bruxism at a young age and usually it persists throughout life. The factors that are thought to
contribute to this phenomenon are that DS children have underdeveloped nervous system,
malocclusion, chronic anxiety, temporomandibular joint dysfunction, hypotonicity and laxity of

the supporting ligaments (V. Macho et al. 2014).

4.3. Dental anomalies

The prevalence of dental anomalies in Down syndrome patients is about 50.5-95.5%. They are
associated with a slow cellular growth rhythm and a reduction in the number of cells that
strongly influence tooth development, and they are associated with hypodontia, microdontia,

and taurodontism (Desingu, Adapa, et Devi 2019).

4.3.1. Number Anomalies

Tooth number anomalies are 10 times more frequent in DS individuals than the general
population (Sixou 2008). Its phenotypic presentation is varied in terms of severity and various
terms have been used to describe it - congenitally missing teeth, tooth agenesis, hypodontia,
oligodontia and anodontia- (Al-Ani et al. 2017) (Figure 6). Tooth agenesis refers directly to the
developmental failure of a tooth. Hypodontia, is more suitable for classifying the type of tooth
agenesis present and refers to the developmental failure of six or fewer teeth (Nieminen 2009).
Oligodontia and anodontia are used to describe more severe forms of tooth agenesis, typically
the absence of more than six teeth and the entire dentition, respectively (Nikopensius et al.

2013).

In DS, the most frequent anomaly corresponds to hypodontia, with a 61.5% of incidence
(Andersson et al. 2014). The condition is found more commonly in the maxilla than the
mandible. The most common congenitally missing teeth in hypodontia are upper lateral
incisors, upper second premolars, lower lateral incisors, and lower second premolars, and they

are most prevalent in the female population (Andersson et al. 2014).
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True anodontia, often known as congenital tooth absence, can be classified into two types:
entire and partial (Desingu, Adapa, et Devi 2019). In DS individuals, the incidence of anodontia
is 39.2% (Moraes et al. 2007). The incidence of oligodontia among 63 individuals with Down

syndrome was found in 23.8% of the total studied population (Russell et Kjaer 1995).

The prevalence of tooth agenesis in individuals with Down syndrome ranges from 54.6% to
58.5%. It often affects both sides of the mouth and commonly involves the lateral incisors and
second premolars in both the upper and lower jaws. Tooth agenesis is a multifaceted and
multifactorial characteristic that is highly prevalent in individuals with Down syndrome. It is
influenced by both environmental and genetic variables. This condition typically affects the

maxillary lateral incisor, mandibular premolar, and mandibular incisors (Desingu, Adapa, et Devi

2019).

Figure 6. Patient presenting with several features of hypodontia. Agenesis of the maxillary lateral

incisors and the second lower premolars, the retained primary mandibular second molars, the
generalized spacing, and the deep bite (Al-Ani et al. 2017).
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4.3.2. Form and structure anomalies

Taurodontism is the most common form of anomaly seen in DS and corresponds to a dental
anomaly only visible on X-rays and characterized by an elongated pulp chamber displaced
towards the apical plane of the tooth and by short roots (Sixou 2008). In a study of 49 subjects
with DS the incidence of taurodontism was found in 42 individuals with 238 involved teeth

(85.7%) (Moraes et al. 2007).

Microdontia refers to teeth that are smaller in size. 35-55% of Down syndrome patients present
with microdontia in both the primary and secondary dentition (Desai 1997). In contrast, in 2016,
a study assessed a cohort of 105 individuals diagnosed with Down syndrome, and found only
that 17 of them (16.2%) exhibited microdontia (Cuoghi et al. 2016), demonstrating that this

characteristic has a great variability among DS individuals.

In addition, enamel hypoplasia and hypocalcification are common in DS. Infants show
generalized or localized congenital dental malformation ranging from intrinsic discolorations
that are smooth to defects that are easily detected by a dental instrument. Hypoplastic defects
are frequently the result of significant ilinesses or prolonged fevers. Hypocalcified teeth should
be under observation for early onset of decay. Depending on the degree of hypoplasia general
recommendations would vary from sealants to smooth rough defects to bonding or
restorations to full crown coverage. Topical fluoride application should be considered as a

preventive measure (Desai 1997).

4.3.3. Eruption anomalies

Tooth eruption may be delayed and may occur in an unusual order in DS. Primary tooth eruption
in DS individuals may be delayed up to the 12th month, while the first permanent molar starts
to appear around age 8 (Gallo et al. 2019). A study that included 94 children with Down
syndrome measured the mean dental maturity score, that expresses the degree of dental
development in a child, the score for control children was 30.07 (SD 19.89) and for DS
individuals was 15.07 (SD 11.20) (van der Linden et al. 2017).
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The eruption movement results from a balance between tissue destruction (bone, connective
tissue and epithelium) and tissue formation (bone, periodontal ligament and root). The delay
in clinical emergence of teeth within the oral cavity in DS probably finds its origin in the gingival
tissue or other factors such as the cellular processes at the apical and occlusal side of the
erupting tooth. It is possible that a genetic disturbance in the RANKL/OPG system or the

disturbance of RUNX2 is a cause for the impaired eruption (van der Linden et al. 2017).

4.3.4. Position anomalies

A study in 2000, reveals a high prevalence of impacted maxillary canines, and maxillary canine-
premolar transposition in patients with Down syndrome. Canine/premolar transposition is rare,
with a prevalence of less than 0.1% in modern populations, nevertheless, among patients with
Down syndrome a prevalence of 15% is found. This dental anomaly was present in dentitions
that also exhibited either congenitally missing or peg-shaped makxillary laterals. These findings
support the existence of a hereditary primary displacement of the tooth germ in the Down
syndrome population in addition to the other well-documented dental anomalies (Shapira,

Chaushu, et Becker 2000).

4.4. Periodontal disease

Individuals with DS have a high prevalence of periodontal disease, making it the most common
oral disease associated with this syndrome (Amano et al. 2001; Sasaki et al. 2004). In 1960,
Cohen et al. were the first to report the marked prevalence of periodontitis in young individuals
with DS (Cohen et al. 1961). Modern studies have reported a prevalence of between 58% and
96% for DS individuals under 35 years of age (Morgan 2007). Other studies have reported
similar results, with prevalence rates ranging from 60% to 95% (Bimstein et al. 2008). Because
of this high prevalence, in 1999, The American Association of Periodontology (AAP), agreed
upon a new classification of periodontal disease in people with DS, defined as “periodontitis as

a manifestation of systemic diseases associated with genetic disorders” (Armitage 1999).
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Periodontal disease in patients with trisomy 21 can be detected at an early age. The conditions
similar to those of individuals with early-onset periodontitis, including juvenile and prepubertal
periodontitis (Cutress 1971; Orner 1976). Early cross-sectional epidemiological studies revealed
a significant correlation between age and the prevalence of bone loss in Down syndrome
subjects with a mean age of 17.7 (Izumi et al. 1989). These studies suggest that the prevalence
of periodontal disease is age-dependent in young adults with Down syndrome. The progression
of periodontal disease with age is inevitable in DS, but not all patients are equally exposed to
it. Longitudinal studies of these patients have shown that the disease progresses rapidly,
although the rate of progression varies from individual to individual (Cichon, Crawford, et

Grimm 1998; Saxén, Aula, et Westermarck 1977).

The behavioral pattern of the disease is very peculiar, more severe and aggressive. Periodontal
destruction affects primary and permanent teeth, although lesions are most severe around the
anteroinferior teeth (Yoshihara et al. 2005). In children, the teeth most affected by the disease
are the mandibular incisors and maxillary first molars; canines are the least affected teeth
(Modéer, Barr, et Dahllof 1990). In adults with DS, manifestations of periodontal disease are
characterized by marginal gingivitis, necrotizing ulcerative gingivitis, advanced periodontitis,
gingival recession and pocket formation. Vertical bone loss with suppuration (5 mm or more in
around 70% of DS individuals), mobility of posterior and anterior teeth and frequent tooth loss,
particularly in the anterior region of the mandible, are also very common. Children with DS may
have a greater tendency to bleeding periodontal tissues and the early onset of gingival
inflammation (Carrada et al. 2016). Periodontal disease is an important cause of tooth loss in

DS individuals (Reuland-Bosma, van der Reijden, et van Winkelhoff 2001).

On one side, the cause of this severe and exacerbated periodontal disease found in DS, is
related to the abnormalities found in the DS immune system as previously described. The
polymorphonuclear leucocytes (PMN) activity towards aggregatibacter
actinomycetemcomitans (one of the principal bacteria related to periodontitis) is reduced in DS
individuals compared to age matched controls (Frydman et Nowzari 2012). On the other side,
the number of periodontal pathogens in DS individuals has been found to be higher. Higher

amounts of P. Gingivalis, motile organism, Tannerella forsythia and spirochetes have been
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reported in different studies. Viruses have also been reported to co-exist with the periodontal
pathogens in some DS cases such as Epstein-Barr virus, human cytomegalovirus and herpes

virus (Ghaith, Halabi, et Kowash 2017).

4.5. Caries

Regarding dental caries, most of the literature and research studies describe a low prevalence
of dental caries in DS children both in the primary and permanent dentition (Macho et al. 2014;
Macho et al. 2013; Areias et al. 2013; Jensen, Cleall, et Yip 1973). However, some studies have
indicated comparable or higher rates of dental caries between individuals with Down syndrome
(DS) and the control group. The inconsistent results may be due to inadequate study designs,

insufficient sample size, and the lack of control over variables (Fung, Lawrence, et Allison 2008).

The reduced risk of tooth caries in individuals with DS can be attributed to several factors. These
include higher salivary pH, which creates a less acidic environment in the mouth, and higher
levels of salivary bicarbonate, which improves the mouth's ability to neutralize acids. DS
individuals also tend to have a delayed eruption of teeth, which means they are exposed to
caries-causing factors for a shorter period. Additionally, their teeth may be flatter because of
early bruxism, making it harder for debris to accumulate and allowing for self-cleansing of the
tooth surfaces. Furthermore, due to the intricate nature of their medical condition, the parents
of these individuals exhibit a elevated level of worry regarding their oral well-being and

proactively seek dental guidance at an early stage (Ghaith, Halabi, et Kowash 2017).
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5. Rodent models mimicking the craniofacial phenotype of Down
syndrome

The primary goal in comprehending the pathology of DS has been to establish the genotype-
phenotype correlation through the examination of individuals with partial T21 (Delabar et al.
1993). The rationale of this approach is that cases of partial trisomy 21 associated with DS
features could identify genomic regions associated with specific phenotypes. Because of
variable penetrance, only the presence of a particular phenotypic trait is informative for
mapping. Investigations into further alterations, such as deletions and translocations that affect
HSA21 may also yield insights into the role of HSA21 genes in DS. Initial research postulated
that a very limited area of HSA21 would have a significant impact on DS phenotypes, and
proposed the concept of a DS critical region (DSCR), region between the genes KCNJ6 and
DSCR4, spanning 3.8—6.5 Mb and containing ~25-50 genes (McCormick et al. 1989; Korenberg
et al. 1990; Lyle et al. 2009). However, analysis of further cases indicated that it was more likely
that there were critical regions for particular phenotypes and not for the majority of the

phenotypes (Korenberg et al. 1994; Lyle et al. 2009).

An extra copy of one or more of the 310 genes presents in HSA21, and the presence of
disruptions in protein homeostasis is the current hypothesis to explain different phenotypes in
DS (Zhu et al. 2019; Duchon et Herault 2016). Some of these genes are dosage-sensitive; this
means that the third copy is expressed and responsible for enhanced activities. Identifying the
dosage-sensitive genes responsible for each element of DS phenotype will lead to a better
understanding of the molecular mechanisms underlying the various symptoms and will allow
better therapeutic options (Antonarakis 2017; Antonarakis et al. 2020). However, studying
partial trisomy in humans is overly limiting, because the global population of individuals with
incomplete trisomy is extremely small. For this reason, using animal models is crucial for
examining the association between genotype and phenotype in DS. Many genes are conserved
across mammals, implying that the genetic programs for a specific phenotype may also be
conserved. Therefore, this approach can validate the study of animal models to decipher

human genetic outcomes (Richtsmeier, Baxter, et Reeves 2000). Also, in the case of the CF
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research we have to consider the high correspondence of skull elements between humans and

rodents (Figure 7) (Richtsmeier, Baxter, et Reeves 2000).

Several studies in mice and humans have attempted to identify candidate genes that could
individually or together explain each clinical feature (Korbel et al. 2009; McCormick et al. 1989).
The HSA21 has a conserved synergy with orthologous regions of three murine chromosomes,
in mice, the Chr10, Chr16, and Chrl7 (Sago et al. 1998; Reeves et al. 1995) and the rapid
development of genetic engineering in the last years has made possible the generation of

multiple DS mouse models (Dierssen, Herault, et Estivill 2009; Herault et al. 2017).
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Figure 7. High correspondence of skull elements between humans and rodents. Color-coding
shows correspondence of structures between mouse and human skulls. The interparietal bone
(bright blue on the mouse skull) is an example of a skull bone that exists in the more primitive
(mouse) form, but not in the more derived human skull (Richtsmeier, Baxter, et Reeves 2000).

CF studies were performed in only a few DS mouse models. The most critical DS mouse model,
widely used in studies, is the Ts(1716)65Dn, named here Ts65Dn, which displays a variety of
phenotypes similar to those found in DS individuals (Olson et al. 2004). This is a strain that
carries an extra mini-chromosome with the mIR155-Zbtb21 region of Mmu16 (abbreviation for

Mus musculus Chr 16) translocated downstream of Pde10a, close to the centromere of Mmu17.
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Thus, Ts65Dn is trisomic for 104 Mmu16 genes orthologs to HSA21 genes between miR155 and
Zbtb21 (Olson et al. 2004; Gardiner et al. 2003; Mufiiz Moreno et al. 2020). The Ts65Dn model
presents a low bone mass caused by intrinsic cellular defects in osteoblast differentiation,
reducing bone formation. In addition, bone resorption mediated by osteoclasts is also reduced,
but it is not enough to overcome the low rate of bone formation (Parsons et al. 2007; Thomas
et al. 2021). These animals also show many cognitive and behavioral phenotypes similar to
those observed in patients with Down syndrome and characteristic skeletal, craniofacial,
cardiovascular, and megakaryocytopoiesis mimicking Down syndrome phenotype (McKelvey et
al. 2013). Ts65Dn mouse model presents brachycephaly, reduced facial and cranial vault
dimension, reduced cerebellar volume and granule cell density of the dentate gyrus, all features
present in human Down syndrome individuals (Figure 8) (Richtsmeier, Baxter, et Reeves 2000).
Even more similar CF changes to human features were found in our new Ts(1716)66Yah model,
devoid of non-Hsa21 triplicated genes (Duchon et al. 2022), confirming a major contribution of

genes from the m/IR155 to Zbtb21 overdosage to CF phenotypes.
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Figure 8. Ts65Dn CF phenotype. Ts65Dn skulls differ significantly from euploid mice in
patterns that parallel craniofacial anomalies in DS. Indicated measurements are illustrative
of some of the statistically significant relationships between Ts65Dn and euploid mice
(Richtsmeier, Baxter, et Reeves 2000).

Two other DS models were used to study CF defects. First, The Ts(16C-tel)1Cje (Ts1Cje) model
carries a translocation of a shorter region that encompasses 81 genes from Sod1 to Mx1,
orthologous to HSA21, to the telomeric part of mouse chromosome 12 (Sago et al. 1998; Huang
et al. 1997). This model was used to search for dose-sensitive genes involved in craniofacial
changes, as mice models present with a generalized reduction in CF size and additional features
(Figure 9) (Richtsmeier et al. 2002). Then, the Dp(16Cbrl1-Fam3b)1Rhr (noted here Dp1Rhr), a
model trisomic for 33 genes (Olson et al. 2007) exhibited a larger overall size and craniofacial
alterations, including a larger and morphologically different mandible than observed in Ts65Dn
mice and individuals with DS (Deitz et Roper 2011). Additional studies of Dp1Rhr mice have
shown differences in cerebellar and brain size, neuronal long-term potentiation, and in learning

and memory (Olson et al. 2007).

m—— SMaller in Ts1Cje
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Figure 9. Comparison of normal mouse cranium and mandible with locations of
landmarks used in analysis and differences between euploid and aneuploid Ts1Cje. Lines
show a subset of those linear distances that are significantly different between Ts1Cje
aneuploid and euploid littermates by confidence interval testing (in red and green), as well
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as some linear distances that are not affected by aneuploidy (in blue) (Richtsmeier et al.
2002).

The Cre-loxP technology has made engineering more precise duplications of regions
orthologous to Hsa21 possible. The Dp(16Lipi-Zbtb21)1Yey (Dp1Yey) is a mouse model with a
22.9 Mb direct duplication of the entire Mmul6 region in conserved synteny with HSA21,
containing 118 orthologous protein-coding genes (Li et al. 2007). The CF phenotype
corresponds to a reduced dimension of the maxillary and palate, brachycephaly, and reduced
mandibular size (Figure 10). The skulls also exhibited increased variance relative to euploid

littermates for specific linear distances (Li et al. 2007; Yu et al. 2010; Starbuck et al. 2014).
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Figure 10. Dp(16)1Yey CF phenotype. Lateral, superior, and inferior views of the mouse
cranium and superior and lateral views of the mandible. Linear distances that are
significantly smaller (solid) and larger (dashed) in Dp(16)1Yey trisomic mice relative to
euploid are depicted (Starbuck et al. 2014).
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Another model quite similar to Dp(16)1Yey, but with a slightly different duplicated interval, is
the Dp(16Lipi-Zbtb21)1TybEmcf or Dp1Tyb, that also presents a DS-like CF phenotype (Lana-
Elola et al. 2016). In addition, Dp1Tyb mice display many phenotypic features characteristic of
DS in humans, including congenital heart defects, reduced bone density, and deficits in
memory, locomotion, hearing, and sleep (Lana-Elola et al. 2011; Watson-Scales 2018; Chang et

al. 2020; Thomas et al. 2020).

In 2023, Redhead et al. using morphometrics, did the first genetic mapping taking as reference
Dp1Tyb, creating 6 different mouse models (Figure 11). They broke down the region duplicated
in Dp1Tyb in three different models, Dp2Tyb, Dp3Tyb and Dp9Tyb. Dp2Tyb and Dp3Tyb
presented the same CF changes found in Dp1Tyb, meanwhile Dp9Tyb presented no changes.
Later they took the Dp3Tyb region and broke it down again in three different short duplications,
Dp4Tyb, Dp5Tyb and Dp6Tyb. No abnormality was seen in Dp4Tyb cranium, while Dp5Tyb and
Dp6Tyb cranium were altered in shape but not in size. These results led them to identify four
loci causing the DS-CF phenotype found in Dp1Tyb. Furthermore, they crossed mice with a loss-
of-function Dyrkla allele (Dyrkla*") to DplTyb and Dp3Tyb mice to generate
Dp1Tyb/Dyrk1aKO and Dp3Tyb/Dyrk1aKO, achieving a partial rescue of the CF dysmorphology.
Dyrkla is therefore one of the genes required in three copies to cause craniofacial

dysmorphology in Dp1Tyb mice (Redhead et al. 2023).
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Figure 11. Genetic mapping by Redhead et al. (2023). Black lines represent
duplicated regions in each mouse model, showing the number of coding genes
within each region (Redhead et al. 2023).
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As observed in the different models described, partial trisomy has allowed mapping areas of
HSA21 contributing to craniofacial anomalies, but specific genes have not been identified yet
(Lyle et al. 2009; Korbel et al. 2009). Even Dyrk1a has been implicated in several DS phenotypes,
including cognitive impairment, motor function, and craniofacial abnormalities (Himmerle et
al. 2003; Arron et al. 2006; Atas-Ozcan et al. 2021; Redhead et al. 2023). The details of how the
dosage imbalance of HSA21 genes affects CF morphogenesis are still poorly understood

(Starbuck et al. 2017).

Unraveling the complex genetics and adaptative biological processes involved in forming
craniofacial structures is essential. Many genes are conserved across mammals, implying that
the genetic programs for a specific phenotype may also be conserved. Therefore, this can
validate the study of animal models to decipher human genetic outcomes (Richtsmeier, Baxter,
et Reeves 2000). Further, identifying the dosage-sensitive genes responsible for each element
of DS phenotype will help us to better understand the molecular mechanisms underlying the
various symptoms and will allow us to define better therapeutic options (Antonarakis 2017;

Antonarakis et al. 2020).

With this aim, new rodent models have been created in our team headed by Dr. Yann Herault,
at the IGBMC with the help of the Institute Clinique de la Souris/ Mouse Clinical Institute
(1ICS/MCI) - llikirch, using LoxP/Cre and now CrispR/Cas9 technologies. The models carry
duplication of different regions of the rodent chromosomes homologous to human

chromosome 21 (Figure 12) (Mufiiz Moreno et al. 2020; Duchon et al. 2021; 2022).

For the mouse, seven mouse models have been developed with segmental duplications in the
MMU16 homologous to HSA21. Dp(16Samsn1-Cldn17)7Yah [Dp(16)7Yah] with a duplication of
the segment compound between Samsn1 and Cldn17. Dp(16Tiam1-Clic6))8Yah [Dp(16)8Yah]
present a duplication between Tiam1 and Clic6. Dp(16Cldn17-Brwd1))9Yah [Dp(16)9Yah] with
a duplication in the interval between Cldn17 and Brwd1l. Dp(16Tmprss15-Setd4)10Yah
[Dp(16)10Yah] with the segment between Tmprss1l5 and Setd4 duplicated, similar to
Dp(16Tmprss15-Grik1)11Yah [Dp(16)11Yah], but this model with a region duplicated until
Grik1. Dp(16Tmprss15-Zbtb21)12Yah [Dp(16)12Yah] has the duplicated region from Tmprss15
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to Zfp295, and Dp(16Cldn17-Vps26¢c(Dyrk1aK0))13Yah [Dp(16)13Yah] from Cldn17 to Vps2é6c,

up to the sequence of Dyrk1a which is inactivated.

In the case of the rat, thanks to the support of the Jerome Lejeune and Bettencourt-Schueller
foundations, new DS rat models have been developed with segmental duplications in the
chromosomes 11 and 20 (Birling et al. 2017). In the rat genome, the regions homologous to the
HSA21 encompasses 213 genes found on the Rat chromosome 11 (Rnoll, Rno for Rattus
norvegicus) in the 24.4Mb interval between Lipi and Zbtb21 and on the Rno20 for the most
telomeric part of 3.6Mb between Umod!1 and Prmt2 (Muiiiz Moreno et al. 2020).

We have generated segmental duplication for each interval, Dp(11Lipi-Zbtb21)Yahlcs and
Dp(20UmodI1-Prmt2)Yahlcs, named here Dp(Rno11) and Dp(Rno20). Furthermore, given that
Dyrkla is an important candidate gene for the development of the DS-CF phenotype as
previously mentioned (Redhead et al. 2023; Johnson et al. 2024), we used other new rat models
linked to DS and Mental Retardation autosomal Dominant 7 syndrome (MRD7),

Dp(11Dyrkla)6Yah and Del(11Dyrk1a)4Yah (Birling et al. 2017).
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Figure 12. New Down syndrome rodent models. Above human Hsa21, new rat models Dp(RNO11)
and Dp(RNO20). In the lower part, new mouse models, in the following order from top to bottom:
Dp(16)12Yah, Dp(16)9Yah, Dp(16)13Yah, Dp(16)8Yah, Dp(16)7Yah, Dp(16)10Yah, Dp(16)11Yah and
their relative position to the Hsa21 and already know mouse models: Dp(16)1yey, Ts66Yah and
Tg(Dyrk1a).
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In this work, we used these new improved rodent models and existing mouse models to
establish correlations between rat, mice, and human phenotypes / genotypes, and to
understand the potential craniofacial effect of the duplication/deletion of different
chromosomal regions via a morphometric analysis of the animal models. This will lead us to
narrow our research to a new chromosomal region and corresponding candidate genes

responsible for the DS-CF phenotype.



Objectives
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Principal objective

This thesis focuses on deciphering the genetics of craniofacial phenotypes in Down syndrome.
For this goal, we aimed to search for CF phenotypes in a set of DS model to narrow the minimal
chromosomal regions involved in the craniofacial phenotype; focusing in new and already
known DS mouse models with different segmental duplications homologous to HSA21, in order

to find dosage-sensitive genes responsible for the CF phenotype.
Specific objectives:

1. Search for anew chromosomic region and dosage-sensitive genes responsible for the DS-
CF phenotype in mouse DS models. Understand the molecular and cellular mechanisms

underlying the specific craniofacial phenotype.

For this aim, using as reference the craniofacial phenotypic changes found in an already known
model, Dp(16)1Yey, we expect to dissect and map the chromosomic region with a completely
new panel of DS mouse models. We want to define the phenotypes found in every model and
identify new candidate genes responsible for the DS-CF features and investigate the molecular
and cellular mechanisms underlying the specific craniofacial phenotype. In addition, we want
to confirm the role of candidate genes thanks to the creation of a new mouse model (Article

#1).

2. Validate new rat models and define their CF phenotype. Search for a new chromosomic

region responsible for the DS-CF phenotypes in the rat.

Since in mice, the syntenic regions to the Hsa21 are split on 3 different chromosomes (Mmu 10,
16 and 17), it is difficult to create a full trisomic model, even if it’s not impossible as shown
recently (Li et al. 2021). To overcome this problem, rat models are a good alternative. Indeed,
in rats, the syntenic regions to the Hsa2l are split only on 2 different chromosomes, the
chromosomes 11 and 20, which make easier the creation of a complete trisomic model. In our
lab we have generated different segmental duplication for each interval, Dp(11Lipi-
Zbtb21)Yahlcs and Dp(20UmodI1-Prmt2)Yahlcs. Using these new improved rat models, we
expect to define the CF phenotype of every model and reduce the chromosomic region

responsible for the DS-CF phenotype (Chapter 2).



Results



Chapter 1: Down syndrome mouse
models (Article #1)
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Ripply3 overdosage induces mid-face shortening through Thx1 downregulation in Down
syndrome models
This first chapter contains the publication entitled “Ripply3 overdosage induces mid-face
shortening through Tbx1 downregulation in Down syndrome models”, submitted for

publication on September 2024 to the journal scientific eLife (ID#: BIORXIV/2024/612914).

By investigating a new panel of DS mouse models with different segmental duplications on
mouse chromosome 16 in the region homologous to human chromosome 21, we managed to

identify new regions and new candidate genes for the DS-specific CF phenotype.

We confirmed the role of Dyrkla in the neurocranium brachycephaly. We identified the role of
the transcription factor Ripply3 overdosage in midface shortening through the downregulation
of Tbx1, another transcription factor involved in DiGeorge syndrome and propose new models

for rescuing all aspects of DS-CF phenotypes.
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ABSTRACT

The most frequent and unique features of Down syndrome (DS) are learning
disability and ucraniofacial (CF) dysmorphism. The DS-specific CF features are an overall
reduction in head dimensions (microcephaly), relatively wide neurocranium
(brachycephaly), reduced mediolaterally orbital region, reduced bizygomatic breadth, small
maxilla, small mandible, and increased individual variability. Until now, the cellular and
molecular mechanisms underlying the specific craniofacial phenotype have remained
poorly understood. Investigating a new panel of DS mouse models with different segmental
duplications on mouse chromosome 16 in the region homologous to human chromosome
21, we identified new regions and the role of two candidate gene for DS-specific CF
phenotypes. First, we confirmed the role of Dyrkla in the neurocranium brachycephaly.
Then, we identified the role of the transcription factor Ripply3 overdosage in midface
shortening through the downregulation of Tbx1, another transcription factor involved in
the CF midface phenotype encountered in DiGeorge syndrome. This last effect occurs
during branchial arches development through a reduction in cell proliferation. Our findings
define a new dosage-sensitive gene responsible for the DS craniofacial features and propose
new models for rescuing all aspects of DS CF phenotypes. This data may also provide insights
into specific brain and cardiovascular phenotypes observed in DiGeorge and DS models,
opening avenues for potential targeted treatment to soften craniofacial dysmorphism in
Down syndrome.
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INTRODUCTION

Trisomy 21, or Down syndrome (DS), is a pleiotropic disorder with intellectual disability, CF
changes, and comorbidities. Somehow, gene dosage effects of one or more of the 671 genes
on human chromosome 21 (Hsa21) are responsible for specific pathological features (Zhu
et al. 2019; Duchon and Herault 2016). Facial features are characteristic of individuals with
DS (Kisling 1966), although their severity varies from one individual to another (Roper and
Reeves 2006). DS-related CF dysmorphism includes an overall reduction in head dimensions
(microcephaly), relatively wide neurocranium (brachycephaly), small midface, reduced
mediolaterally orbital region, reduced bizygomatic breadth, small maxilla, and small
mandible (Fink, Madaus, and Walker 1975; Farkas, Kolar, and Munro 1985; Allanson et al.
1993; Baxter et al. 2000). Patients also experience a low bone mass associated with reduced

osteoblast activity and high bone turnover (McKelvey et al. 2013).

Studies in rodents and humans have attempted to identify the candidate gene(s) causing
DS clinical features (Korbel et al. 2009; McCormick et al. 1989). Using the rapid engineering
of the Mus musculus (Mmu) genome, multiple DS mouse models have been generated
(Dierssen, Herault, and Estivill 2009; Herault et al. 2017) containing extra copies of the
Hsa21l-orthologous regions of three murine chromosomes: Mmu chromosome 16

(Mmu16), 10 (Mmu10), and 17 (Mmu1l7) (Reeves et al. 1995; Sago et al. 1998).

DS mouse models have previously been studied for CF phenotypes. The most notable
studies have examined the Ts(176)65Dn model, hereafter termed Ts65Dn. This mouse
strain carries an extra mini-chromosome with the m/R155-Zbtb21 region of Mmul6
translocated downstream of Pdel0a, close to the centromere of Mmul7 (Duchon et al.
2011). Thus, Ts65Dn is trisomic for 104 of the Hsa21 orthologs of the Mmul6 between
miR155 and Zbtb21 (Olson et al. 2004; Gardiner et al. 2003; Muifiiz Moreno et al. 2020). The
Ts65Dn model displays a variety of phenotypes similar to those found in DS individuals
(Olson et al. 2004), including a low bone mass caused by intrinsic cellular defects in
osteoblast differentiation, reducing bone formation (Fowler et al. 2012). In addition, bone
resorption mediated by osteoclasts is also reduced, but this is not enough to overcome the

low rate of bone formation (Parsons et al. 2007; Thomas et al. 2021). These animals also
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show many cognitive and behavioral traits as well as characteristic skeletal, craniofacial,
cardiovascular features, granule-cell density of the dentate gyrus, and
megakaryocytopoiesis mimicking the phenotype encountered in individuals with Down
syndrome (Baxter et al. 2000). The CF phenotypes found include brachycephaly, reduced
facial and cranial vault dimension, reduced cerebellar volume, and many features present
in individuals with DS. CF changes even more similar to those in humans were found in our
new Ts(17%)66Yah model, devoid of non-Hsa21 triplicated genes (Duchon et al. 2022),
confirming a significant contribution of one or more genes found between mI/R155 and

Zbtb21 to the CF phenotypes.

CF defects have also been detected in other DS mouse models. The Ts(16C-tel)1Cje (Ts1Cje)
model carries a translocation that encompasses 81 orthologous genes between Sod1 and
Mx1 (Sago et al. 1998; Huang et al. 1997) and displays a generalized reduction in CF size
with additional features (Richtsmeier et al. 2002). By contrast, the Dp(16Cbr1-Fam3b)1Rhr
(noted here Dp1Rhr), a model trisomic for 33 genes (Olson et al. 2007), exhibited a larger
overall size and CF alterations, including more pronounced defects in the mandible than

observed in Ts65Dn mice and individuals with DS (Deitz and Roper 2011).

The Dp(16Lipi-Zbtb21)1Yey mouse model (DplYey) is a larger model with a 22.9 Mb direct
duplication of the entire Mmul16 region in conserved synteny with Hsa21, containing 118
orthologous protein-coding genes (Li et al. 2007). The CF phenotype corresponds to
brachycephaly, a reduced dimension of the makxillary and palate, and reduced mandibular
size. The skulls also exhibited increased variance relative to euploid littermates for specific

linear distances (Li et al. 2007; Yu et al. 2010; Starbuck et al. 2014).

Another model quite similar to Dp(16)1Yey, but with a slightly different duplicated interval,
is the Dp(16Lipi-Zbtb21)1TybEmcf, or Dp(16)1Tyb (Lana-Elola et al. 2016). In 2023, using
morphometric analysis of the Dp1Tyb mouse model of DS and an associated mouse genetic
mapping panel, Redhead et al. (Redhead et al. 2023) showed that Dyrkla is required in
three copies to cause CF dysmorphology in Dp(16)1Tyb mice. In addition, Dp(16)1Tyb mice
display many phenotypic features characteristic of DS in humans, including congenital heart

defects, reduced bone density, and deficits in memory, locomotion, hearing, and sleep
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(Chang et al. 2020; Lana-Elola et al. 2011; 2016; Thomas et al. 2020; Watson-Scales 2018).
Taken together, the candidate genes responsible for craniofacial phenotypes found in DS
models include Dyrkla, Rcanl (Dscrl), and Ets2. Dyrkla has been implicated in several DS
phenotypes, including cognitive impairment, motor function, and craniofacial abnormalities
(Hammerle et al. 2003; Arron et al. 2006; Atas-Ozcan et al. 2021). Jhonson et al. in 2024,
showed that a decreased in Dyrkla in Xenopus resulted in craniofacial malformations,
altered expression of critical craniofacial regulators as Pax3 and Sox9 fundamental for
cranial neural crest development, and presented altered retinoic acid, hedgehog, nuclear
factor of activated T cells (NFAT), Notch and WNT signaling pathways. These results indicate
that DYRK1A function is critical for early craniofacial development and must properly
regulate the expression of specific craniofacial regulators in the branchial arches (Johnson

et al. 2024).

Disruption of Thx1 expression is a common aspect of CF dysmorphias. Thx1 Is the first
dosage-sensitive gene identified in the DiGeorge syndrome (DGS)/velocardiofacial
syndrome (VCFS), a congenital disorder characterized by neural-crest-related
developmental defects. In humans, TBX1 haploinsufficiency causes craniofacial anomalies
(Lindsay et al. 2001). In the mouse model for DiGeorge syndrome the phenotype observed
in the mutant mice for the T-box gene, Thx1*, encompasses abnormal development of the
skeletal structures derived from the first and second pharyngeal arches, with reduced
dimension of the midface (Jerome and Papaioannou 2001); a similar situation found in the

DS mouse models.

However, the details of how the dosage imbalance of Hsa2l genes affects CF
morphogenesis are still poorly understood (Starbuck et al. 2017). Unraveling the complex
genetics and adaptative biological processes involved in forming craniofacial structures is
essential. Many genes are conserved across mammals, implying that the genetic programs
for a specific phenotype may also be conserved. Therefore, this can validate the study of
animal models to decipher human genetic outcomes (Richtsmeier, Baxter, and Reeves

2000).
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As observed in different models, human partial trisomy has allowed mapping areas of Hsa21
to contribute to craniofacial anomalies, but a specific region has not yet been identified
(Lyle et al. 2009; Korbel et al. 2009). Identifying the dosage-sensitive genes responsible for
each element of the DS phenotype will help us better understand the molecular
mechanisms underlying the various symptoms and will allow us to define therapeutic

options better (Antonarakis 2017; Antonarakis et al. 2020).

The Cre-LoxP technology has enabled the engineering of more precise duplications (Hérault
et al. 2010; Ruf et al. 2011). Applying this technology, we generated mouse models carrying
different segmental duplications of regions located on the Mmul16 homologous to Hsa21.
In this study, we used these new DS models and two already known models, Dp(16)1Yey
and Tg(Dyrkla), to establish correlations between human-related CF phenotype and
genotype and to understand the potential craniofacial effect of the duplication of different
chromosomal regions via a morphometric analysis of the animal models. This led us to
narrow our research to find new Mmu16 regions involved in CF and identify corresponding

candidate genes responsible for the DS-CF phenotype.

MATERIALS AND METHODS
Previously reported rodent models used

The Dp(16)1Yey and Tg(Dyrk1a) (official name Tg(Dyrk1a)189N3Yah) models (Li et al. 2007;
Guedj et al. 2012) were maintained on the C57BL/6J genetic background. We also used the
SD:CRL Dp (11Lipi-Zbtb21)1Yah (short name Dp(Rnol11)) rat model generated in the lab
(Birling et al. 2017) that carries a duplication of the Lipi-Zbtb21, an interval similar to the

mouse Dp(16)1Yey, found on rat chromosome 11.
Generation of the new DS mouse strains

These new lines were generated via an in vivo chromosomal recombination technique,
which combines a transposon system (Ruf et al. 2011) and a meiotic recombination system

Cre-LoxP (Hérault et al. 1998). The transposon system consists of the transposase enzyme
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and its substrate, the transposon. The enzyme recognizes specific repeat sequences (ITR)
flanked on either side of a given DNA sequence (in this case, a vector containing a specific
loxP site) (Ruf et al. 2011). Once a region of interest is bounded by two loxP sites, a
transgene expressing the Cre recombinase is brought into the same individual by successive
crosses. In this animal, the Cre enzyme recombines the sequences of the loxP sites to
produce a duplication (or partial trisomy) of the region of interest (Hérault et al. 1998;

Hérault et al. 2010).

The new mouse models have been developed with the following segmental duplications in
the Mmul6. For Dp(16Samsni-Cldn17)7Yah (Dp(16)7Yah) we duplicated the segment
between Samsn1 and Cldn17. Dp(16Tiam1-Clic6))8Yah (Dp(16)8Yah) presents a duplication
between Tiam1 and Clic6. Dp(16Cldn17-Brwd1))9Yah (Dp(16)9Yah) displays a duplication in
the interval between Cldn17 and Brwd1. Dp(16Tmprss15-Setd4)10Yah (Dp(16)10Yah) has
the segment between Tmprssl5 and Setd4 duplicated, similar to Dp(16Tmprss15-
Grik1)11Yah (Dp(16)11Yah), but this model presents a region duplicated until Grik1.
Dp(16Tmprss15-Zbtb21)12Yah (Dp(16)12Yah) has the duplicated region from Tmprss15 to
Zfp295, and Dp(16Cldn17-Vps26¢c(Dyrk1aK0))13Yah (Dp(16)13Yah) from Cldn17 to Vps2é6c,
up to the sequence of Dyrkla which is inactivated. All lines were maintained on C57BL/6)J

genetic background (Fig. 2A).
Adult cohorts generated

Mice were housed under specific pathogen-free (SPF) conditions and were treated in
compliance with the animal welfare policies of the French Ministry of Agriculture (law 87
848). As a major genotype effect compared to sex was previously described elsewhere
independently (Redhead et al. 2023), we decided to use females. For each mouse line, about
ten littermates by each genotype, DS, and wild-type (WT) were collected (n = 180). We tried
to have balanced males and females in the cohorts. For example, For the Dp(16)1Yey line,
six females plus five males for the dup carrier and six males plus three females for control
were used. Nevertheless, this was not the case in all the other lines, with sometimes more

female individuals collected than males, because males were used to breed the lines.
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Micro-computed tomography scan of the skull of mutant and control mouse lines

Animals were euthanized with the standard procedure at 14 weeks old. Briefly, the mouse
heads were dissected apart from the body. A polystyrene section was interposed between
the mandible and maxilla to separate the jaws. After dissection, samples were fixed in a 4%
paraformaldehyde solution (PFA), washed with water, and stored in 70% ethanol. The
mouse heads were scanned using the Quantum FX micro-computed tomography imaging
system (Caliper Life Sciences, Hopkinton, MA, USA) to evaluate the morphology of the skull
and mandible. The images obtained were delivered in DICOM format. The scan parameters
used to carry out the scanning of the samples correspond to 2 scans of every sample,
anterior part, and posterior part using the mode Scan Technique Fine of 2 minutes, with a
field of view (FOV) of 40 mm, the voltage 90 kV, CT 160 pA, resolution pixel size 10 um and

the capture size for live mode viewing in small, live current 80kV.
Imaging Processing

For each sample, two scans were obtained, one from the anterior area of the skull and one
from the posterior region. FlJI software was used to unite these two scans and create a
single file, performing the plugin “Stitching” and making one file in TIFF format. This format
can be opened using different image processors. Stratovan Checkpoint software (Stratovan
Corporation, Sacramento, USA, Version 2018.08.07. Aug 07, 2018.) was used to place the
landmarks (Table S1 and S2, supplementary information), extract the 3D coordinates, create
Procrustes average models, and perform the voxel analysis. 3dMD Vultus® software (3dMD

LLC, Atlanta, GA, USA) generated heat maps.
Morphometrics analysis

Morphometrics is the quantification and statistical analysis of form. Form is the
combination of size and shape of a geometric object in an arbitrary orientation and location
(shape is what remains of the geometry of such an object once it is standardized for size).
Various approaches can be employed when conducting morphometric analysis. The method
of interest in this study is the landmark-based method, which is a conventional approach

that relies on phenotypic measurements such as linear distances, angles, weights, and
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areas. In this case, we used 61 landmarks, 39 in the skull and 22 in the mandible, to obtain

the 3D coordinates of the structure (Hallgrimsson et al. 2015).

Based on 3D coordinates, Euclidean Distance Matrix Analysis (EDMA) is one of the principal
tools for analyzing landmark-based morphometric data (Lele and Richtsmeier 2001). This
method builds a matrix of linear distances between all possible pairs of landmarks for each
specimen (Lele et Richtsmeier 1991). Morphological differences between groups can be
pinpointed to specific linear distances on an object through pairwise comparisons of mean
form or shape matrices, followed by bootstrapping to estimate the significance of these
differences (Lele and Richtsmeier 2001). In this study, two tests were done for each group
of samples, first to analyze the form of the skull and mandibles with form difference matrix

(FDM) and then the shape with the shape difference matrix (SDM).

In addition, to track the landmarks associated with a significant change and understand
where they are located in the CF structures, “EDMA FORM or SHAPE Influence landmark
analysis” was performed (Cole and Richtsmeier 1998). The purpose of this test is to search
which landmarks present a Relative Euclidean distance (RED) > 1.05 or < 0.95 (outside of
the confidence interval 97,8%), meaning, which landmarks show a bigger difference in

linear distances between every landmark and in what direction.

Another way to handle landmark-based data is using a multivariate statistical analysis of
form, geometric morphometric. This method relies on the superimposition of landmark
coordinate data to place individuals into a common morpho-space. The most used
superimposition form is the Generalized Procrustes (GP) method and Principal Component
Analysis (PCA). This method places multiple individual specimens into the same shape space
by scaling, translating, and rotating the landmark coordinates around the centroid of every
sample (Rohlf and Slice 1990). As an alternative, we took advantage of Stratovan Checkpoint
(Stratovan Corporation, Sacramento, USA) to create population average models and
perform a voxel-based analysis, where we can observe directly in 3D models the changes

between populations.
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Finally, using the 3dMD Vultus® software, we created Procrustes average models created

in Checkpoint to perform a landmarking calculation.
Whole-Mount Skeletal Staining

DS individuals also experience a low bone mass associated with reduced osteoblast activity
and bone turnover (McKelvey et al. 2013). To study these defects in ossification, we
performed a skeletal/cartilage staining with alizarin red and alcian blue in a representative

DS mouse model, Dp(16)1Yey.

Whole-mount skeletal staining permits the evaluation of the shapes and sizes of skeletal
elements. Thus, it is the principal method for detecting changes in skeletal patterning and
ossification. Because cartilage and bone can be distinguished by differential staining, this

technique is also a powerful means to assess the pace of skeletal maturation.

We collected n=20 specimens, ten samples (5 WT vs 5 Dp(16)1yey) for the embryonic stage
(E) 18.5 and 10 samples (5 WT vs 5 Dp(16)1yey) for P2 (2 days after birth), and were
prepared by removing skin, organs, and brown fat. Then, they were dehydrated and fixed
in 95 % ethanol for four days. To further remove fatty tissue and tissue permeabilization,
specimens were exposed to acetone for one day. Consecutively, samples were transferred
to Alcian blue and Alizarin red staining solutions. Later, they were exposed to potassium
hydroxide (KOH) for three days, leading to tissue transparency. Finally, they were preserved
in Glycerol 87%. The procedure can be adjusted depending on the size/age of the specimens

(Rigueur and Lyons 2014).

Dissection of branchial arches during development, RNA extraction, and RT-Digital

Droplet™ PCR (RT-ddPCR)

To study the level of expression of different genes triplicated on the DS mouse models, we
performed RT-ddPCR (BioRad, Hercules, USA), a digital PCR used for absolute quantification
that allows the partitioning of the cDNA samples obtained from the RT procedure up to
20,000 droplets of water-oil emulsions in which the amplification was performed (Lindner,

Cayrou, Jacquot, et al. 2021).
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For this, we collected the embryos of four pregnant females, Dp(16)1yey at E11.5 and four
pregnant females of Dp(RNO11) (DS rat model with a complete duplication of chromosome
11) at E12.5. We obtained 20 embryos for each line (10 WT vs. 10 DS model, n=40) and
dissected the frontonasal process, makxillary process, mandibular process, lateral and
medial nasal process, and first pharyngeal arch. The dissected tissues are placed in
cryogenic storage vials and quickly transferred to liquid nitrogen to avoid RNA
decomposition. RNA extraction was performed using the RNeasy Plus Mini Kit (QIAGEN,
Hilden, Germany), and RNA quality and concentration were assessed using Nanodrop
(Thermo Fisher Scientific, lllkirh, France). cDNA synthesis was performed using the
SuperScript™ VILO™ cDNA synthesis kit (Invitrogen), the final reaction is diluted five times

and stored at -20 °C until use.

For the PCR reaction, 2 uL of the diluted cDNA samples are supplemented with 10 pL of
Supermix 2X ddPCR (without dUTP, Bio-Rad, #1863024), 1 ul of target probe (ZEN™
FAM)/primers mix (final concentration of 750 nM of each primer and 250 nM of probe) and
1 pl of reference probe (ZEN™ HEX)/primer mix (final concentration of 750 nM of each
primer and 250 nM of probe) obtaining a total volume of 20 pl. Once prepared, the samples
are fractionated into droplets using the QX200 droplet generator (Bio-Rad). The PCR
reaction can then be performed by transferring 40 uL of the samples to a 96-well plate. The
fluorescence intensity of each droplet is then measured with the QX200 reader (Bio-Rad).
Data are analyzed using QuantasoftTM Analysis Pro software (Version 1.0.596). More

detailed protocol can be found in Lindner et al. 2021 (Lindner, Cayrou, Jacquot, et al. 2021).

Primers marked with specific fluorescent probes were designed using the PrimerQuest

online web interface from IDT (https://www.idtdna.com/Primerquest/Home/Index) to

target the genes of interest plus the housekeeping gene. Primers are blasted on the target
gene map to verify that they span the exon/exon boundaries on the RNA. For mice and rats,
the target genes were Ripply3, Tbx1, and Dyrkla. The housekeeping gene for mice was Tbp,

and for the rats, Hprtl. The primers are described below.
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The primers used for mice were for Ripply3 (ENSMUSG00000022941.9), forward

AACGTCCGTGTGAGTCTTG, Reverse CTTTACTTACCCGTTTCAAAGCG, Probe
ACACACATCGGGATCAAAGGGAGC (HEX); TbxlI (ENSMUSG00000009097.11), forward
CTGTGGGACGAGTTCAATCA, reverse ACTACATGCTGCTCATGGAC, probe
TCACCAAGGCAGGCAGACGAAT (FAM); Dyrkla (ENSMUSG00000022897.16), forward
GCAACTGCTCCTCTGAGAAA, reverse AACCTTCCGCTCCTTCTTATG, probe
AAGAAGCGAAGACACCAACAGGGC (HEX); and housekeeping gene Thp
(ENSG00000112592.15), forward AAGAAAGGGAGAATCATGGACC, reverse
GAGTAAGTCCTGTGCCGTAAG, probe CCTGAGCATAAGGTGGAAGGCT (FAM/HEX).

For the rat samples, primers were for Ripply3 (ENSRNOG00000001684.7), forward
GCTGATCTGACCAGAACTGAA, Reverse CGCTTTGAAATGGGCAAGTAA, Probe
TTGGGAGGACCAACAAACCTTGGG (HEX); TbxI (ENSRNOG00000001892.6), forward
CAGTGGATGAAGCAGATCGTAT, reverse GGTATCTGTGCATGGAGTTAAGA, probe
TCGTCCAGCAGGTTATTGGTGAGC (FAM); Dyrkia (ENSRNOG00000001662.8), forward
ACAGTTCCCATCATCACCAC, reverse TCCTGGGTAGAGGAGCTATTT, probe
AATTGTAGACCCTTGGCCTGGTCC (HEX); and housekeeping gene Hprt1
(ENSRNOG00000031367), forward TTTCCTTGGTCAAGCAGTACA, reverse
TGGCCTGTATCCAACACTTC, probe ACCAGCAAGCTTGCAACCTTAACC (FAM/HEX).

EdU Labeling

Depending on their capacity to proliferate, cells in the organism can be divided into three
categories: proliferating cells, non-proliferating cells that have left the cell cycle, and
quiescent cells capable of entering the cell cycle if necessary (Leblond 1964). Proliferating
cells continue to progress through the different phases of the cell cycle (G1-> S-> G2->M).
Daughter cells from a previous division immediately enter the next cell cycle. There are
several specific markers for each phase of the cell cycle. For example, Phosphohistone 3
(PH3) corresponds to phosphorylated histone 3 and is found in mitotic cells. EAU is a

thymidine analog that can be incorporated into DNA during replication (S phase of the cell



cycle). We can define the percentage of proliferating cells and cell cycle progression using

these two markers.

First, pregnant females Dp(16)1Yey at E8.5 stage were injected intraperitoneally with EdU
(SIGMA, ref. E9386; diluted in NaCl 0.9%, final concentration 7.5ug/uL; volume injected:
41ug for each milligram of animal weight). Then, embryos were collected 24 hours after
EdU injection (E9.5). After, embryos were fixed with 4% paraformaldehyde and embedded
in Shandon Cryomatrix Frozen Embedding Medium (Thermo Scientific™). Frozen sagittal
sections (14 um) were cut using a Leica CM3050 S cryostat and placed on Superfrost Plus™

slides for immunohistochemistry.

The immunohistochemistry for EdU was performed following the protocol described in the
Kit de cellular proliferation EdU Click-iT™ for imaging, Alexa Fluor™ 555 (REF: C10338). For
PH3 we used as primary antibody the Anti-phospho-Histone H3 (Ser10) Antibody, Mitosis
Marker (Merck Millipore, REF: 06-570, 1:500) and secondary antibody the Donkey anti-
Rabbit IgG (H+L), Alexa Fluor™ 647 (Invitrogen, REF: A-31573, 1:500). For the nuclear marker
we used Hoechst nucleic acid stain (Invitrogen, REF: H3570, 1:2000). Quantitative analyses
comparing wild-type and mutant embryos. The percentage of EdU-positive cells determined
the proliferation index (the number of proliferating cells relative to the total number of
cells, labeled with Hoechst) in the area of interest. In addition, the ratio of EdU-
positive/PH3-positive cells allow to assess how many proliferating cells have progressed

from S phase to G2/M phase (mitotic cells), thus defining the mitotic index.
RESULTS
Contribution of Lipi-Zbtb21 region to DS craniofacial features in Dp(16)1Yey mouse model

In individuals with DS, sexual dimorphism is observed since early age, with higher
measurements in males than in females, but the growth rate remains unchanged. However,
in the studies where cephalometric superimposition variables were analyzed, these
differences did not appear. This might be because of the low magnitude of the
superimposition measurements; making it difficult to determine significant differences

(Alio, Lorenzo, and Iglesias 2008; Vicente et al. 2020).

63
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Previous studies in mice have shown no sex differences in the shape of the cranium and
only a subtle difference in the shape of the mandible (Toussaint et al. 2021). Importantly,
for both the cranium and mandible, the effect of genotype was stronger than sex for Dp1Tyb
mice and the other strains (Redhead et al. 2023). Considering this information, we decided

to verify this observation and used both sexes together in the CF analysis of Dp(16)1Yey.

First we analyzed the Dp(16)1Yey DS mouse models to compare them with the other DS
model Dp(16)1Tyb (Redhead et al. 2023). Then, we performed morphometric analysis of
Dp(16)1Yey on adult samples. We observed significant changes in form and shape
difference matrix that can be understood as an overall reduction of dimensions
(microcephaly) and smaller mandible (Fig S1). For a more detailed investigation of the
patterns of displacements of landmarks and their dimensionality, we used principal
component analysis (PCA). In the skull and mandible, the PCA of Dp(16)1Yey showed

significant differences in the dimensionality versus the WT group (Figure 1A).

To track the landmarks associated with a significant change and understand where they are
located in the CF structures, “EDMA FORM or SHAPE Influence landmark analysis” was
performed (Cole et Richtsmeier 1998). The purpose of this test is to search which landmarks
present a Relative Euclidean distance (RED) > 1.05 or < 0.95 (outside of the confidence
interval 97,8%), meaning which landmarks show a bigger difference in linear distances
between every landmark and in what direction. On one side, the most influential landmarks
with decreased dimensions corresponded to the ones from the makxillary bones, mandible,
premaxilla, frontal, temporal (with the squamosal portion), and occipital bone. On the other
side, landmarks with a significant increase of dimensions were in the cranial vault, the

parietal bone, and the intraparietal bone (Fig. S1).

For a more detailed investigation of the patterns of displacements of landmarks and their
dimensionality, we used PCA. In skull and mandible, the PCA of Dp(16)1Yey showed
significant differences in the dimensionality versus the WT group (Figure 1A). Also, using
Procrustes average models of the different populations to perform a voxel analysis, we

found that the key aspects of the Dp(16)1Yey phenotype correspond to a decrease in the
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dimensions of the midface, defining a midface hypoplasia and a short nasal region. In the
neurocranium, an increase of dimensions in the lateral width was found, with a reduction
in the occipital bone, leading to a shortening of the anteroposterior axis (brachycephaly). In
the case of the mandible, we found a decrease in the width of the ramus, body, incisor
alveolus, and molar alveolus and increased lateral dimension in coronoid and condylar

process (expected by the skull brachycephaly; Figure 1A).

Besides, individuals with DS also experience a low bone mass associated with reduced
osteoblast activity and bone turnover (McKelvey et al. 2013). Knowing this, plus the
information obtained in the craniofacial analysis, we proposed that these significant
changes could affect bone ossification during development. To address this, we performed
a skeletal/cartilage staining with alizarin red and alcian blue in Dp(16)1Yey in embryonic
stage (E) 18.5 and P2. At E18.5, mutant embryos exhibit a defect in the mineralization in the
parietal bones, intraparietal, nasal bone, and atlas compared to WT (Figure 1B-C).
Interestingly, no more phenotype was observed at P2 (Figure 1D). Altogether, the origin of
the CF morphological changes in the Dp(16)1Yey are similar to Dp(16)1Tyb (Toussaint et al.

2021) and probably originate during pre-natal development in the mouse.

Dissection of CF phenotype: Mapping the location of dosage-sensitive genes inside Lipi-

Zbtb21, that cause the craniofacial dysmorphology using a new panel of mouse models.

To elucidate the location of dosage-sensitive genes that are predominantly involved in the
craniofacial dysmorphology of Dp(16)1Yey mice, we took advantage of a new panel of 7
mouse models with shorter segmental duplications covering the Mmul6: Dp(16)7Yah,
Dp(16)8Yah, Dp(16)9Yah, Dp(16)10Yah, Dp(16)11Yah, Dp(16)12Yah and Dp(16)13Yah. We
analyzed their CF morphology and compared duplication versus their control wild-type (WT)

littermates (Fig. 2A).

Performing the identical craniometric analysis as previously described, we found significant
skull changes in form and shape in all the models except Dp(16)8Yah (Fig. S2). Multivariable
analysis using PCAs showed changes in the same direction along principal component 1 as

seen in Dp(16)1Yey mice (Fig. 2B). A major contribution of the principal component 1 (PC1)
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for Dp(16)12Yah, Tg(Dyrkla), was found as in Dp(16)1Yey, then Dp(16)7Yah and
Dp(16)9Yah.

Similar changes in shape and form in the skull, with an overall reduction in midface region
and a strong brachycephaly, were observed in Dp(16)1Yey, Dp(16)9Yah and Dp(16)12Yah
(Fig. 2B). The Dp(16)13Yah model also presented a reduction in the midface region. Still, the
premaxilla and nasal region were not reduced, and the brachycephaly was not seen (Fig 2B).
The Tg(Dyrkla) model, overexpressing Dyrkla alone, showed strong brachycephaly and

reduced premaxilla and nasal bone.

In contrast, we found an inverse phenotype in Dp(16)7Yah compared to Dp(16)1Yey. We
scored increased dimensions in the midface and decreased dimensions in the
neurocranium; similar changes were found in Dp(16)11Yah but were less significant.
Dp(16)10Yah presented an overall reduction of head dimensions, partially observed in the
Dp(16)8Yah with a larger midface part. Still, an increase in premaxilla and occipital bone
size, resulting in an elongation of the anteroposterior axis in Dp(16)10Yah also observed in
Dp(16)13Yah (Fig. 2B). The PCAs showed changes in the inversion direction along principal
component 1 as seen in Dp(16)1Yey mice (Fig. 2B).

For the mandibles, as in the skull, significant changes in form and shape were found in all
the lines (Fig S3). Here, the changes were different, although the most important changes
were found in the same DS models, namely Dp(16)9Yah, Dp(16)13Yah, Dp(16)12Yah, and
Dp(16)7Yah. In Dp(16)9Yah and Dp(16)12Yah, a reduction in the lateral width on the body
of the mandible, ramus, molar and incisor alveoli, but an increase in the dimension in the
condylar process (coincident with the brachycephaly found in the neurocranium) were
detected; these changes were similar to the ones found in Dp(16)1Yey (Fig S3). In the case
of Dp(16)13Yah, this model also presented a similar phenotype but with increased
dimensions in the ramus (apart from the condylar process) (Fig. S3). Dp(16)7Yah had
increased dimensions in the body of the mandible, ramus, molar alveolus, and condylar
process but maintained the reduced dimensions of the incisor alveolus. A similar phenotype

is found in Dp(16)11Yah, but dimensions decrease in the angular process. Also, in
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Dp(16)10Yah, significant changes were found in the condylar process, presenting a

reduction in the lateral width (Fig. 2B).

The analysis of this new mouse panel allows us 1) to dissect the contribution of several
Mmul6 region overdosages to CF phenotypes in DS and 2) to show the differences in their

contribution to the cranium and mandible CF phenotypes.
Candidate genes for CF DS phenotype in DS rodent models.

We focused on a new chromosomal region selected from the previous morphometric
analysis, encompassing 15 genes between Setd4 —Dyrk1a genes (Fig 3A). Inside this region,
based on scientific literature and a data set from the FaceBase Consortium (Hong Li 2017),
we isolated a set of candidate genes. Among these genes, Dyrkl1a (Dual Specificity Tyrosine
Phosphorylation Regulated Kinase 1A) and Ripply3 (Ripply Transcriptional Repressor 3)

seemed promising targets for CF in DS.

To explore this hypothesis, we analyzed the expression levels of Dyrk1a, Ripply3, and Thx1
via Droplet digital polymerase chain reaction (RT-ddPCR) in Dp(16)1Yey branchial arches
and frontal process at E11.5. The stage is just after the neural crest-derived mesenchymal
cells are differentiated into different bones in the facial region (Everson et al. 2018). In the
Dp(16)1Yey samples, an overexpression of Dyrkla and Ripply3 is detected in the craniofacial
precursor tissues in mutant versus wild-type. Concomitantly, Thx1 was downregulated in

trisomic model versus control.

We also did similar expression studies in the Dp(RNO11) rat model with complete
duplication of Lipi-Zbtb21 region in the rat chromosome 11 (Birling et al. 2017) at embryonic
stage E12.5 (homologous to the mouse stage). Similar results were found in the rat DS
models with overexpression of Dyrkla and Ripply3 and down-regulation of Thx1 (Figure 4B).
Overall, the Ripply3 overexpression due to the triplication of the gene has the same

consequence with a reduced expression of Thx1 in the branchial arches.

Role of Dyrkl1a overdosage in the increased dimensions in neurocranium (brachycephaly)

on DS mouse models.
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Dyrkl1a has been implicated in several DS phenotypes and craniofacial abnormalities (Gued;j
et al. 2012; McElyea et al. 2016; Redhead et al. 2023; Starbuck et al. 2021) and in the last
decade has become one of the top candidate gene in DS for therapeutic intervention (De la
Torre et al. 2014; Atas-Ozcan et al. 2021). Here we took advantage of Tg(Dyrkla) - a model
with 3 copies of Dyrkla (Guedj et al. 2012) - and compared with the results of the new
model Dp(16)13Yah where Dyrkla is not overexpressed, to confirm the role of Dyrkla in
the development of the DS CF phenotype. Brachycephaly and higher dimensions in the
neurocranium were present in Tg(Dyrkla), but also a reduction in the midface region, a
phenotype very similar to the one observed in Dp(16)1Yey (Fig. 2). In Dp(16)13Yah, a
reduction in the midface region was also seen but focussed in the maxillary bones, the
premaxilla and nasal region were not reduced and the strong brachycephaly was absent.
Overall, this comparison confirmed the hypothesis and the role of Dyrkla overdosage in

inducing the brachycephaly.

Dyrkla and Ripply3 overdosages affect the proliferation and mitosis of the NCC derivates

in the first branchial arch during craniofacial development.

In Tg(Dyrkla) and in the new panel of mouse models (specifically in Dp(16)9Yah,
Dp(16)12Yah and Dp(16)13Yah), significant changes were observed in the midface region,
in structures that share the same embryonic origin, the neural crest cells (NCC) (Richtsmeier
and Flaherty 2013). These findings, considering the relation of Dyrkla with an altered
expression of critical craniofacial regulators fundamental for cranial neural crest
development (Johnson et al. 2024) allows us to postulate that Dyrkla and probably Ripply3
overdosages could affect the proliferation of the NCC derivates during craniofacial

development.

To demonstrate this, we monitored the proliferation of NCC with 5-Ethynyl-2'- deoxyuridine
(EdU) a thymidine analogue incorporated into the DNA during replication (Tucker et al.
2010). Compared to controls, immunohistological analysis was used to detect the
proliferation of NCC derivates in the first branchial arch of the Dp(16)1Yey embryos. In

addition, quantitative analyses defined the proliferation and mitotic index (Harris et al.
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2018). A reduced proliferation and mitotic index in the first branchial arch were detected
(Fig. 3C). Thus, overexpression of triplicated genes from Dp(16)1Yey, including Dyrkla and

Ripply3, lead to the reduced proliferation of mesenchyme cells from the branchial arches.
Confirmed role of Ripply3 overdosage during midface development in DS mouse models.

To confirm the role of Ripply3 in midface hypoplasia, we crossed mice with a loss-of-
function allele (Ripply3tm1b/+) obtained from the IMPC initiative

(www.mousephenotype.org) with the Dp(16)1Yey line. We obtained

Dp(16)1Yey/Ripply3t™b males carrying a trisomy of all the genes present in Mmu16 but with
only two functional copies of Ripply3, this to rescue the midface hypoplasia of Dp(16)1Yey.
Morphometric analysis of Dp(16)1Yey/Ripply3™? showed significant shape changes in the
skull and mandibles compared to Dp(16)1Yey. In the SDM influence landmarks analysis, we
can observe that the most influence landmarks leading to increased dimensions are located
in the midface (Fig. 4C). The skull voxel analysis showed the expected result with a similar
change in the neurocranium to that present in Dp(16)1Yey. We noticed a phenotypical
shape rescue in the midface, with increased dimension in maxillary bones, alveolar process,
and premaxilla. The mandible presented the same changes found in Dp(16)1yey (Fig. 4D).
To confirm this result and obtain further details, we mapped the surface differences in
3dMD Vultus® software. Using the average model of each population, Dp(16)1Yey average
model vs Dp(16)1Yey/Ripply3t™® average model, we performed a superimposition of the
3D models employing landmarks to have an exact matching (Fig 4E). Once the comparison
was made, we obtained a histogram of every distance evaluated (in this case more than
1.238.684 points) and a 3D heatmap with the surface differences. In the heat map, we could
observe the increased dimensions in all the bones corresponding to the red regions'

midface. In light blue, the structures that did not present significant changes (Fig. 4E).

Integrative multivariate analysis of the craniofacial studies unravels four different

subgroups of DS models
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So far, after doing separate analyses of the DS models with their mutant and control
littermates, we decided to combine all the data and see whether we could discriminate
different contributions. As shown in Fig. 5, all the wild-type controls clustered together for
the cranium and the mandible, with a higher variation, probably due to the altered position

of some landmarks.

Focusing on the skull, the DS models were separated into four main groups according to the
first two dimensions. One is composed of the Dp(16)1Yey, Dp(16)1Yey/Ripply3t™®, a second
of Dp(16)12Yah and Dp(16)9Yah, a third with Dp(16)10Yah, Dp(16)13Yah and Dp(16)8Yah,
and the Dp(16)11Yah mixed with the wild-type while the Ts66Yah, the Tg(Dyrk1a) are on
the same side of the DS models and the Dp(16)7Yah stayed apart from the other on PC1.
Somehow this distribution of models reflected the complexity of genetic interactions for
the cranium phenotypes with at least 3 minimal Mmul6 regions: CF1 from Setd4 to Brwd]1,
involving notably Dyrkl1a and Ripply3, a second CF2 mapping to Tiam1-Clic6, and a third CF3
Samsn1-Tmprss15 responsible for the Dp(16)7Yah phenotypes.

For the mandible, the graph showed another complexity with a main group of 5 models
closed to the wild-type (Dp(16)11Yah, Dp(16)7Yah, Dp(16)10Yah, Dp(16)8Yah, Tg(Dyrk1a))
then two branches separated on PC2 with on one side the Dp(16)1Yey,
Dp(16)1Yey/Ripply3t™t linked to the wt-like group with Dp(16)13Yah, and on the other
side Dp(16)12Yah and Dp(16)9Yah. The Ts66Yah being kept alone. Interestingly the
Dp(16)1Yey, Dp(16)1Yey/Ripply3t™b Dp(16)12Yah and Dp(16)9Yah, are closer for cranium
changes, but they are well-separated for the mandibular phenotypes. These differences
could come from various interacting regions contributing to the cranium and mandibular

phenotypes.
DISCUSSION

In DS individuals, craniofacial dysmorphism is almost 100% penetrant, but the contributive
genetic and developmental factors were unclear. The DS CF phenotype typically

encompasses microcephaly, a small midface, a reduced mediolateral orbital region,
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reduced bizygomatic breadth, a small maxilla, brachycephaly (a relatively wide

neurocranium), and a small mandible (Olson et al. 2004).

We used Dp(16)1Yey to study this characteristic phenotype. This model carries a complete
duplication of Mmu16 (Li et al. 2007) and a previously well-described DS-like craniofacial
phenotype (Starbuck et al. 2014). Our results reproduce the same findings using a standard
craniofacial analysis plus a new voxel analysis, where we could observe the principal
changes in the skull and mandibles in 3D. We found that the changes were correlated with
the human DS CF phenotype, making Dp(16)1Yey the appropriate model to study DS CF
phenotype. Besides, we performed skeletal staining where we could identify a defect in
intramembranous ossification, the results obtained at different embryonic stages allowed
us to postulate that the changes observed at E18.5 did correspond to a delay and not to a
continuous defect in intramembranous ossification. This defect could be related to a
problem in the differentiation of mesenchymal cells into osteoblasts or in osteoblast

proliferation with a subsequent attenuated osteoblast function (Thomas et al. 2021).

Here we demonstrated that the craniofacial dysmorphism found in Dp(16)1Yey, correlated
with the human DS CF phenotype, and we mapped three distinct chromosomic regions of
Mmu1l6. Using a new panel of DS mouse models with specific CF phenotypes (Table 1), we
could now identify new dosage-sensitive regions and genes responsible for DS CF
phenotype. Saying this, the Ts66Yah behaved independently according to dosage effects in
CF phenotypes compared to lines with segmental duplication. This may reflect a unique
contribution of the minichromosome on the CF severity while the gene content is close to
Dp(16)9Yah. Further experiments with new models will help to confirm the role of the

segregating chromosome in CF DS phenotypes (Xing et al. 2023).

This report excludes the Tmprss15-Grik1 regions, triplicated in Dp(16)11Yah alone, with
almost no effect on CF form and shape. This agrees with the Dp(16)9Tyb lack of CF
phenotype (Redhead et al. 2023). On one hand, two of the three CF regions defined here,
CF1 and CF3, settled the telomeric regions described by Redhead et al. (2023). Nevertheless,

we found the contribution of the most centromeric part CF3 involved in cranium
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enlargement as new. It could be slightly artificial as this effect was not seen in the
Dp(16)1Yey, but could also be due to an effect specific to this region while not triplicated
with CF2 and CF3. Only more detailed investigations with new models would allow us to
discriminate the genetic interaction of the 3 CF regions. On the other hand, while the
overdosage of Dyrkla was crucial for the Dp(16)1Tyb phenotypes (Redhead et al. 2023),
the sole overexpression of Dyrkla in the Tg(Dyrkla) line only replicated well the skull
phenotype, more precisely the brachycephaly. Conversely, using PCA, transgenic individuals
were closer to the WT group for the lower jaw. Recently, Dyrkla has been identified as one
of the genes required in three copies to cause CF dysmorphology in mouse models of DS,
and the use of DYRK1A inhibitors or genetic knockout of DYRK1A has been shown to rescue
the skull and jaw malformations (McElyea et al. 2016; Redhead et al. 2023). However,
Johnson et al. in 2024, showed that a decrease in Dyrkla in Xenopus resulted in craniofacial
malformations, altered expression of critical craniofacial regulators as Pax3 and Sox9
fundamental for cranial neural crest development, and presented altered retinoic acid,
hedgehog, nuclear factor of activated T cells (NFAT), Notch and WNT signaling pathways.
These results indicate that DYRK1A function is critical for early craniofacial development
and must properly regulate the expression of specific craniofacial regulators in the branchial
arches (Johnson et al. 2024). We achieved to demonstrate, thanks to the analysis in
Tg(Dyrkla) and Dp(16)13Yah, that 3 copies of Dyrkla are necessary to induce the
brachycephaly found in DS. Thus, Dyrkla overdosage is essential and sufficient for
brachycephaly, but other genes are responsible for the mandibular phenotypes observed in

DS.

Our other candidate gene, Ripply3, is a transcriptional corepressor, acting as a negative
regulator of the transcriptional activity of Thx1 and playing a role in the development of the
pharyngeal apparatus and derivatives (Okubo et al. 2011). Thx1 Is the first dosage-sensitive
gene identified in the DiGeorge syndrome (DGS)/velocardiofacial syndrome (VCFS), a
congenital disorder characterized by neural-crest-related developmental defects. In human
and DGS models, TBX1 haploinsufficiency causes craniofacial anomalies (Lindsay et al. 2001)

and contributes to heart defects (Merscher et al. 2001). More precisely, the phenotype
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observed in the mutant mice for the T-box gene, Tbx1'/,, encompasses abnormal
development of the skeletal structures derived from the first and second pharyngeal arches,
with reduced dimension of the midface (Jerome and Papaioannou 2001); a similar situation
found in the DS mouse models. In Dp(16)1Yey at an early stage (E11.5), Ripply3 is
overexpressed, and consecutively, Thx1 is downregulated in the midface precursor tissues.
Still, we also detected a defect in cell proliferation of the NCC derivates in the first branchial
arch, which also demonstrated a contribution to the midface shortening. In addition, our
new model Dp(16)1Yey/Ripply3™® demonstrated an increased shape dimension in the
structures corresponding to the midface compared to Dp(16)1Yey. Also, in some DS brain
models, such as Ts1Rhr and Ts1Cje, the expression of the Thxl gene was found to be
significantly downregulated, and it might be involved in delayed fetal brain development
and postnatal psychiatric phenotypes observed in DS (Shimizu et al. 2021). Considering this
information, we postulated that the overexpression of Ripply3 in DS mouse models will lead
to a downregulation of Tbx1, in other DS organs and tissues, leading to additional changes.
As such, some DS heart defects, such as the tetralogy of Fallot observed in some individuals,
may be related to Ripply3-dependent downregulation of Tbx1, while in DGS, they are
caused by the direct Tbx1 haploinsufficiency (Merscher et al. 2001). Consequently,
investigating treatment for DGS to reestablish a normal TBX1 function will also be of interest
for Down syndrome, not only for the craniofacial but also for the brain and the heart

function.
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TABLES
Skull - Cranium Lower jaw - Mandible

Shape Form Shape Form
Dp(16)1Yey Strong Strong Strong Strong
Dp(16)1Yey/Ripply3 +/- Mild il vild Strong
Tg(Dyrk1a) Strong Strong NS
Dp(16)9Yah Strong Strong Strong Strong
Dp(16)12Yah Strong Strong Strong Strong
Dp(16)8Yah NS NS
Dp(16)10Yah Mild Strong Mild Strong
Dp(16)13Yah Mild M Strong NS
Dp(16)7Yah Strong (Inverse) Mi lild Jild
Dp(16)11Yah M M

Table 1: Summary of the CF phenotypes observed in DS models.

LEGEND TO FIGURES

Figure 1. Alteration of DS craniofacial features in Dp(16)1Yey is observed during late
development. (A) Morphometric analysis of the cranium and mandible of adult Dp(16)1Yey
vs control. WT is in light blue and Dp(16)1Yey in yellow. PCA (first two components) of
general Procrustes analysis of aligned cranium shapes, using data from females (red circle)
and males (green circle) mice. The percentage of variance in PC1 corresponds to 39.2%. In
the figure WT vs Dp(16)1Yey shape difference warping, with in blue the bones with
decreased dimensions in Dp(16)1Yey (midface hypoplasia and mandible), and in yellow, the
bones with increased dimensions (neurocranium). (B-D) Skeletal staining with alizarin red
and alcian blue. Comparison WT vs Dp(16)1yey E18.5 whole body, upper (top) and lower
(bottom) magnification of the skull showing less mineralization in temporal, parietal,
intraparietal, and occipital bones. (C) Magnification of lateral view of skeletal staining, WT
vs Dp(16)1Yey at E18.5 (2 individuals). Red arrows showing less mineralization in nasal
bones, neurocranium, and form defect in atlas vertebrae. (D) Lateral view of skeletal
staining of two WT vs Dp(16)1Yey individuals showing normal ossification pattern at P2.

Figure 2. New DS mouse model panel to identify genetic regions whose overdosage causes
the craniofacial dysmorphology of Dp(16)1Yey. (A) Summary table of a new panel of DS
mouse model and their segmental duplication of the genetic interval. (B) Morphometric
analysis of the cranium of the new panel of DS mouse models, plus Tg(Dyrkl1a). Shape
difference warping highlighted, in blue, the bones with decreased dimensions in DS models,
and in red, the bones with increased dimensions. PCA (first two components) of general
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Procrustes analysis of aligned cranium shapes for every model with the percentage of
variance graphicin PC1.

Figure 3. Genetic mapping identifies a new chromosomic region and dosage-sensitive
genes for the DS craniofacial phenotype. (A) Scheme of the relative position of the new
mouse and rat models in HSA21, and the new chromosomic region of interest for DS CF
phenotype (red square). (B) RT-ddPCR results graphics for Mouse model Dp(16)1Yey E11.5
in the left, the gene expression ratio shows statistically significant overexpression of the
triplicated Dyrkla (***, p<0.000) and Ripply3 (***, p<0.000) and a downregulation of Thx1
(**, p<0.005). In the right, the graph for the Rat model Dp(RNO11) E12.5. The gene
expression ratio shows statistically significant overexpression of the triplicated Dyrkla (***,
p<0.000) and Ripply3 (*, p< 0,02) and a downregulation of Thx1 (**, p<0.01). (C) Edu, PH3,
and Hoechst unrevealed defects in the proliferation and mitosis of the NCC derivates in the
1st branchial arch during craniofacial development in Dp(16)1Yey. In the right graphic, the
proliferation (***, p<0.000) and mitotic (***, p<0.000) indexes were significantly reduced
in Dp(16)1Yey.

Figure 4. Shape rescue in the midface phenotype in the Dp(16)1Yey/ Ripply3tm®
compound mutant. (A) Shape difference matrix based on Dp(16)1Yey vs Dp(16)1Yey/
Ripply3t™t comparison. Confidence interval and Frequency Bootstrap graphics with 10.000
resamplings showed significant shape changes (Z statistics = 0,045, Cl = [0.06065 / -
0.06202]). Influence landmarks analysis to show the most influential landmarks (red circle)
that lead to significant changes in Dp(16)1Yey/ Ripply3'™® vs Dp(16)1Yey in (B) with their
position (C) located in the midface. (D) Shape difference warping of Dp(16)1Yey vs
Dp(16)1Yey/ Ripply3t™®, Dp(16)1yey is displayed in yellow and Dp(16)1Yey/ Ripply3'™*’ in
orange. The bones with increased dimensions are in orange in the cranium figure of
Dp(16)1Yey vs Dp(16)1Yey/Ripply3'™t warping. Maxillary bone, premaxilla, alveolar
process and neurocranium are similar to that found in Dp(16)1Yey). In yellow, the bones
with decreased dimensions (nasal bone and skull base). In the mandible of Dp(16)1Yey vs
Dp(16)1Yey/ Ripply3t™® warping, the mandible presented the same changes found in
Dp(16)1yey. PCA (first three components) of general Procrustes analysis of aligned cranium
shapes. Showing significant changes in PC1/PC2, PC3/PC1 and PC3/PC2. (E) Comparison of
Dp(16)1Yey average model vs Dp(16)1Yey/Ripply3™® average model with a 3D heatmap
from 3dMD Vultus ® software analysis. Pink/red shows increased shape dimensions in all
the structures corresponding to the midface. In light blue, the structures with no significant
changes. On the left, the histogram of every point distance evaluated (in this case, more
than 1.238.684 points) and the surface differences with the color code for the increase-
decrease dimensions (Red to green).

Figure 5. Integrative multivariate analysis of the craniofacial studies. (A) Schematic
representation of DS models and their relative position to HSA21, showing the 3 new CF
regions (red squares) involved in the DS CF phenotype located on Mmu16. (B) Integrative
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multivariate analysis of all the models used in this study, plus Ts66Yah vs wild-type. The
PCAs correspond to a canonical variate analysis (Procrustes Distance Multiple Permutations
tests at 1000 iterations). DS strains show significant differences compared with their wild-
type controls. DS models were separated into four main groups with the cranium PCA graph,
whereas for the mandible, the graph showed a prominent group of 5 models close to the
wild-type and two branches separated on PC2.
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Figure 2.
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SUPPLEMENTARY TABLES
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Landmarks Cranium
Nasale: Intersection of nasal bones, rostral point
Nasion: Intersection of nasal bones, caudal point
Bregma: intersection of frontal bones and parietal bones at midline
Intersection of parietal bones with anterior aspect of interparietal bone at midline
Intersection of interparietal bones with squamous portion of occipital bone at midline
Opisthion, midsagittal point on the posterior margin of the foramen magnum
Center of alveolar ridge over maxillary incisor, right side
Anterior Intersection of frontal process of maxilla with frontal bone, right side.
Anterior notch on frontal process lateral to infraorbital fissure, right side
Intersection of frontal process of maxilla with frontal and lacrimal bones, right side
Frontal-squasmosal intersection at temporal crest, right side
Intersection of zygoma (jugal) with zygomatic process of temporal, superior aspect, left
side
Intersection of zygoma (jugal) with zygomatic process of temporal, inferior aspect, left
side
Most posteroinferior point on the superior portion of the tympanic ring, right side
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30
31
32
33
34
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36
37
38
39
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Center of alveolar ridge over maxillary incisor, left side

Anterior Intersection of frontal process of maxilla with frontal bone, left side.

Anterior notch on frontal process lateral to infraorbital fissure, left side

Intersection of frontal process of makxilla with frontal and lacrimal bones, left side
Frontal-squasmosal intersection at temporal crest, left side

Intersection of zygoma (jugal) with zygomatic process of temporal, superior aspect, right
side

Intersection of zygoma (jugal) with zygomatic process of temporal, inferior aspect, right
side

Most poteroinferior point on the superior portion of the tympanic ring, left side

Most anterior point of the anterior palatine foramen, right side

Most posterior point of the anterior palatine foramen, right side

Most infero lateral point on premaxilla-maxilla suture, right side

The anterior most point on the central ant/post axis of the right molar alveolus
Intersection of zygomatic process of maxilla with zygoma (jugal), inferior surface, right
side

Lateral intersection of maxilla and palatine bone posterior to the third molar, right side
Joining of squasmosal body to zygomatic process of squasmosal, right side

Most inferior aspect of posterior tip of medial pterygoid process, right side

Most anterior point of the anterior palatine foramen, left side

Most posterior point of the anterior palatine foramen, left side

Most infero lateral point on premaxilla-maxilla suture, left side

The anterio most point on the central ant/post axis of the left molar alveolus
Intersection of zygomatic process of maxilla with zygoma (jugal), inferior surface, left
side

Lateral intersection of maxilla and palatine bone posterior to the third molar, left side
Joining of squasmosal body to zygomatic process of squasmosal, left side

Most inferior aspect of posterior tip of medial pterygoid process, left side

Basion, midsagittal point on the anterior margin of the foramen magnum

Table S1: 39 cranium Landmarks.

Landmarks Mandible
Apex of coronoid process, Right side
Intersection of molar alveolar rim and base of coronoid process, Right side
Anterior edge of alveolar process where first molar hits alveolus at the midline, Right
side
Superior-most point on incisor alveolar rim at midline (at bone-tooth junctions), Right
side
Inferior-most point on incisor alveolar rim at midline (at bone-tooth junction), Right side
Inferior point on mandibular symphysis, Right side
Anterior edge of the coalescence of curve of masseteric ridge with post-symphyseal
rugged area, Right side
Tip of mandibular angle, Right side
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10
11
12
13
14
15
16
17
18

19
20
21
22
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Posterior midline point on condyle, Right side

Anterior midline point on condyle, Right side

Anterior edge of the mental foramen, Right side

Apex of the coronoid process, left side

Intersection of molar alveolar rim and base of coronoid process, left side

Anterior edge of alveolar process where first molar hits alveolus at the midline, left side
Superior-most point on incisor alveolar rim at midline (at bone-tooth junctions), left side
Inferior-most point on incisor alveolar rim at midline (at bone-tooth junction), left side
Inferior point on mandibular symphysis, left side

Anterior edge of the coalescence of curve of masseteric ridge with post-symphyseal
rugged area, left side

Tip of mandibular angle, left side

Posterior midline point on condyle, left side

Anterior midline point on condyle, left side

Anterior edge of the mental foramen, left side

Table S2: 22 mandible Landmarks.

SUPPLEMENTARY FIGURES
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Figure S1. Landmark detailed analysis of the cranium and mandibular phenotypes in Dp(16)1Yey.
(A) 61 Landmarks used in the CF analysis of Dp(16)1Yey (and in all the other DS models). 39 in the
cranium and 22 in the mandible. (B) Form difference matrix analysis: FDM Bootstrap with 10,000
iterations showing significant changes in Form (p=0.008). The FDM confidence interval graph shows
a decrease of more than 90% of the distances measured. Form Influence landmarks graphic,
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showing the landmarks that present a relative Euclidean distance > 1.05 or < 0.95 (outside of the
confidence interval 97,8%, red lines) and a general reduction of all dimensions.
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Figure S2. Form difference matrix analysis of the new panel of mouse models, plus Tg(Dyrk1a). On
the left, Cranium analysis with from difference matrix (FDM) tested for with Bootstrap (graph)
showing significant changes in form for all the models with form difference interval graph, except
Dp(16)8Yah (p=0.315). On the right, the same graphs for the mandible show significant changes in
form for all the models except Dp(16)8Yah (p=0.215). On the right, the FDM confidence interval
graph shows the ratio of the distances measured.
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Figure S3. New DS mouse models mapping the location of dosage-sensitive genes that cause the
craniofacial dysmorphology of Dp(16)1Yey (Mandibles). Morphometric analysis of the mandibles
of the new panel of DS mouse models, plus Tg(Dyrkla) and Dp(16)1yey. Shape difference warping
to display the mandible parts with decreased dimensions in DS models (in blue), and with increased
dimensions (in red). PCA (first two components) of general Procrustes analysis of aligned mandible
shapes for every model with the contribution to the explained variance for each dimension.
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Figure S4. Schematic representation of the Ripply3‘™** knock-out model derived from Ripply3™™°.
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plus Ts66Yah, vs wild-type. The PCAs (PC2 vs PC3) correspond to a canonical variate analysis
(Procrustes Distance Multiple Permutations test at 1000 iterations). DS strains show significant
differences compared with their wild-type controls. DS models were separated into four main
groups in the cranium graph, as in PC1, but with different distributions. For the mandible, the graph
showed a primary group of 5 models close to the wild-type and two branches separated on PC2, as
observed in PC1 vs PC2.



Chapter 2: New Down syndrome rat
models
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New Down syndrome rat models

In this second chapter, | will describe the results found in the morphometric analysis of new rat
models (Figure 13). These models will make up part of two bigger publications (in preparation)

to validate these models in different aspects of DS.

We studied the rat models with segmental duplication for each interval in chromosome 11 and
20, Dp(11Lipi-Zbtb21)Yahlcs and Dp(20UmodI1-Prmt2)Yahlcs, and the cross between them. We
analysed also, another new rat models linked to DS and Mental Retardation autosomal

Dominant 7 syndrome (MRD7), Dp(11Dyrk1a)6Yah and Del(11Dyrk1a)4Yah (Birling et al. 2017).

Human Hsa2l

q21.2 G213 q22.11 g q22.1% qzz.zl q22.3 )

Dp(11Lipi-Zbtb21)Yahles 24.4 Mb Dp{20Umodl1-Prmt2)Yahlcs 3.6 Mb
RAT - ] ~ o~ o~
a = NP =
2
E‘ 3. E E

Dp(11lLipi-Zbtb21)Yahlcs 24.4 Mb/Dp|20Umod/1-Prmt2)Yahlcs 3.6 Mb

-
Del/Dup(Dyrkla)

Figure 13. New rat models and their schematic position in Hsa21. In green Dup(RNO11), in Yellow
Dup(RNO20), in Light Blue Dup(RNO11-20) and in Red Del(11Dyrkla)4Yah and Dp(11Dyrkl1a)6Yah

noted as Del/Dup(Dyrk1a).
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Dup(Rno11), Dup(Rno20) and Dup(Rno11-20)

Thanks to the support of the foundation Jerome Lejeune and foundation Bettencourt-Schueller,
new DS rat models have been developed with segmental duplications in the chromosomes 11
and 20 (Birling et al. 2017). In the rat genome, the regions homologous to the HSA21
encompasses 213 genes found on the Rat chromosome 11 (Rno11, Rno for Rattus norvegicus)
in the 24.4Mb interval between Lipi and Zbtb21 and on the Rno20 for the most telomeric part
of 3.6Mb between Umod/l and Prmt2 (Mufiz Moreno et al. 2020). We have generated
segmental duplication for each interval, Dp(llLipi-Zbtb21)Yahlcs and Dp(20UmodI1-
Prmt2)Yahlcs, named here Dup(Rno11), Dup(Rno20) and Dup(Rno11-20).

The results presented below focus only on the morphometric craniofacial analysis of these
models, using the same morphometric analysis method presented in Chapter 1. These results

will be added in a larger scale publication for their validation as new models of Down syndrome.

Euclidean Distance Matrix Analysis (EDMA)

We performed morphometrics analysis (Hallgrimsson et al. 2015) with a landmark-based
method (Lele et Richtsmeier 1991; Lele et Richtsmeier 2001), in three rat models with the
following different genotypes: Dup(RNO11), Dup(RNO20) and the last with both duplications
Dup(RNO11-20), versus their control wild-type (WT) littermates. n = 120, 60 females and 60
males 14-week-old. We manually placed 61 landmarks, 39 in the cranium and 22 in the

mandible to obtain 3D coordinates of each sample.

Significant changes in FDM and SDM were found in the models carrying a duplication of the
chromosome 11, this can be understood as the presence of a smaller cranium and mandible
(microcephaly). Dup(Rno20) doesn’t present significant changes (Figure 14). The Influence
landmark analysis showed that in Dup(Rno11), the most influent landmarks corresponded to
the ones in maxillary bones, temporal bones (with the squamosal portion) and mandible, while
in addition to those changes, landmarks located in premaxilla and frontal bones were also

influent in the model with both duplications Dup(Rno11-20) (Figure 15).
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Figure 14. FDM Dp(11Lipi-Zbtb21)Yahlcs [Dp(Rno11)], Dp(20UmodIi1-Prmt2)Yahlcs [Dp(Rno20)]
and Dp(11Lipi-Zbtb21)Yahlcs/Dp(20UmodI1-Prmt2)Yahlcs [Dup(Rno11-20)] lines, females and
males. Females, confidence interval showing a decrease of the ratio in Dup(Rno11) and Dup(Rno11-
20). Bootstrap distribution, showing significant differences in Dup(Rnol11) (***, p>0.002) and
Dup(Rno11-20) (***, p>0.001). Males, confidence interval showing a decrease of the ratio in
Dup(Rnol11) and Dup(Rnol1-20). Bootstrap distribution showing significant differences in
Dup(Rnol1) (***, p>0.001) and Dup(Rno11-20) (***, p>0.001).
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Figure 15. Influence landmarks analysis Dup(Rnoll) and Dup(Rno11-20).
Landmarks with a relative Euclidean distance (RED) > 1.05 or < 0.95 (confidence
interval 97,8%). Red circle, extra landmarks associated to the double duplication
[Dup(Rno11-20)], located in premaxilla and frontal bones.

General Procrustes and Principal component analysis

For a more detailed investigation of the patterns of displacements of landmarks and their
dimensionality, we used principal component analysis PCA. In skull and mandible, PCA between
WT and Dup (RNO20) does not show significant differences. However, concerning Dup(RNO11)
and Dup(RNO11-20) a significant difference in PC1 versus the WT group was observed, with a
variance between 30-50% (Figure 16). Same findings in mandibles, with a variance around 30%

(Figure 17).
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Figure 16. Cranium Principal component analysis of Dup(Rno11), Dup(Rno20) and Dup(Rno11-20)
lines. For females and males, PCA and percentage of variance graphics. PCA, in Blue WT controls, in
Red DS models. The distribution shows no difference between WT and Dup(Rno20) and significant
differences in Dup(Rno11) and Dup(Rno11-20).
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Figure 17. Mandibles Principal component analysis of Dup(Rno11), Dup(Rno20) and Dup(Rno11-
20) lines. For females and males, PCA and percentage of variance graphics. PCA, in Blue WT
controls, in Red DS model. The distribution shows no difference between WT and Dup(Rno20) and
significant differences in Dup(Rno11) and Dup(Rno11-20).
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Voxel analysis

The voxel analysis of average population models revealed the shape differences and affected
bones. The models that are carrying the duplication of the chromosome 11, present dysmorphic
traits such as microcephaly, small midface, smaller mandibles and brachycephaly, but also an
effect of the dosage of the Rno20 region is reinforcing the phenotypes, outcome also found in
the other DS phenotypes (Figure 18). In the case of the mandible, we found a decrease in the
width of the ramus, body, incisor alveolus, molar alveolus and dimension in coronoid and

condylar process (Figure 19).

Females

Dup(RNO11) Dup(RNO20) Dup(RNO11-20)
Males

Dup(RNO11) Dup(RN0O20) Dup(RNO11-20)

- e g

Figure 18. Cranium Voxel analysis of Dup(Rno11), Dup(Rno20) and Dup(Rno11-20) lines. In Blue WT
controls. In Red DS models. Voxel shape difference analysis of using average population models. In the

models Dup(Rnol11) and Dup(Rno11-20) in both sexes, is possible to observe significant changes,
showing a decrease in the dimension related to the midface and an increase in the dimensions related
to the cranial vault. The changes observed in Dup(Rno20) are not statistically significant.
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Figure 19. Mandibles Voxel analysis of Dup(Rno11), Dup(Rno20) and Dup(Rno11-20) lines. In Blue
WT controls. In Red DS models. Voxel shape difference analysis of using average population models.
In Dup(Rno11) and Dup(Rno11-20) models in both sexes, is possible to observe significant changes,
showing a decrease in the anteroposterior dimension and less width in ramus, body, coronoid
process and condylar process. The changes observed in Dup(Rno20) are not statistically significant.

Integrative multivariate analysis

We performed an integrative multivariate analysis of the craniofacial phenotypes, using the
Procrustes distance multiple permutations test at 10.000 iterations in Morphol software
(Klingenberg 2011). This with the aim of visualizing the statistical significance of shape
differences and distribution of the different DS models vs the WT controls. The results show the
existence of two well defined groups, one with Dup(Rnoll) and Dup(Rnol1l-20), that
correspond to the models with the most significant changes and DS-like phenotype (% of
variance 91,5% in PC1). On the contrary, we discovered a second group that had no significant
alterations and included Dup(Rno20) and WT controls. These results can be observed in Figure

20.
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Figure 20. Integrative multivariate analysis of Dup(Rno11-20) lines. In Black WT controls, in Red
Dup(Rno11), in Blue Dup(Rno20) and in green Dup(Rno11-20). The samples are distributed in two
mains groups in PC1. Dup(Rno11) + Dup(Rno11-20) and WT + Dup(Rno20). It is possible to observe
that there is no difference related to sex between genotypes.

The discussion of these results can be found in the "Discussion, conclusion and perspectives"
section of this thesis manuscript, on page 155.
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Del(11Dyrk1a)4Yah and Dp(11Dyrkla)6Yah

Dyrk1a is an important candidate gene for the development of the DS-CF phenotype (Redhead
et al. 2023; Johnson et al. 2024), therefore, we analyzed two new rat models, one linked to DS
and the other to the Autosomal Dominant Mental Retardation 7 (MDR7). The first with a
duplication of Dyrkla [Dp(11Dyrkla)6Yah] and the second with a deletion of Dyrkla
[Del(11Dyrk1a)4Yah]. These models were generated using the “CRISpr-Mediated
Rearrangement mechanism” (CRISMERE) strategy. For Del(11Dyrkla)4Yah pairs of gRNA
located around position 34,842,454-34,963,976 of chrll (rat genome RGSC 6.0/rn6) for an
interval of 121.7 kb were used. For Dp(11Dyrkl1a)6Yah two other sgRNA pairs (upstream and
downstream of Dyrkl1a) were used to duplicate a 219 kb region containing the entire genetic
region located between Dscr3 and Kcnj6 with the interval at position chr11:34,791,993-
35,011,015 (Birling et al. 2017).

Using the same morphometric approach as the previous models, craniofacial analysis was
performed. These results are detailed below in the publication in preparation titled “Changes
in DYRK1A copy number in rat models induce phenotypes related to Mental retardation disease

7 and Down syndrome.”

A more detailed discussion of these results can be found in the "Discussion, conclusion and

perspectives" section of this thesis manuscript, on page 155.
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ABSTRACT (229 words)

The DYRKI1A gene, part of the DYRK family, plays a critical role in neurodevelopment and
cognitive function. It is involved in various biological processes, including cell cycle regulation,
neuronal differentiation, and synaptic signalling. Alterations in DYRK1A dosage are linked to
several neurological disorders, including Down syndrome (DS) and autosomal dominant mental
retardation 7 (MRD7). DYRK1A haploinsufficiency, as seen in MRD7, causes cognitive deficits,
microcephaly, and autism spectrum disorders. Overexpression, associated with DS, leads to
intellectual disability and synaptic plasticity defects.

Mouse models have been pivotal in understanding the role of DYRK1A, showing that both
overdosage and deletion result in cognitive impairments. However, results from these models
have had limited translation to human treatments. Recently developed rat models with either
deletion or duplication of DYRK1A offer new insights. Rats, with their physiology and behaviour
closer to humans, display phenotypes that better reflect human conditions. Dyrkla
haploinsufficient rats mirror features of MRD7, such as hypoactivity and memory impairments.
Conversely, rats with Dyrkla overexpression show defects in short-term memory and spatial
learning, reflecting aspects of DS. These models provide a better platform for studying cognitive
deficits and testing therapeutic approaches, including DYRK1A inhibitors. The findings suggest
that DYRK1A dosage affects synaptic signalling pathways and cognition, offering the potential
for targeted therapies in DS and MRD7. The use of rats complements existing mouse models,

enhancing the relevance of preclinical studies to human conditions.

Introduction

The Dual-specificity tyrosine-regulated kinases 1A (DYRK1A) is one member of the mammalian
DYRK subfamily belonging to the CMCG kinase group which are highly conserved among
organisms. DYRK1A kinase, like other DYRK family members, catalyzes its autophosphorylation
— on tyrosine residue localized in the kinase domain (Tyr321) — and the phosphorylation of
serine/threonine residues on exogenous substrates (Leder et al. 1999; Himpel et al. 2001;
Soundararajan et al. 2013). Many proteins involved in various signaling pathways are
interacting or phosphorylated by DYRK1A (Duchon et Herault 2016; Atas-Ozcan et al. 2021). As

such, DYRK1A is involved in many biological processes such as the cell cycle, differentiation and
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arborization of neuronal cells, vesicle trafficking and neurotransmission (Hammerle et al. 2011;
Park et al. 2012; Grau et al. 2014; Soppa et al. 2014; Ori-McKenney et al. 2016; Dang et al.
2018).

The importance of DYRK1A dosage was first demonstrated in Drosophila melanogaster by
studying the homologous minibrain gene (mnb). Indeed, the mutation mnb leads to a decrease
in the production of neuroblastic cells resulting in the volume increases of the adult optic lobes
and central brain hemispheres (Tejedor et al. 1995). The essential role of DYRK1A which is
further demonstrated by the generation of a knock-out mouse model for Dyrkla, Dyrkla*"
animals presents a 30% decrease in brain size compared to control mice as well as cognitive
deficits in recognition memory and spatial learning memory, and hypoactivity (Vassiliki Fotaki
et al. 2002; V. Fotaki et al. 2004; Arqué et al. 2008). While Dyrk1a* mice show a reduction in
viability, homozygous DyrkI1a”" mice die during organogenesis (Vassiliki Fotaki et al. 2002). In
humans, haploinsufficiency of DYRK1A was found associated with " Mental Retardation
autosomal Dominant 7" syndrome, hereafter MRD7 (Mgller, Rubolini, et Lehikoinen 2008;
Courraud et al. 2021). This syndrome is characterized by microcephaly, mental retardation,
impaired language development, epilepsy, anxiety behavior problems, and autism spectrum
disorder (Bronicki et al. 2015; Earl et al. 2017; Ji et al. 2015; Luco et al. 2016; van Bon et al.
2011; Courraud et al. 2021). Phenotypes observed by DYRK1A haploinsufficiency in MRD7
highlight the crucial role of DYRKI1A in a dose-dependent manner in neurocognitive
development.

In human, the DYRK1A gene is located on the long arm of chromosome 21 (Hsa21) at 21g22.13
and extends over about 150 kb. The overdosage of DYRK1A was linked to some of the
phenotypes observed in Down syndrome (DS), like cognitive impairments, due to the trisomy
of Hsa21 (X. Altafaj et al. 2001; Ahn et al. 2006; Souchet et al. 2014). In mouse, the Dyrk1a gene
maps to chromosome 16, in the syntenic region to the Hsa21 (Song, Chung, et Kurnit 1997).
The Dp(16)1Yey mouse model which presents a trisomy of the Mmul6 syntenic region to
Hsa21, has a delay in learning abilities, a deficit in spatial memory, an alteration of memory
associated with context, an alteration of working memory and object recognition memory (Li
et al. 2007; Duchon et al. 2021). These mice exhibit synaptic plasticity defects with decreased
long-term potentiation (Yu et al. 2010). Transgenic mice with three copies of murin Dyrkla
highlight the role of Dyrkla in causing the cognitive deficit observed in DS. Indeed, this mouse

model presents a deficit in working memory as well as impaired learning and long-term spatial
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memory and cognitive flexibility evaluated in the Morris water maze (MWM) test (Souchet et
al. 2014). In addition, an increase of dendritic spines density in the cortex leading to
disturbances in the synaptic activity of the prefrontal cortex of Dyrkla transgenic mice are
pointed out (Thomazeau et al. 2014). Furthermore, the normalization of gene Dyrkla dosage
in the brain of DS mice allows the correction of cognitive deficit (Xavier Altafaj et al. 2013;
Garcia-Cerro et al. 2017; Brault et al. 2021). Rescue of cognitive functions is also observed after
DYRK1A kinase activity normalization using pharmacologic inhibitors on DS mouse models
(Souchet et al. 2014; Nguyen et al. 2018). These results reflect the major role played by DYRK1A
gene dosage and in particular its kinase activity which can be used for therapeutical purposes
in improving cognitive functions of people with DS

Mouse models have been crucial for deciphering basic biological mechanisms that underlie DS
and MRD7 syndromes. However, treatment protocols targeting the overdosage of DYRK1A and
successfully tested on those models, had more mitigated results in human (Cieuta-Walti et al.
2022). As an alternative to mice, rats have several advantages such as its physiology and
behavior closer to human. Rats are also more social; they show higher levels of strategy and
more stable performance in cognitive tests, making them a better model for translation to
humans and increasing the relevance of preclinical studies. All the knowledge accumulated
using various mouse models highlights the importance of Dyrkla dosage in cognitive deficits
associated with MRD7 and DS. However, the use of different animal models would allow a
better translation to humans to further understand the disturbed mechanisms and the
development of therapeutic strategies. Another animal model often used is the rat which has
many advantages over the mouse model. Indeed, the genetics, physiology, and behavior of rats
are closer to humans. Rats’ behavior and in particular their sociability are closer to humans, the
rat is therefore a solid model for studying intellectual disability syndromes such as DS and MRD7
(Drummond et Wisniewski 2017; Do Carmo et Cuello 2013). However, rat models were not
used until the last years because of the lack of a genetic manipulation system, but the discovery
of CRISPR/Cas9 genome editing strategy allows the generation of desired genetic mutations
(Jinek et al. 2012).

Here we report new rat models with either a deletion or a duplication of the Dyrkla gene to
complement the studies already done in mouse models. The phenotypic effects of the deletion
or the duplication of Dyrkla in rats will be presented, providing evidence on the importance of

Dyrkla gene dosage in the onset of cognitive deficits as observed in DS and MRD7.



Materials and methods

Animals

The Del(11Dyrk1a)4Yah, Dp(11Dyrk1a)5Yah, Dp(11Dyrkl1a)6Yah rat lines, (noted also Del4, Dp5
and Dp6 here), were generated in the Sprague Dawley outbred background with the CRISpr-
Mediated Rearrangement (CRISMERE) strategy (Birling et al. 2017). The Del4 and Dp4 were
generated with pairs of gRNA located around chrll position 34,842,454-34,963,976 (rat
genome RGSC 6.0/rn6) for a 121.7 kb interval. Two other pairs of sgRNA, one located upstream
and the other downstream of Dyrk1a, were used to duplicate a region of 219 kb containing the
whole genetic region located between Dscr3 and Kcnj6, but not containing these genes, with
the interval at position chr11:34,791,993-35,011,015. The sgRNA used are presented in Table
S1 and were validated in vitro using Sureguide kit (Agilent Technologies #5190-7716). Injection
condition are Cas9 mRNA 50-60 ng/uL and 40-60 sgRNA ng/uL (see (Birling et al. 2017) for more
information).

During the behavioral testing phase, the rats were housed in groups of two individuals in
disposable plastic cages (Innocage® #R-BTM-H, Innovive, Paris, France) of dimensions
43.2x34x19.8 cm placed on ventilated racks. Rats had ad libitum access to water and food and
were in a controlled environment with a light/dark cycle of 12 hours (light from 7:00 am to
7:00pm) and a temperature of 23+1°C. The experiments implemented in this project complied
with ethical standards of the French Ministry of Agriculture (law 87 848). In addition, these
projects was validated by our local ethical committee (Com'Eth, n°17) under two authorization
numbers: one for the Del(Dyrk1a)1 and Dp(Dyrk1a)5 lines (APAFIS no. #31362) and the other
for the Dp(Dyrk1a)6 line (APAFIS no. #18895).

Genotyping

For the Del(11Dyrkla)4 and Dp(11Dyrkla)5 lines the genotype was determined using the
following protocol. DNA was extracted using the DNA Extract All Reagents kit (Applied
BiosystemsTM, Thermo Fisher Scientific) using 50 pL of lysis buffer and further incubation at 95
° C for 10 min. Then, 50 uL of neutralizing solution was added for the DNA extract. Polymerase
chain reaction (PCR) reaction was done with 50 ng of DNA extract, 7.5 pL FastStart 2X PCR

Master (Roche, Basel, Swiss), 100 uM primers in a total volume of 15 pL. Primers used for
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Del(Dyrkla)4genotyping were Ef? (5'- CTGTCGTCGAGGTGCAGCATC -3') and Wr (5'-
GGGGTGATGATCAGAAACTGAGG -3') for the wild type allele and Ef (5'-
GGCAAAATTCGTGAGTCAGTGACTC -3') and Er (5'- CTGCCACTCATACCCAGCACAAC -3') for the
deleted allele. Primers wused for Dp(11Dyrkla)s genotyping are Ef? (5'-
CCTGTCGTCGAGGTGCAGCATC -3’) and Er (5'- CTGCCACTCATACCCAGCACAAC -3'), these
primers allow to discriminate wild type allele than the duplicated allele. The PCR reaction
carried out was a thermocycler according to the following conditions: 95°C for the 4 min
followed by 34 cycles of 94°C for 30s, 62°C for 30s and 72°C for 1 min and a final elongation
step for 7 min at 72°C.

For Dp(11Dyrk1a)6 genotyping, we used another protocol in which tissue DNA was digested in
100pL of lysis buffer (Direct PCR Lysis Reagent, Viagen #102-T) with 10 pL of proteinase K
10mg/mL (#P6556-1G, Sigma-Aldrich). After incubation at 56 °C over night, the samples are
moved at 95 ° C for 30 min to inactivate proteinase K. After centrifugation for 5 min at 13,000
rpm (rotations per minute), the supernatant was used for PCR with the Phusion Hot Start Il
High-Fidelity DNA polymerase kit (Thermo Fisher Scientific, Strasbourg, France). About 100 ng
DNA is added to the Polymerase Chain Reaction (PCR) mix: 4 uL Phusion HF buffer (1x), 0.4 pL
dNTP (10 mM, Thermo Scientific), 0.1 pL primers (100 puM), 0.2 pL Phusion Hot Start I
polymerase (10 uM) and 14.2 ulL H,0. Primer’s sequence used to detect Dp(11Dyrkla)6allele
were: F6 (5'- GACAGCAAGAAGATGAGAGTCAGG -3') and the R1 primers (5'-
CCTCTGTAGGATGAGACAATAGCT -3'). The PCR reaction was first denaturation 98°C for the 30s
followed by 30 cycles of 98°C for 8s, 55-65°C for 10s and 72°C for 1 min and a final elongation
step for 5 min at 72°C.

All PCR products were separated by electrophoresis (30 min to 130V) according to their size on
a 2% agarose gel with ethidium bromide (0.5 uM, Euromedex #EUO0OQ70). For the
Del(11Dyrk1a)4 model, the deleted allele corresponds to a fragment of 234 bp, and the wild
type allele has a size of 274 bp. For the Dp(Dyrkla)5 model, a fragment of 1449 bp size is
obtained for the duplicated allele and a fragment of 442 bp for the type allele. Dp(11Dyrk1a)5

model genotyping presents a fragment of 443 bp for the duplicated allele.

Quantification of gene copy number

Gene copy number quantification were performed on Del(11Dyrk1a)4, Dp(11Dyrkla)5 and
Dp(11Dyrk1a)6 rats using the digital droplet PCR technology (ddPCR). For the Del(11Dyrk1a)4
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the analysis was performed on three individuals from the F1 generation. Similarly, we used for
Dp(11Dyrk1a)s allele, also with 3 individuals, while for Dp(11Dyrk1a)6, we used 13 individuals.
DNA was extracted using the DNA Extract All Reagents kit (Applied BiosystemsTM, Thermo
Fisher Scientific) from Tail samples by adding 50 uL of lysis buffer. They were then incubated at
95 ° C for 10 min. Once the biopsies werre digested, 50 uL of neutralizing solution were added.
The samples were then diluted 20 times for ddPCR (Lindner et al. 2021). The PCR reaction was
carried out from 2 plL of samples diluted to the twentieth, to which 10 uL of the Supermix ddPCR
2x (without dUTP, #1863024, Bio-Rad), 250 nM of the probe coupled to a fluorophore (FAM or
HEX), 750 nM of the primers (Table S2 for primers and probes) were added for a final volume
of 20 uL for each sample (Lindner et al. 2021). The samples prepared were fractionated into
droplets using the QX200 droplet generator (Bio-Rad). The PCR reaction was performed by
depositing 40 plL of the samples on a 96-well plate. The DNA contained in the droplets was
amplified according to the following conditions: 95 ° C for 10 min, followed by 40 cycles from
20s to 95 ° C, followed by a hybridization gradient between 53 and 63 ° C for 1 min, then 10
min at 98 ° C for a deactivation step. The PCR products were analyzed using the QX200 reader
(Bio-Rad) to measure the fluorescence intensity of each droplet. The data was analyzed with

QuantasoftTM Analysis Pro software (Version 1.0.596).

Targeted gene expression analysis

For Dscr3 and Kcnjé levels, PCR was realized with TagMan® Universal Master Mix Il and pre-
optimized TagMan® Gene Expression assays (Applied Biosystems, Waltham, Massachusetts,
USA). mRNA expression profiles were analyzed by real-time quantitative PCR using TagMan TM
universal master mix Il with UNG in a realplex Il master cycler Eppendorf (Hambourg, Germany).
The complete reactions were subjected to the following program of thermal cycling: 1 cycle of
2 minutes at 50°C, cycle of 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C and 1 minute at
60°C. Efficiencies of the TagMan assays were checked using cDNA dilution series from extracts
of hippocampal samples. Normalization was performed by carrying out in parallel the
amplification of three housekeeping genes (Gnas, Pgkl and Atp5b) coupled to the GeNorm
procedure to correct the variations of the amount of source RNA in the starting material. All
the samples were tested in triplicate (Lindner et al. 2021) . The analysis of Dyrkla level was
performed using the ddPCR technology which is more precise than classical gPCR. The

experimental procedure is the same as the gene expression assay. For Dyrkla primers used
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were forward 5’- GCCATGGACTGTGAGACACATA -3 and reverse 5-
GCCATGGACTGTGAGACACATA -3’. The probe used for Dyrkla analysis was derived from a
Universal Probe Library System, which corresponds to a short hydrolysis probe (labeled at the
5' end with fluorescein (FAM) and at the 3' end with a dark quencher dye) substituted with
Locked Nucleic Acids. For normalization the Hprt gene expression was determined with the
primers: forward 5’- CCCCAAAATGGTTAAGGTTGC -3’ and reverse 5’-
AACAAAGTCTGGCCTGTATCC -3’. Probe used was a ZEN™ probe with double-quenched probes
labelled with a specific fluorochrome (HEX): 5’- CTTGCTGGTGAAAAGGACCTCTCGAA -3’.

Protein level analysis

Hippocampal tissues were isolated by decapitation/dissection of 3-month-old rats and flash-
frozen in liquid nitrogen. Samples were lysed in ice-cold sonication buffer supplemented with
Complete™ Protease Inhibitor Cocktail (Roche, #11873580001). Samples were disaggregated,
centrifuged at 4°C for 30 minutes at 14000 rpm, diluted in 5X loading buffer (Pierce Lane
Marker Thermo Scientific™, #39001) containing B-mercaptoethanol and incubated at 95 °C for
5 min. Protein concentration was determined by Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific, #23225). Per well, 30 ug of protein was loaded onto a polyacrylamide gel composed
of Tris-Glycine-SDS (25 nM Tris, 192 nM Glycine, 0.1% SDS). Proteins were transferred to
nitrocellulose membranes by Trans-Blot® Turbo™ Transfer System (BioRad, France) using the
MIXED MW Bio-Rad Pre-programmed Protocol. Then, blots were incubated overnight at 4°C
with the blocking solution: 5% milk, 1X Tris-buffered saline, 0.1% Tween 20 (TBS-T), and
incubated with primary antibody diluted in blocking solution overnight at 4°C. Blots were
washed in TBS-T and incubated with 1:10.000 HRP conjugated Goat anti-mouse secondary
antibody (#P0447 Dako, France, 1:10.000) diluted in blocking TBS-T for 1 hour at room
temperature. Proteins were visualized with Amersham™ Imager 600 and signals were
quantified using Image) and the statistical analysis with GraphPad. Primary antibodies used:
mouse monoclonal anti-DYRK1A C-terminal (#H00001859-M01, Thermo Fisher, 1:1.000),
mouse monoclonal anti-B-actin—-peroxidase antibody (#A3854 Sigma, 1:150.000) and a mouse
monoclonal anti-GAPDH antibody (#MA5-15738 ThermoFisher, 1:5.000). Relative amount of
DYRK1A protein was measured as the ratio of the signal detected for DYRK1A compared to the

B-actin or GAPDH signal detected and normalized by the mean signal of the wild type samples.
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Protein kinase assay

The proteins were extracted from frozen half-brains of rats of Del(Dyrk1a) 4 and Dp(11Dyrkl1a)6
models. Proteins were first extracted in the following lysis buffer: 60 mM B-glycerophosphate,
15 mM p-nitrophenyl phosphate, 25 mM Mops (pH 7.2), 15 mM EGTA, 15 mM MgCl2, 2 mM
dithiothreitol, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM phenyl phosphate
disodium and protease inhibitors (Roche, #11873580001). The proteins were then dosed with
the Pierce BCA protein assay kit (Thermo Fisher #23225). DYRK1A catalytic activity dosage was
determined as described in Bui et al. (Bui et al. 2014). Assays were performed in a 96-well ELISA
plate in a total volume of 50 uL consisting of kinase buffer (50 mM Tris—HCI, 10 mM DTT and 5
mM MgCl2), ATP (up to 1000 uM), FAM—peptide substrate (up to 60 uM), and brain extracts
(100 pg total protein extract). Briefly, samples containing the enzyme were preincubated with
peptide substrate at 37 °C for 1 min and the reaction was started by the addition of ATP. At
different time points (up to 30 min), 50 pl of HCIO4 (15% in water) was added to stop the
reaction, and 20 pl was automatically injected into the HPLC column. The kinetic parameters
for two-substrate kinetics were determined by fitting the data iteratively to the equation V=

Vmax[Sal[Se]/(Kas + Kms[Se] + Kma[Ss] + [Sa][Ss]) using the program Prism 5 (GraphPad Software).

Behavioral pipeline

From the mouse work, no sex effect was detected when analyzing models for DYRK1A (Brault
et al. 2021). Thus, a battery of behavioral experiments was performed only on rat males to
follow the 3’R, with an age range from 9-12 weeks.

The tests were performed with three cohorts for the behavioral analysis of Del(11Dyrk1a)4. A
first cohort of 15 Del(11Dyrkl1a)4 rats and 15 control disomic rats was tested with: Novel Object
Place (NOP) with 5 min of retention, Novel Object Preference (NOR) with 1 hour of retention,
NOP with 24 hours of retention with 2 objects, social interaction and the Morris Water Maze
(MWM). The second cohort of 8 Del(11Dyrk1a)4 rats and 8 control rats performed the following
tests: Y-maze, circadian activity, open field, NOP with 5 min of retention and NOP with 24 hours
of retention, and NOR with 3 objects. The last cohort of Del(11Dyrk1a)4 rats with 4 Del(Dyrk1a)
4 and 2 control rats realized the NOP with 5 min of retention and NOP with 24 hours of

retention and 3 novel-objects. A unique cohort with 16 individuals per genotype was generated
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for Dp(Dyrk1a)5 rat model and analysed for body weight, open fiel activities, NOR with 1h and
24h retention and Morris water maze .

A single cohort of Dp(11Dyrk1a)6 rats consisting of 15 rats trisomic for the Dyrkla gene and 15
control rats was generated for phenotypic analysis: open field, NOP with 1 or 24 hours of
retention and 2 objects, and MWM. Three cohorts of Dp(11Dyrk1a)6 rats were generated for
behavioral analysis. The first two cohorts were composed of 11 rats per group and performed
the following tests in the order listed: circadian activity, Y-maze, open field, NOP with 5 min
retention, NOP with 24 hours of retention and 3 objects, and MWM. The third cohort was used
only for the NOP test (n =7 Dp(11Dyrk1a)6 and n = 7 disomic rats).

The behavioral tests are presented in the order in which they were carried out. Behavioral
experimenters were blinded concerning the genotype of rats. On each day of the test, rats were
transferred to the experimental room 30 min before the beginning of the experiment. All
experiments were realized between 8:00 am and 4:00 pm except for the circadian activity test,
which was for 46 hours (start at 11:00 am).

To assay the general locomotor and circadian activity, rats were housed in individual activity
cages from 11:00 am for 46 hours (22 hours for light and 24 hours for dark phase) with water
and food ab libitum. Locomotor activity cages (Tecniplast™) are transparent with dimensions
of 33x20x19cm and placed in a sound-attenuated chamber. The device comprises 4 bars of
infrared sensors for each cage, allowing it to record locomotor activity and the number of rears.
The device is connected to a computer that extracts different variables using the POLY_PLUS
software (Imetronic®, Marcheprime, France). The activity was evaluated in intervals of 1 hour,
the first 3 hours of the test corresponding to the habituation phase.

Short-term memory was measured by recording spontaneous alternation in the Y-maze test
(Kraeuter, Guest, et Sarnyai 2019). The spontaneous alternation behavior (SAB) evaluates the
preference of animals to explore an arm that has not been previously explored at a frequency
superior to 50%. The maze, which has a Y shape, was made of three plastic arms, each with a
different pattern to encourage SAB. Animals were placed in one arm, facing away the wall of
the arm and arms were cleaned between each rat with 50° ethanol. The starting arm was
alternated randomly for each rat to prevent bias. Animals were allowed to explore arms during
8 minutes under moderate light (15 lux in the center region). The latency to leave the starting
arm, the total entries and the number of SAB were recorded. The sequence of entries in the 3

arms was recorded, considering the rat entered an arm when all four paws were inside the arm.
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Alternation was quantified, and one alternation corresponded to successive entries of the three
different arms. The number of alternations was then divided by the number of alternation
opportunities namely corresponding to total arm entries minus one.

Open field (OF) was used to assay locomotor activity, anxiety and exploratory behavior of rats.
This test was done in an open square with opaque black walls of dimensions 90x90x40cm, and
the light intensity is set to 15 lux in the center of the OF. Rats’ movement and rears were
recorded by infrared beams during a session of 30min using the POLY_OPENFIELD software.
After each trial, arena was cleaned with 50° ethanol to minimize olfactory cues. Speed and
distance traveled were analyzed during 3-time sequences (0 to 10 min; 10 to 20 min and 20 to
30 min). We also recorded the time spent in each arena zone (center and peripheral).
Short-term spatial memory was assessed using the Novel Object Place Preference (NOP) task.
This test is based in the innate tendency of rodents to spend more time exploring an object
moved than another which was not moved (Ennaceur, Neave, et Aggleton 1997). This test was
performed in two days: the first day corresponds to the habituation to the open field in which
an allothetic symbol is placed (15 min of habituation). During the second day, two identical
objects were presented to the rat during 3min; at the end of the presentation time, the animal
returned to his cage after 5 minutes of retention. One of the objects was moved to a new
position, and the rat was allowed to explore freely the objects for 3 min. The object moved was
randomized between each rat to avoid location preference. Once the test phase was over, the
arena and objects were cleaned with 50° ethanol before going to the next rat. Object
exploration was manually scored and defined as the orientation of the nose to the object to a
distance less than or equal to 2 cm. The percentage of time exploring the novel position vs the
familiar position was calculated to assess spatial memory performance.

The Novel object recognition (NOR) test allows the assessment of the recognition memory. It
is based on the innate tendency of rodents to explore novel objects over familiar ones
(Ennaceur et Delacour 1988). This test was done in three steps in the same open field as the
NOP task. Different protocols of NOR were used for rat models characterization, with different
retention times and different objects number used: NOP with two objects and 1 hour of
retention for Dp(11Dyrk1a)5 rats, NOR with two objects and 24 hours of retention for
Del(Dyrk1a)4 and Dp(11Dyrk1a)5 rats and NOR with three objects and 24 hours of retention
for Del(Dyrkla)4 and Dp(11Dyrk1a)6 rats. In the first step, rats were habituated to the empty

arena for 15 min. The second step, 24 hours later, corresponds to the memory acquisition



phase. At this step, two or three different objects are presented to the rats for 3 min. The third
step corresponds to the retention test and was done with two retention times, either 1 hour
or 24 hours after the phase of presentation. For this last session, one of the two or three objects
was replaced by a novel object, and rats were free to explore the objects for 3 min. Different
objects were used; the choice of objects and location of the novel object were randomized for
each genotype to avoid object and location preference. Object exploration was manually
scored and defined as the orientation of the nose to the object to a distance less than or equal
to 2 cm. The percentage of time exploring familiar vs novel objects was calculated to assess
recognition memory ability. Between each rat, the field and objects were cleaned with 50°
ethanol between each rat to avoid object and location preference.

Long-term spatial learning and memory was analyzed with the Morris water maze (MWM). The
water maze was a circular pool (diameter of 160cm and height of 80cm) filled with water
maintained at 21+1°C, made opaque using a black paint (Gouache Redimix Noire #188039, Le
Franc Bourgeois). The maze was split into 4 quadrants: South-East (SE), North-West (NW),
North-East (NE) and South-West (SW). The escape platform (diameter of 10 cm) was
submerged 3cm below the water’s surface, so the rats were not able to see it. The light intensity
of the test room was set to 70lux at the platform level. This experiment was performed to study
reference memory through a spatial search strategy that involved finding a hidden platform in
the maze using allothetic symbols placed on the walls around the pool. The acquisition phase
of this test consisted of a 5-day learning phase with four 60 second trials per day. Each trial
started with rats facing the interior wall of the pool and ended when they climbed onto the
platform located on the NE quadrant or after a maximum searching time of 60 sec. The starting
position was changed pseudo-randomly between trials. 24 hours after the last day of
acquisition, rats were given a 60 sec probe test in which the platform had been removed. The
distance traveled in each quadrant (NW, NE, SW and SE) was recorded to quantify the time
spent in the target quadrant. Finally, 24 hours after the probe test, an index platform test (cue)
was carried out to highlight potential visual or motivational problems. The platform was
indicated by attaching a metal rod with a black and white polystyrene ball at its end. Each rat
performed 4 tests, with a maximum duration of 60s. The sequence of release points, identical
for all rats, was as follows: NE — SO — NO — SE. For the acquisition and index platform session,
the distance travelled, velocity and latency to reach the platform were estimated with video

tracking software (Ethovision, Wageningen, Netherlands).
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Since rodents are social animals accustomed to living in groups, the social interaction test
makes it possible to highlight alterations in sociability in our rat models. The test was carried
out in the same device as the open field test (15 lux of room intensity). Two rats from different
home cages and with the same genotype were placed in the arena. The test lasts 10 minutes
and the arena was cleaned with 50° ethanol between each session. Using software (Ethovision,
Wageningen, Netherlands) the number of times a social interaction occurred, and the duration
of each interaction was quantified. The different interactions studied were following, pawing

and sniffing head/head and head/posterior.

Statistical analysis of behavioral results

The statistical analyses were carried out with GraphPad Prism version 8.0.0 for Windows
(GraphPad Software, Boston, Massachusetts USA), and a summary of all statistical results was
included in Supplementary table 1. All data were expressed as mean group value + standard
error of the mean (SEM). The normal distribution of the data was checked by the Agostino-
Pearson test and homogeneity of variances by the Brown-Forsythe test. Statistical difference
between groups was analyzed with one way-ANOVA (open field) or two-way ANOVA (Circadian
activity, MWM and NOP with 2 or 3 objects). In lack of normal data distribution or homogeneity
of variances a Kruskal-Wallis non-parametric test was performed. The post hoc test (Sidak or
Tukey) was conducted only if the F value in ANOVA achieved 0.05 level. For the Y-maze, OPP
and NOR (with 2 or 3 objects), we performed a one-sample t-test on the percentage of novel
object/position sniffing time or on the percentage of spontaneous alternation versus 50% (Y-
maze, NOP, NOR with 2 objects) or 33% (NOR with 3 objects). A Student t-test was performed
to compare rat models to controls (molecular analysis, circadian activity, open field and social

interaction test). The significance threshold was set at p<0.05.

Optical coherence tomography (OCT)

After pupil dilatation with a topical application of tropicamide 0.5% (Mydriaticum, Théa
pharma, France), rats were anesthetized using isoflurane (4% for induction and maintenance
in a 0.4 L/min flow of 50%-50% mix of air and O,) and placed on the stage of a Bioptigen R2200
spectral domain OCT (Bioptigen) with a heating pad. Cornea was kept moisturized with a thin

layer of ocular gel (Ocry-gel, TVM) applied with surgical eye spears. For each eye, a rectangular
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scan was obtained, corresponding to a region of 1.4 x 1.4 mm centered on the optic nerve. The
thicknesses of the whole retina (including the pigmentary epithelium), the segments, the outer
nuclear layer (ONL), the inner nuclear layer (INL), and the inner plexiform layer (IPL) for a given
eye were calculated as the average of 2 measures at 0.5 mm from the optic nerve center using

the Bioptigen InVivoVue 2.4.33 software.

RNA preparation

Hippocampus from adult Del(11Dyrk1a)4 or Dp(11Dyrk1a)6 male rats with their littermate
controls (N=5 per group) were isolated and flash frozen in liquid nitrogen. Total RNA extraction
was done using RNA extraction kit (Quiagen, Venlo, The Netherlands) according to the
manufacturer’s instruction. Total RNA quality was checked using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). cDNA synthesis was performed using the
SuperScript® VILO™ cDNA Synthesis Kit (Invitrogen, Carlsbad, CA).

Transcriptomic analysis

The Transcriptome profile of the rat hippocampus isolated from Del(11Dyrkla)4 and
Dp(11Dyrkl1a)6 rats models was analyzed with a specific bioinformatics pipeline and controlled
for quality prior to and after data pre-processing and normalization (for more information, see
(Duchon et al. 2021). The differential expressed genes (DEG) were identified using a method
based on fold-change (FC) rank-ordering statistics (FCROS) (Dembélé 2019). In the FCROS
method, k pairs of test/control samples were used to compute FC which ranked in increasing
order and ranks obtained were associated with genes. Then, k ranks of each gene were used to
calculate a statistic and resulting probability (f~value). After fixing the error level at 5% false
discovery rate (FDR) the f-value allowed to identify the DEGs after. Functional differential
analysis using GAGE was performed (Luo et al. 2009) and detail of this analysis could be found

in a previous publication from our lab (Duchon et al. 2021).

Results

Generation and validation of new Del(Dyrk1a)4and Dup(Dyrk1a) rat models



A segmental deletion and a segmental duplication (11:34842454-34963976, Ensembl 91
database, GRCh38.p10) of 121.5 kb were generated by CRISPR-Cas9 to produce the
Del(11Dyrk1a)4 and Dp(11Dyrk1a)5 rat models respectively. The DNA segment included the
Dyrkla gene and some non-coding region (Fig. 1A). Dyrkla gene copy number was validated
using ddPCR with one copy found in the Del(11Dyrk1a)4 model and three copies in the
Dp(11Dyrkl1a)5 model relative to two copies in the disomic control (wild type, wt) (Fig. 1B). In
order to validate the amount of DYRK1A protein expressed in the two rat models, a western
blot analysis was performed on hippocampal tissues of adult rats. A decrease of 42% in the
expression level of DYRK1A was found in the Del(11Dyrkl1a)4 model. However, the quantity of
DYRK1A protein was not increased in Dp(11Dyrk1a)5 rats compared to disomic controls (Fig.
1C). We supposed that this might be due to absence in the duplicated region of some Dyrkla
regulatory sequences. We therefore generated a new model named Dp(11Dyrkl1a)6 with a
larger non-coding region around Dyrkla, up to the next neighboring genes, Dscr3 and KcnJ6
(232 kb; 11:34791993-35024196, Ensembl 91 database, GRCh38.p10) (Fig. 1A). After validation
of the presence of three copies of Dyrkla in the Dp(11Dyrk1a)6 model (Fig. 1B), we showed
that the amount of DYRKI1A protein was increased in the hippocampus of Dp(11Dyrkl1a)6
animals (Fig. 1C). To verify that the duplication in the Dp(11Dyrk1a)6 model did not impact the
expression of genes on both sides of the duplication, we analyzed the mRNA expression of the
Dscr3 and Kcnj6 genes present on either side of Dyrk1a in the hippocampus by quantitative RT-
PCR. Results showed that duplication of Dyrk1a does not impact the expression of Dscr3 and
Kcnj6é while Dyrkla expression is increased (Fig. 1D). Thus, DYRK1A is overexpressed from the
Dp(11Dyrk1a)6 allele without affecting the neighboring genes Dscr3 and Kcnj6. Moreover, to
validate the impact of the deletion of Dyrkla in Del(11Dyrkl1a)4 dosage of this activity was
measured in brain extracts (Fig. 1E). As expected, a decrease of Dyrkla activity was found in

the brain of Del(11Dyrk1a)4 compared to disomic rats.
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Fig. 1: Validation of the construction of the Del(11Dyrk1a)4, Dp(11Dyrk1a)5 and Dp(11Dyrk1a)6
rat models noted here Del4, Dp5 and Dp6. (A) The 121.5 kb (grey rectangle) deleted and
duplicated region in the Del4 and in the Dp5 models respectively and the 219 kb (black
rectangle) duplicated region in the Dp(11Dyrk1a)6 model, shown on a capture derived from the
UCSC genome browser (http://genome.ucsc.edu/). (B) Analyse of Dyrkla copy number by
ddPCR in the three rat lines. Results show one copy of Dyrkl1a in Del4 and three copies in Dp5
and Dpé lines. (C) Quantification of immunoblots of DYRK1A protein in the hippocampus of the
different rat models relative to control disomic rats showed a decrease of DYRK1A expression
in Del4 compared to disomic rat controls (One-way ANOVA: F;1,=6.740; ** p<0.01) but no
difference of protein expression was detected in Dp5 rats compared to. Increase of DYRK1A
protein expression is observed in Dp6 (Student’s t-test: * p<0.05). Representative immunoblot
detection shown on the right side. Data are presented as point plots with mean+SEM (n=5 rats
for Del4 and Dp5 and n=4 rats for Dp6. (D) DYRK1A kinase activity in Del4 rat model. Kinase
assay was realized on brain extract. Results show a decrease of DYRKIA activity in Deld
compared to the wild type (Student’s t-test: ¥*** p<0.0001, n=10 per group). (E) Relative mRNA
level expression of Dscr3, Kcnjé and Dyrkla genes in Dp6 to control disomic rats. No difference

of mRNA levels for Dscr3 and Kcnjé was observed in Dp6 compared to disomic rats while a 50%
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increase in Dyrk1a mRNA expression is observed in Dp6 compared to controls (Student’s t-test:

* p<0.05). Data represent the mean+SEM (n=5 wild type and n=6 Dp6).

Dyrk1a deletion in rat model leads to impaired viability, locomotor and spatial memory deficit
First, when we generated the cohort the transmission rate of Del(11Dyrk1a)4/+ individuals was
lower with 42% compared to controls (58%, n= 176 littermates; Chi2 test P=0,03). Thus, as in
the mouse, Dyrkl1a gene haploinsufficiency has an effect on the viability. Then we checked the
body weight, at the beginning of the behavioral pipeline (aged 9 weeks). A significative decrease
of Del(11Dyrkla)4 rats body weight (n=15 390+/-10g) was observed compared to control
animals (n=15, 456+/-6g; Student t test P=7,3 10"%7). After post-mortem analysis at 14 to 16 weeks,
we also found that the brain weight was reduced in mutant individuals (n=15 per genotype, control
2,31g+/-0,03 and mutant 1,48+/-0,03; Student t test P= 1,3 10%). Then, we determined the impact
of Dyrkla on rat cognition and behavior. The circadian activity and open field tests were used
to evaluate the locomotor activity of rats. Locomotor activity during the circadian test was
recorded during 46 hours from day 1, 11:00 am until day 3, 11:00 am. The diurnal activity was
analyzed by grouping together data from the two diurnal phases (from 5 to 12 respectively
from the first and second day) and the nocturnal activity (12 hours by night) — without
habituation phase — by grouping data from the two nocturnal phases. A decrease of Del4 rats
mean locomotor activity was noticed only during nocturnal session (Fig. 2A). In addition, a
decrease in the number of rears throughout the test was observed in Deldrats compared to
controls (Fig. 2A). Exploratory activity was analyzed in the open field. Del4 rats exhibited a
decrease in locomotor activity with a reduction of the total distance traveled compared to the
control (Suppl. Fig. 1B). This was due to a decreased activity during the first 10 minutes of
exploration of the arena, reflecting hypoactivity in those animals (Fig. 2B, left). The distance
travelled by Del4 rat was reduced at the periphery and not in the center of the arena (Fig. 2B
right).

Subsequently, cognitive abilities were evaluated with Y-maze (working memory), Novel Object
Place Preference (NOP= with 5 minutes of retention (short-term spatial memory), Novel Object
Recognition (NOR) with two objects with 1h or 24h of retention and three objects (recognition
memory) and Morris Water Maze (MWM, long-term spatial learning and memory) in 9-12-
week-old males. Y-maze results reveal no difference between Del(11Dyrk1a)4 rats and disomic

rats for the percentage of spontaneous alternation (Fig. 2C). The deletion of Dyrkla in rats,
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therefore, did not induce a deficit in working memory. The OPP test with 5 min retention
revealed that, unlike controls, Del(11Dyrkl1a)4 rats were not able to discriminate the new
position from the familiar one (Fig. 2D). These results showed an alteration of the short-term
spatial memory in Del(11Dyrk1a)4. The NOR test with 2 objects highlighted that Del(11Dyrk1a)4
rats, like the controls, were able to differentiate the novel object (No) versus from the familiar
object (Fo) after 1h or 24h of retention (Fig. 2E). The lack of deficit of the Del(11Dyrk1a)4 rats
in this test, opposite to the Dyrk1a*- mouse model, might be due to the fact that this test is too
simple for the rats compared to mice (Arqué et al. 2008). Hence, we decided to choose a more
complex NOR test by going through the presentation of 3 different objects. For this test,
Del(11Dyrk1a)4 rats like control rats, spent more than 33% on the No object (Fig. 2F). As a
result, Del(11Dyrk1a)4 rats did not have a deficit in recognition memory. In the MWM, during
the learning phase with the hidden platform, the distance travelled by two genotypes to find
the platform decreased during the five days of acquisition, reflecting a platform localization
learning (Fig. 2G, left). However, Del(11Dyrkla)4 rats traveled a greater distance to find the
platform than control rats during this phase, with a significant difference on days 2 and 3. These
results highlighted that the learning capacity, although still present, was decreased in
Del(11Dyrk1a)4 rats. During the probe test, both genotypes presented a significant preference
for the targeted quadrant compared to hazard (25%) indicating no long-term spatial deficit (Fig.
2G, right).

Haploinsufficiency of DYRK1A caused a syndrome with autism spectrum disorder. Therefore,
we checked social interaction, looking at different behaviors in a defined environment between
two stranger rats with the same genotype. Analyzing the percentage of time each pair of
animals spent having social interactions, the duration of social interactions was decreased in
Del(11Dyrk1a)4 rats compared to controls (Fig. 2H, left). More precisely, a reduction of the time
spent “following” and “pawing” was observed among Del(11Dyrkl1a)4 compared to control
animals (Fig. 2H, right), unraveling an alteration of Del(11Dyrk1a)4 model in social interaction

abilities.
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Fig. 2: Impact of Dyrk1a deletion in the Del(11Dyrk1a)4 rat model on behaviour and cognition

Del(11Dyrk1a)4 (Del4) rats shown in grey and disomic control rats are in white. (A) Circadian
locomotor activity per hour during the diurnal and nocturnal phases of the test (/eft) and the total
number of rears during the whole recording (right). Data show a decrease in the mean locomotor
activity of Del4 during the nocturnal phase (two-way ANOVA: F;1,=38.84; Sidak post-hoc: n=8 per
group). Number of rears is decreased in Del4 compared to controls (Student t-test; n=8 per group).
(B) Analysis of the distance traveled in a new environment recorded in the OF by increments of 10
minutes (left) and by zone (periphery and center; right). The distance traveled during the first 10
minutes was significantly lower in Del4 compared to disomic rats (two-way ANOVA: F1,44=9.074;
Sidak post-hoc). Del4 travelled less distance at the periphery than control rats (two-way ANOVA:
F1,44=9.330; Sidak post-hoc, n = 23 per group). (C) Percentage of spontaneous alternation in Y-maze.
One sample t-test vs 50% (hazard) show Del4 and disomic rats performed in the test (n=8 per
genotype) (D) NOP test with 5 minutes of retention. Results are presented as the percentage of
exploration time of the object with the new position (Np) and the object which was not moved
(Familiar position, Fp). One sample t-test vs 50% (hazard) showed Del4 failed to recognize Np object
( n=10 wild type and n=11 Del4). (E) NOR with two objects and 1h or 24 hours of retention or (F) with
three objects (right). Results show the percentage of exploration time of Novel object (No) and

Familiar objects (Fo, FoA, FoB). For NOR with two objects, Del4 rats discriminate the No from the Fo
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after 1h or 24h of retention (one sample t-test: n=15 per genotype). For NOR with three objects, on
sample t-test vs hazard indicated that control and Del4 rats explored more time than 33% the No
(n=10 control and n=11 Del4)). (G) Mean of the distance traveled during the four trials for each day
of acquisition session (left) and percentage of time spent on the target quadrant (NE) during the
probe test session (right) in MWM. Two-way repeated measures ANOVA (Genotype x Day) show a
significative decrease of distance traveled between day 1 and day 5 for two genotypes reflecting
(Day effect Fy810,7567=39.10; Tukey post-hoc: p<0.0001 D1 vs D5 for control, p<0.01 D4 vs D5 for
Del4). During the second and third days of acquisition Del4 travelled more distance than disomic rats
(Fu.810,7567= 39.10; Sidak post-hoc: *p<0.05 control vs Del4 for D2, p<0.01 Del4 vs control for D3). For
the probe test, one sample t-test vs 25% (hazard) show that two genotypes spend more time in the
target quadrant (n=14 per group). (G) Total time spent having different social interactions (left) and
the duration of each different social behaviour (right): following, pawing, sniffing head-head and
sniffing head-back. Results indicate a decrease of total social interaction time (/eft) and a reduction
of following behaviour (right) in Del4 compared to disomic rats (n=7 per group, Student t-test; ns =
non significative, * p<0.05, ** p<0.01, *** p<0.001; in black between groups and in red versus

hazard).

Overexpression of Dyrk1a induced cognitive deficits in rat models

For the phenotyping characterization of the Dp(11Dyrk1a)5 rat model, locomotor activity was
evaluated with the OF test, cognitive skills were measured with a two-object recognition test,
with 1h and 24h of retention, and the MWM for spatial long-term learning. No behavior
alterations could be detected in the Dp(11Dyrk1a)5 rats compared to controls, as expected

from the absence of DYRK1A overexpression in this model (Fig. S1).
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Fig. S1: The Dp(11Dyrk1a)5 rat model displays normal behaviour and cognition

Cohorts of n=16 individuals carrying D(11Dyrk1a)5 (Dp5) mouse models (shown in grey), and n=16
disomic control rats were analysed between 9 and 12 weeks of age. (A) The distance traveled and
rearing activities in Dp5 individuals in the open field was similar to control littermates (n=16). (B
and C) The percentage of exploration of objects in the NOR with two objects after respectively 1h
or 24 hours of retention was similar in carrier and control animals. (D) The mean of the distance
travelled during the four trials for each day of acquisition session (left) and percentage of time
spent on the target quadrant (NE) during the probe test session (right) in MWM, showed normal

pattern of spatial learning and memory (Two-way repeated measures ANOVA).

Then we analyzed the Dp(11Dyrk1a)6 that displayed and increase in Dyrkla expression. First,
transmission and body weight were similar between Dp(11Dyrk1a)6 rats and control animals
at 9 weeks age (Fig. S2). Then, to characterize Dp(11Dyrk1a)6 rat model, a detailed behavioral
pipeline was used. As previously, we first focused our attention on the locomotor activity. The
circadian activity test (Fig. 3A) showed a decrease in locomotor activity in Dyrkl1a trisomic rats
during the nocturnal phase with no specific effect during the habituation, and the two diurnal
and nocturnal phases (Fig. S2). Moreover, no difference was found between the two genotypes
for the number of rears throughout the test (Fig. S2). Like Del(Dyrk1a)4rats, trisomic rats for
Dyrk1a have a hypoactivity during the circadian test, but only for the nocturnal phase. However,

contrary to Del(Dyrkl1a), an increase in distance travelled by Dp(11Dyrk1a)6 rats was noticed

129



during the 10 first minutes of exploration of the open field (Fig. 3B). This hyperactivity was not
seen in the total distance travelled during the 30 minutes of the test (Fig. S2). In addition,
Dp(11Dyrkl1a)6rats did not present any difference with control animals in the number of rears
during the circadian monitoring or in the open-field (Fig. S2B-C). No difference between
Dp(11Dyrkl1a)6 and control rats was detected for distance travelled at the periphery or center

of the arena (Fig. 4B), suggesting that Dp(11Dyrk1a)6do did not present alteration of anxiety.
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Fig S2: Normal behavior parameter in the Dp(11Dyrk1a)6 rat models.

Grey and white represent Dp(11Dyrk1a)6 (Dp6) and disomic control male rats (n=22 per genotype),
respectively The body weight, the activity and nb of rears during the circadian activity, the total distance
travelled and number of rears in the open field with the latency to escape from the first arm ant the
number of arms visited in the Y maze did not show any statistical significance using Student t test when

comparing the Dp(11Dyrk1a)6 with their control littermates.

Then, we evaluated different types of memory: the working memory, position recognition
memory, object recognition memory and long-term spatial learning and memory. Unlike mice
transgenic for the Dyrkla gene, Dp(11Dyrk1a)6 rats did not have a spontaneous alternation
deficit in the Y maze test (Fig. 4C), suggesting that they have normal working memory.
Moreover, no difference between genotype was found in the number of arms visited or the

exit latency of the starting arm (Fig. S2). The results of the NOP test (Fig. 4D) showed an
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alteration of short-term spatial memory in Dp(11Dyrk1a)6 rats. In addition, in the 3-object
novel object recognitiont, even if Dp(11Dyrk1a)6rats spent more than hazard (33%) exploring
the novel object (No), they did not spent significantly more time exploring the No from the
familiar ones, reflecting an alteration of their recognition memory (Fig. 4E). Finally, the MWM
test shows that Dp(11Dyrk1a)6 animals did not have a deficit in learning and long-term spatial

memory (Fig. 4F).
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Fig. 3: Behavioural phenotyping of the Dp(11Dyrk1a)6rat line unravelled cognitive deficits.

Grey and white represent respectively Dp(11Dyrkla)6 and disomic control male rats. (A) Mean
locomotor activity per hour during diurnal and nocturnal phases of the circadian activity test.
Dp(11Dyrk1a)6 activity was decreased during nocturnal phase of the test (two-way ANOVA, F;45=5.755;
Sidak post-hoc: * p<0.05 Dp(11Dyrk1a)6 vs control rats; n=22 per group). (B) Distance travelled in the
open field showed an increase during the 10 first minutes of the test when comparing Dp(11Dyrk1a)6
to control littermates (two-way ANOVA, F,g=4,647; Sidak post-hoc: *p<0.05). No difference was
observed between the two genotypes for distance traveled in different zone of arena (two-way ANOVA:
F1,1,=0.8462; n=22 per group). (C) Percentage of spontaneous alternation. One sample t-test vs 50%

(hazard) showed Dup2(Dyrk1a), like wild type, performed in the test (*** p<0.001, **** p<0.0001; n=21



controls and n=22 Dup2(Dyrk1a)). (D) Object Place Recognition test with 5 minutes of retention. The
analysis of the mean exploration time of objects in percentage with the new position (Np) and of the
familiar object (Fp) using a sample t-test vs 50% (hazard) highlighted that Dp(11DyrkIa)6failed to
recognize the Np (ns = non-significant, ** p<0.01, n=29 per group). (E) Novel Object Recognition test
with 24 hours of retention and three objects showed the percentage of exploration time of the Novel
object (No) and Familiar objects A and B (FoA, FoB). Dp(11Dyrk1a)6 rats failed to discriminate No from
FoA and FoB (two-way ANOVA, Fy126=3,725, **** p<0.0001; one sample t-test compared to 33%: #
p<0.05, ##t p<0.0001; n=22 per group). (F) Acquisition session (left) and probe test session (right) in
the Morris water maze. Results are presented with the mean +SEM of the distance travelled during the
5 days of acquisition (/eft) and the percentage of time spent in the target quadrant (right). No difference
in the distance travelled during the acquisition days was observed between wild type and
Dp(11Dyrk1a)6 rats. In the probe test, both wild-type and Dp(11Dyrk1a)6 rats spend more time in the
target quadrant (One sample t-test vs 25% (hazard), ** p<0.01, **** p<0.0001; n=22 per group).

Craniofacial changes associated with Dyrkla dosage in rat models

Using a morphometric analysis as described previously (Ahumada et al,
BIORXIV/2024/612914), we found that the Del(Dyrk1a)4 model showed significant changes in
the form and shape matrix of the skull. In more detail, voxel-based analysis showed that
changes in shape correspond to a reduction in the dimensions of the neurocranium
(microcephaly) with an increase in the dimensions of the midface (Fig. 5). In the mandible, there
is a tendency to be wider, but shorter.

In the case of Dp(Dyrkla)6, the skull showed no change in head dimensions Voxel-based
analysis shows that the changes in shape correspond to a reduction in the dimensions of the
frontal bone, nasal bone and zygomatic arch, and an increase in the dimensions of the
neurocranium, mimicking the Down syndrome brachycephaly. In the mandible, there was a
reduction in the width of all structures that are smaller. Overall, these results showed that the
dosage of Dyrkla regulates the shape of the neurocranium, with one copy leading to
microcephaly and 3 copies to brachycephaly typically found in Down syndrome. In addition, the
face and the mandible were larger in the Del(Dyrk1a)4 model, and tended to be smaller in the

Dp(Dyrk1a)6.
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Principal Component 2

Fig 4: Morphometric analysis of the skull (left) and mandible (right) of the
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Del(11Dyrk1a)4 and

Dp(11Dyrk1a)6 rat models. N=14-15 individuals per genotype and sex were analysed for shape

difference. For each model, the skull and mandible are shown separately by sexes. The first picture

highlights 1) the warping observed comparing wild-type and mutant within blue, the bones with

decreased dimensions in Dyrkla models, and in red, the bones with increased dimensions; 2) PC1 and

PC2 graphs to show the separation of mutant and control samples (red for Del or Dup and blue for

control); 3) the percentage of variance for the PCA dimension shown in blue.
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Fig 5. Integrative multivariate analysis Del(11Dyrk1a)4 and Dp(11Dyrk1a)6

All the craniofacial data from the models and their control littermate were collected to carry a
principal component analysis (PCA). Dyrk1a models showed significant differences compared with
the wild-type controls in the first two dimensions of the PCA and were separated into three main
groups for the cranium and mandible. The group of Del(11Dyrk1a)4 located on an opposite direction
on PC1 (that accounts for 91% in the cranium and 73% in the mandible of the variance) compared to
Dp(11Dyrk1a)6 individuals and the WT control groups was found in between, closer to the

duplication as expected from the phenotype analysis. (n= 57 WT, n=56 Del(11Dyrk1a)4 and 61
Dp(11Dyrk1a)6 balanced for the sex).

Impact of Dyrkl1a deletion on adult rat transcriptome profile
A transcriptomic analysis was performed on adult hippocampi and compared to control

littermates to highlight the impact of a Dyrkla gene monosomy on the adult rat transcriptome.
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We identified 723 differential expressed genes corresponding to 65 % protein-coding genes
and 25% non-coding genes involved in 222 de-regulated pathways, identified by GAGE
(Generally applicable gene set enrichment for pathway analysis)(Luo et al. 2009). From the 222
altered pathways the analysis highlighted the most affected groups (Fig. 6A) with the
metabolism encompassing 31% of the total pathway, enzymes activity 24%, synapse 17% and
transcription & epigenomic regulation 15 % (Fig. 6B). Of particular interest, synaptic function
was common to 39 of those pathways. Synaptic function pathways were upregulated and linked
to learning and memory, axons and dendrites morphogenesis, synapse assembly, modulation
of synapse transmission, post-synapse density and specialization. These results unraveled a
high impact of Dyrkla haploinsufficiency over a large range of molecular functions and
biological processes and pathways. They pointed at the impact of Dyrkla in key pathways for

learning and memory deficits, observed in this model.
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Figure 6: Introducing the adult rat Del(Dyrk1a)4 in the Dyrkla dosage analysis.
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(A) Heatmap representation of the number and regulation sense of the pathways altered due to Dyrkla
gene dosage in Del(Dyrk1a)4 rats using the genome expression for each model identified by GAGE (Luo
et al. 2009) R package and filtered by g- value cut off < 0.1. On the /eft the average number of pathways,
on the right instead, divided by regulatory sense, only upregulated pathways (purple) and only
downregulated (pink). Grouped in the categories shown on the computer such as synaptic related,
transcription & epigenomics regulation and replication related. The synaptic related group was divided
in 4 subgroups: GABA system, myelin sheath and SNARE complex formation, behavior and others. The
color key breaks represent the number of pathways within the categories Breaks (-200,-100,-50,-25,-5,-
0.5,+0.5,+5,+25,+50,+100,+150,200). The minus or pink color represents down regulated pathways, the
white color represents no pathway found in the category and the purple or positive numbers stands for
up regulated pathways respectively. (B) Percentage of pathways on each defined group de-regulated on

the adult Del(Dyrk1a)4 rat deficit model by RNA-Seq from 222 pathways found altered by GAGE.

Discussion

The rat model for Dyrk1a haploinsufficiency displays phenotypes similar to the mouse Dyrk1a*
model and relevant for human MRD7

The Del(Dyrkl1a)4 allele is similar to deletion of Dyrkla observed in MRD7 and induce several
features related to the disease. First the decrease in spontaneous activity in rats was observed
in the circadian activity test during the habituation and nocturnal sessions, reflecting an
alteration in their intrinsic activity during their activity phase. Furthermore, a reduction in the
locomotor activity of Del(Dyrk1a)4 rats was also observed by the decrease in the number of
rearing during the same test, but also by a decrease in the total distance covered in the arena
during the open field test. Moreover, hypoactivity in this test is also associated with the
habituation phase, showing an impact on the behavior of exploring a new environment. The
Del(Dyrk1a)4 rats showed an alteration when exposed to novel, non-stressful environments. A
similar hypoactivity phenotype has also been reported in Dyrkla heterozygous mice with a
decrease in the number of righting as well as distance traveled in the open field test (Fotaki et
al. 2004; Raveau et al. 2018). Similarly to the mouse, no change in anxiety level was detected

in the Del(Dyrk1a)4 rats compared with control animals (Raveau et al. 2018).
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The learning and memory deficits in Del(Dyrk1a)4 rats are comparable to those found in mice,
carrying a deletion of Dyrkla. For example, an absence of working memory deficits is
highlighted by the Y-maze test in Del(Dyrkla) rats, as has been found in Dyrk1a™12/c mice
(Brault et al. 2021). Del(Dyrk1a)4 rats show no deficit in long-term spatial memory, but learning
of platform location and hence spatial learning is impaired in the Morris pool task, as in another
Dyrk1at™mMie/* mice (Arqué et al. 2008). Short-term spatial memory, which is highly dependent
on the hippocampus, was measured using the PPO test. This memory is clearly impaired in
Del(Dyrk1a)4 rats. This type of memory has never been studied in Dyrkla mutant allele in
mouse. While impaired recognition memory was shown in Dyrk1at™™/* mice with the two-
object NOR (Arqué et al. 2008), no deficits in the two- or three-object NOP have been observed
in Del(Dyrkl1a)4 rats. This difference may be explained by the fact that the two- and three-
object NOP tests are too simple to reveal an object recognition deficit in rats. Another
hypothesis is that Dyrk1a haploinsufficiency in rats simply does not lead to impaired recognition
memory. MRD7 is an autism spectrum disorder syndrome and the Del(Dyrk1a)4 model showed
a decrease in social interactions was found in Dyrk1a®m% mice whose catalytic domain has
been truncated (Raveau et al. 2018). Overall the Del(Dyrkla)4 rat model is relevant for
modeling MRD7 which encompasses not only point mutations but a series of deletions
including DYRKIA (van Bon et al. 2011; Bronicki et al. 2015; Ji et al. 2015; Evers et al. 2017;
Courraud et al. 2021). Individuals with MRD7 present with growth retardation, microcephaly,
facial dysmorphia, ataxic gait, eating disorder, speech impediment, autism spectrum disorder
and intellectual disability (Mgller, Rubolini, et Lehikoinen 2008; Courraud et al. 2021). The
Del(11Dyrk1a)4 rat model reproduces cognitive function abnormalities with impaired short-
term spatial memory and spatial learning. The model also displays microcephaly and
craniofacial changes. While we showed that Del(Dyrk1a) rats also exhibit hypoactivity, it would
be interesting to better characterize the motor functions of Del(11Dyrk1a)4 rats by assessing
the animals' motor coordination and balance. The results will enable us to verify whether
Dyrk1a haploinsufficiency in rats better reproduces the ataxia observed in patients with MRD7
syndrome. In addition, numerous studies highlight that the Dyrkla gene is involved in
regulating the excitation/inhibition balance between the glutamatergic and GABAergic
neuronal system (Souchet et al. 2014; 2015). Deregulation of the balance can lead to epilepsies,
which are precisely observed in people with MRD7 syndrome (Mgller, Rubolini, et Lehikoinen

2008; Courcet et al. 2012). Therefore, an epilepsy susceptibility test should be carried out by



injection of the pro-convulsant agent pentylenetetrazol. This would increase the spectrum of

features replicated in the Del(11Dyrk1a)4 model to study the MRD7 syndrome.

The duplication of the Dyrkla locus in rats required a larger non-coding region than in mice

To generate rat models with single or three copies of the Dyrkla gene, the CrispR-Cas9 gene-
editing system was used to generate the duplication of a 121.7 kb fragment in the
Dp(11Dyrkl1a)5, containing the complete sequence of the Dyrkla gene. This fragment
corresponds to the sequence present in the BAC that was integrated into the genome of the
Tg(Dyrk1a)189N3Yah model (Guedjetal. 2012). The Dp(11Dyrk1a)6 model carries a duplication
of a larger 219 kb-long fragment, also containing the complete sequence of Dyrkl1a, but with
all the intergenic regions upstream and downstream of the gene. While in the Dp(11Dyrk1a)5
no Dyrkla overexpression and no behaviour and cognitive phenotypes was detected, the
Dp(11Dyrk1a)6 displayed Dyrkla overexpression and very specific and related learning and
cognitive phenotypes similar to the Tg(Dyrk1a)189N3Yah (Gued;j et al. 2012) and relevant for
Down syndrome. Thus, to induce an increase in DYRK1A expression, a larger non-coding region
is apparently required in the rat model. We can envisage that non-coding regions duplicated in
the Dp(11Dyrkla)6 model are likely to contain regulatory sequences required for Dyrkla
transcription according to dosage. These results underpin a genome difference between mouse
and rat species, as the 121.7 kb sequence is sufficient to induce an increase in DYRK1A protein
expression in Tg(Dyrkla) mice (Guedj et al. 2012). Due to the increased size of the duplicated
region, we verified that the expression of the Dscr3 and Kcnj6 genes were not altered. As no
disruption of Dscr3 and Kcnj6 RNA expression was observed in the Dp(11Dyrkl1a)6 model, the
phenotypes observed and discussed are the sole should be the consequence of the sole

duplication of Dyrk1a.

Impact of Dyrk1a haploinsufficiency on the adult rat transcriptome in the hippocampus

Transcriptomic analysis of adult Del(Dyrkla) rats revealed altered regulation of synaptic
signalling pathways, including those involved in learning and memory processes, synapsis and
axon and dendrite morphogenesis. These results are in line with behavioural analysis, which
has shown memory deficits, as in the PPO test. The results obtained in Del(Dyrkla) rats will
then have to be compared with those obtained in Dup2(Dyrk1a) rats. However, transcriptomic

analyses carried out by Dr. Muniz-Moreno on Dyrk1a+/- mice also revealed 93% deregulation
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of synaptic signalling pathways (Mufiiz Moreno 2019, Doctoral dissertation, University of
Strasbourg). These pathways are involved in pre- and post-synaptic membranes and axons.
Synaptic pathways affected include GABAergic, serotonergic, glutamatergic and cholinergic
pathways. These results are similar to those of Del(Dyrkla) rats, and it therefore seems
important to identify key genes involved in synaptic signalling that are deregulated in both rat

models, and to validate their expression by another technique, notably RT-qPCR.

The duplication of Dyrkla in the Dp(11Dyrkla)6 allele model mirrors the phenotypes
observed in mouse models overexpressing Dyrk1a and in Down syndrome.

DYRK1A is a major driver gene whose overdosage contribute to the Down syndrome
phenotypes in mouse models (Atas-Ozcan et al. 2021). In the Dp(11Dyrk1a)6, we observed
hypoactivity during the circadian activity test but a hyperactivity at the start of the open field
test, whereas Del(11Dyrk1a)4 rats showed hypoactivity in the open field. Probably,
spontaneous locomotor activity for rat in a new environment is controlled in a dose-
dependent manner by the Dyrkla gene activity. This contrast was also observed in mouse
models. Tg(Dyrk1a)189N3Yah mice showed hyperactivity, while two heterozygous knock-out
of Dyrkla mouse models are hypoactive (Fotaki et al. 2004; Duchon et al. 2021). Regarding
the learning and memory, the Dp(11Dyrk1a)6 rat models showed no impairment of working
memory in the Y-maze test, opposite to the the Tg(Dyrk1a)189N3Yah mouse model (Duchon
et al. 2021). It would be interesting to assess short-term memory with a more complex test
than the Y maze, particularly with the arm maze test, which measures working memory and
reference memory (Olton, Collison, et Werz 1977). Although there are similarities in the
overexpression of Dyrk1a between the mouse and rat models, there are also differences that
could be investigated.

The Morris water maze, on the other hand, revealed no alteration in the acquisition and recall
phases of the test for the Dp(11Dyrkl1a)6 model. Therefore, no impairment of their spatial
memory and learning abilities is observed contrary to th.e Tg(Dyrk1a)189N3Yah mice, which
perform worse than controls (Souchet et al. 2014). This may be explained by the fact that rats
are generally more competent and less stressed by the Morris water maze test. Consequently,
it is possible that the mouse cognitive deficit is reinforced by stress in the mice and not
observed in the rat models (Ellenbroek et Youn 2016). Another test, such as the Barnes maze,

could be used to validate the absence of impaired learning and spatial memory in
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Dp(11Dyrk1a)6 rats. Indeed, Dp2(11Dyrk1a)6 rats displayed impaired spatial memory in the
NOP test with 5 min retention. In Tg(Dyrk1a)189N3Yah mice, a similar deficit in the NOP with
24 hours of retention was also reported (Nguyen et al. 2018). Thus, an increase in Dyrkla
dosage triggers slightly different cognitive alterations in mouse and rat models. In mice
overexpressing Dyrk1a, a deficit in long-term spatial memory is observed, whereas in rats, a
deficit in short-term memory is detected. An impairment of long-term object recognition
memory assessed with the three-object NOR was demonstrated in Dp(11Dyrk1a)6 rats. These
results are not equivalent to the long-term recognition memory deficit observed in
Tg(Dyrk1a)189N3Yah transgenic mice, where the NOR is based on two objects (Nguyen et al.
2018; Duchon et al. 2021). Thus, we probably must adapt the test to the organism model.
When considering replicating a disease in a given species, we must consider a more

ethological perspective, looking at the normal behaviour of the species and adapting our test.

Nevertheless, we validated a new Dyrkla-overexpressing rat model, showing impaired
cognitive functions and craniofacial changes relevant to Down syndrome. This rat model will
permit analysing the impact of DYRK1A overexpression in a second species and understanding
better the common molecular mechanisms underlying Down syndrome features. In addition,
numerous studies have demonstrated that inhibition of DYRK1A kinase activity - in models
overexpressing Dyrkla —rescues the memory functions of these animals (Stensen et al. 2021;
Atas-Ozcan et al. 2021). This Dp(11Dyrk1a)6 rat model could, therefore, be used to confirm
the reproducibility and the efficacy of drug treatments in correcting memory function by

inhibiting DYRK1A activity in a model other than the mouse.
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Rodent models in Down syndrome research

The main objective in understanding the pathology of DS has been to determine the genotype-
phenotype correlations. The prevailing hypothesis for the genetic causes underlying DS
pathology is that individual phenotypes are caused by an extra copy of one or more of the ~310
genes present on HSA21 (« Chromosome 21: 1-46,709,983 - Chromosome summary -
Homo_sapiens - Ensembl genome browser 112 », s. d.). Such genes are described as being
dosage sensitive. It is expected that the discovery of these genes would lead to the
understanding of the molecular pathways that cause the various DS phenotypes, and

consequently, to the identification of more efficient treatment options (Lana-Elola et al. 2011).

Initially, the search for these dosage-sensitive genetic culprits took advantage of human partial
trisomies of HSA21 (Delabar et al. 1993; Korenberg et al. 1994; Korbel et al. 2009; Lyle et al.
2009), but their use was limited by the rarity of them, the heterogeneity of the specific
phenotypes, and the genetic variation between individuals (Lana-Elola et al. 2011). An essential
way to solve this was throught the creation of rodent models replicating the clinical
characteristics of DS. New technologies have simplified the creation of those rodent models

with desired segmental duplications.

Mice are the most used animal model for studying the pathophysiology of human diseases.
Indeed, mice are biologically very similar to humans: 90% of human and mouse genome regions
have comparable synteny (Chinwalla et al. 2002). In the case of HSA21, the orthologous genes
are found on three different mouse chromosomes: Mmu10, Mmu1l6, and Mmu17. The majority
of HSA21 genes, including the Dyrkla gene, are located on Mmul6 (102 genes) between Lipi
and Zbtb21. Over the years, researchers have generated numerous mouse models of DS to
better understand its pathophysiology and identify genotype-phenotype correlations, with the

goal of identifying target genes for DS therapies (Herault et al. 2017).

Rat models represent as well an optimal animal model; reproducing a majority of the
phenotypes observed in DS, as in the transchromosomal rat model TcHsa21 (Kazuki et al. 2020).

This model shows learning and spatial memory deficits, increased anxiety, and hyperactivity.
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Cerebral volume is smaller, with a reduced cerebellar size. Besides, the craniofacial morphology
and cardiac development of TcHsa21 rats are impaired (Kazuki et al. 2022) like in DS. Also, the
rat models allow us to better explore behavior, cognition, memory and social interactions.
Compared to mice, they are socially more active and competent and less stressed by cognitive

tests such as the Morris maze (Ellenbroek et Youn 2016).

The objectives of this PhD were to investigate through different rodent models the molecular

genetics underlying the DS-CF phenotype and discover new dosage-sensitive genes.

Briefly, Chapter 1 (Article#1) describes how we mapped a new chromosomic region. Using the
Dp(16)1Yey mouse model as a reference, we achieved a genetic dissection of the Mmu16 with
a new panel of mouse models developed in our laboratory (IGBMC-ICS). Thanks to this, we were
able to define a shorter chromosomic region and postulate new candidate genes responsible
for the DS-CF phenotype and to understand the fundamental molecular basis underlying this
phenotype. Additionally, we have generated a new mouse model that allowed us to perform a
phenotypic shape rescue of the midface hypoplasia, a crucial characteristic of the DS-CF
phenotype. This article will help us gain a better knowledge of the genetic links that led to the
development of this phenotype. This will support further research developing new and more
precise models to identify the phenotypical CF recovery, with the objective of finding

interceptive treatments in the future.

Chapter 2 is focused on the validation of new DS rat models, defining their specific phenotype
and identifying a new chromosomic region of interest for the DS-CF phenotype. Furthermore,
a complete trisomic rat model will aid in understanding the genetic relationships that enhance
the expression of different phenotypes. Our findings will benefit future studies in the

craniofacial field, not only for DS but also for other rare diseases with craniofacial dysmorphism.



149

Dissection of the Lipi-Zbtb21 region and its contribution to DS craniofacial DS-
CF phenotype, using a new panel of mouse models

In DS individuals, craniofacial dysmorphism is almost 100% penetrant, but the contributive
genetic and developmental factors are unclear. As previously described, different DS mouse
models have been used to study this specific phenotype, as Ts65Dn (Olson et al. 2004), Ts66Yah
(Duchon et al. 2022), Ts1Cje (Sago et al. 1998) and Dp(16)1Yey (Li et al. 2007), with different
segmental duplications in Mmul6 and presenting the DS-CF phenotype. However, these
models haven’t been sufficient to completely dissect and propose new candidates’ genes. In
contrast, Dp1Rhr (Olson et al. 2007), a DS model with a duplication of the 33 genes that
compound the Down Syndrome critical region (DSCR), a small region located at 21922 believed
to be the responsible for most of the phenotypic traits associated with DS (Delabar et al. 1993),
showed that this region was not enough to develop all the phenotypes found in DS, in the case
of the CF phenotype, this model shows a macrocephaly and an inverse phenotype to DS (Deitz

et Roper 2011).

The DS-CF phenotype in mouse typically encompasses microcephaly, a small midface, a reduced
mediolateral orbital region, reduced bizygomatic breadth, a small maxilla, brachycephaly
(relatively wide neurocranium), and a small mandible (Olson et al. 2004). To study this
characteristic phenotype, we analyzed the Dp(16)1Yey model (Article #1), taking advantage
that this model carries a complete duplication of Mmul6 (Lipi-Zbtb21 region) (Li et al. 2007)
and has a previously been well described for the DS-like craniofacial phenotype (Starbuck et al.

2014).

Our results replicate the same findings of Starbuck et al. (2014). Using a standard craniofacial
analysis plus a new voxel analysis, we achieved to observe the principals changes in the skull
and mandibles in 3D. A decrease in the dimensions of the midface (midface hypoplasia) with a
short nasal region and an increase of dimensions in the neurocranium width, with a reduction
in the occipital bone that leads to a shortening of the anteroposterior axis (brachycephaly). In
the mandible, we found a decrease in the width of the ramus, body, incisor alveolus, and molar

alveolus, and increased lateral dimension in coronoid and condylar process, which is expected
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due the skull brachycephaly. Besides, skeletal staining showed a defect in intramembranous
ossification. The analysis at different embryonic stages allowed us to hypothesize that the
changes observed at E18.5 correspond to a delay and not to a continuous defect in
intramembranous ossification. This defect could be related to a problem in the differentiation
of mesenchymal cells into osteoblasts or in osteoblast proliferation with a subsequent
attenuated osteoblast function (Thomas et al. 2021). Here, we demonstrate that the
craniofacial dysmorphism found in Dp(16)1Yey correlates with the human DS-CF phenotype,

making it a good model to study DS-CF phenotype.

We mapped the Lipi-Zbtb21 region using a new panel of DS mouse models, with specific CF
phenotypes for each one, to reduce the chromosomic region and find dosage-sensitives genes
responsible for the DS-CF phenotype. As shown in the integrative multivariate analysis in
Chapter 1, we observed that the DS strains show significant differences compared with their
wild-type controls, explaining the contribution of each of the regions to the different
characteristics of the CF phenotype in four main groups. [1] Dp(16)1Yey,
Dp(16)1Yey/Ripply3tm1b with strong brachycephaly and midface hypoplasia; [2] Dp(16)12Yah
and Dp(16)9Yah with stronger midface hypoplasia and brachycephaly; [3] Dp(16)10Yah,
Dp(16)13Yah and Dp(16)8Yah with less significative changes; [4] Dp(16)11Yah and Dp(16)7Yah
close to the wild-type and inverse dimension in the principal component 1, while the Ts66Yah,
the Tg(Dyrk1a) are on the same side of the DS models. These four main groups are translated

in 3 different chromosomic regions of Mmu16 (CF1, CF2 and CF3), as can be seen in Figure 21.

We excluded a region compound between Tmprss15-Grik1, triplicated in Dp(16)11Yah alone,
with almost no effect on CF form and shape, similar to the results found in Redhead et al.
(Redhead et al. 2023) and their model Dp(16)9Tyb, that doesn’t present a DS-CF phenotype.
Nevertheless, we found the contribution of the most centromeric part CF3 involved in cranium
enlargement as new. It could be slightly artificial as this effect was not seen in the Dp(16)1Yey,
but could also be due to an effect specific to this region while not triplicated with CF2 and CF3.
More detailed investigations with new models would allow to discriminate the genetic

interaction of the 3 CF regions.
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Figure 21. Relative position of the new 3 different chromosomic regions on Mmu16. CF1,

CF2 and CF3 in red squares.

Searching for new candidates genes for the DS-CF phenotype and considering the strong DS-
like phenotype found in Dp(16)9Yah and Dp(16)12Yah, we focused in the region CF1, specifically
in the region compound between Setd4-Dyrk1a. Inside this region, using the data set “Temporal
analysis of ectoderm and mesenchyme gene expression in the developing mouse facial
prominences” from the FaceBase Consortium (Hong Li 2017), we identified a set of candidate
genes. Among these genes, Dyrk1a (Dual Specificity Tyrosine Phosphorylation Regulated Kinase

1A) and Ripply3 (Ripply Transcriptional Repressor 3) seemed promising targets for CF in DS.

Role of Dyrk1a in the DS-CF mouse phenotype

The DYRK1A gene encodes a member of the dual-specificity tyrosine phosphorylation-regulated
kinase (DYRK) family (van Bon et al. 2011). It is located between DSCR3 and KCNJ6, on the DSCR
of human chromosome 21 and in the syntenic region of mouse chromosome 16 (Galceran et
al. 2003). It plays a role in major developmental steps of brain development, controlling the
proliferation of neural progenitors, the migration of neurons, their dendritogenesis and the
function of the synapse (Atas-Ozcan et al. 2021) and recently has been identified as one of the

genes required in three copies to cause CF dysmorphology in mouse models of DS (Redhead et

al. 2023).
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Considering this information, in Article #1, we hypothesized that in mice the DS-CF phenotype
is related to the overexpression of Dyrkla. Interestingly, we found that Dyrkla could be
responsible for brachycephaly in DS. We confirmed this hypothesis analyzing the Tg(Dyrk1a)
mouse line, where we found as well mice with brachycephaly. The new model Dp(16)13Yah,

where Dyrkla is found in two copies, has lost the strong brachycephaly.

We demonstrated that 3 copies of Dyrkla are necessary to induce the brachycephaly found in
DS. This is correlated with the findings in Dp(16)1Tyb by Redhead et al. (Redhead et al. 2023),
where Dyrkla was crucial to generate complete DS-CF phenotypes, and the use of DYRK1A
inhibitors or genetic knockout of DYRKIA has been shown to rescue the skull and jaw

malformations (McElyea et al. 2016; Redhead et al. 2023).

However, Johnson et al. in 2024 showed that a decrease in Dyrkla in Xenopus resulted in
craniofacial malformations, altered expression of critical craniofacial regulators as Pax3 and
Sox9 fundamental for cranial neural crest development, and presented altered retinoic acid,
hedgehog, nuclear factor of activated T cells (NFAT), Notch and WNT signaling pathways. These
results indicate that DYRK1A function is critical for early craniofacial development and must
properly regulate the expression of specific craniofacial regulators in the branchial arches
(Johnson et al. 2024). Therefore, we decided to analyze the levels of expression of Dyrkla in
craniofacial precursors tissues. In mouse models of DS, brain levels of DYRK1A are increased by
afactor of around 1.5, demonstrating that expression of this protein is dose dependent. In adult
mice, Dyrkla is highly expressed in the olfactory bulb, entorhinal cortex, hippocampus,
cerebellar cortex and gray matter (Marti et al. 2003). In the rat, Dyrkla is abundantly expressed
during embryonic development in the cerebral cortex, hippocampus, hypothalamus, midbrain
and spinal cord. In adult rats, Dyrkla levels are stable and ubiquitous in the brain, heart, liver,
kidneys and lungs (Okui et al. 1999). In Article #1, we showed that, in the DS mouse model
Dp(16)1Yey and in the DS rat model Dup(RNO11), at early embryonic stage (E11.5 and E12.5
respectively), there is a high level of expression (x1.4) of Dyrkla in the frontonasal process,
maxillary process, mandibular process, lateral and medial nasal process, and first pharyngeal
arch, precursors tissues of the craniofacial complex. It is known that the gain of function of

Dyrkla induce proliferation arrest, and the loss of function caused over proliferation and cell
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death and has a regulatory role in cell cycle exit of vertebrate (Hammerle et al. 2011). For this
reason we evaluated the proliferation and mitotic index in Dp(16)1Yey; we detected defects in

the first branchial arch, precursor of various craniofacial structures.

In conclusion, in DS Dyrkl1a overdosage is essential and sufficient for the brachycephaly seen in
DS, but other genes are responsible for the mandibular phenotypes observed in DS. Its high
expression in the craniofacial precursor tissues, demonstrates that it plays a major role in
craniofacial development, which can be explained by the defect in proliferation and mitosis
index, in addition to the defects in NCC migration described by Redhead et al. (Redhead et al.
2023). Also this is correlated with the results obtained in Chapter 2, with the analysis of the rat
models Dp(11Dyrk1a)6Yah and Del(11Dyrk1a)4Yah.

Role of Ripply3 in the mouse midface shortening

Ripply3, also known as Down syndrome critical region 6 (Dscr6), is a transcriptional corepressor
that acts as a negative regulator of the transcriptional activity of Thx1 playing a role in the
developing pharyngeal apparatus. It is observed in endoderm and ectoderm cells in the
pouches and in the caudal pharyngeal region, suggesting a specific role in these cells (Okubo et
al. 2011). In Ripply3”~ mouse models, phenotypic abnormalities were first identified in the
pharyngeal pouches forming posterior to the second arch. Also, in Ripply37~ embryos were
described with a loss of the third and fourth pharyngal arches, causing abnormal development
of the vascular system, including deletion of the aortic arch and misshapen major blood vessels.
This defects lead to cardiovascular defects, as abnormality in heart development, hypotrophy

of the aorta and incomplete formation of the ventricular septum (Okubo et al. 2011; 2021).

In Article#l, we focused on the role of Ripply3 as negative regulator of the transcriptional
activity of Tbx1 in the developing first pharyngeal arch, structure that is giving rise to the
midface components as the maxillary prominence (becomes the future maxilla, zygomatic bone
and part of the temporal bone) and mandibular prominence that becomes the future mandible
(Frisdal et Trainor 2014). Tbx1 Is the first dosage-sensitive gene identified in the DiGeorge

syndrome (DGS)/velocardiofacial syndrome (VCFS), a congenital disorder characterized by
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neural-crest-related developmental defects. In human and DGS models, TBX1
haploinsufficiency causes craniofacial anomalies (Lindsay et al. 2001) and contributes to heart
defects (Merscher et al. 2001). More precisely, the phenotype observed in the mutant mice for
the T-box gene, Thx1*, encompasses abnormal development of the skeletal structures derived
from the first and second pharyngeal arches, with reduced dimension of the midface (Jerome
et Papaioannou 2001); a similar situation found in the DS mouse models. In our article
(Article#1), we could demonstrate that in Dp(16)1Yey at an early stage (E11.5) and in the rat
model Dup(RNO11) at E12.5, Ripply3 is overexpressed, and consecutively, Tbx1 is
downregulated in the midface precursor tissues. These results are correlated with some DS
models, such as Ts1Rhr and Ts1Cje, where the expression of the Tbhx1 gene was found to be
significantly downregulated in the brain structures. Furthermore, Tbx1 might be involved in
delayed fetal brain development and postnatal psychiatric phenotypes observed in DS (Shimizu
et al. 2021). Still, we also detected a defect in cell proliferation of the NCC derivates in the first

branchial arch, which also demonstrated a contribution to the midface shortening.

In addition, to confirm this role, we generated a new mouse model: Dp(16)1Yey/Ripply3t™®,
with a phenotypic rescue of the DS midface phenotype. We demonstrated an increased shape
dimension in the structures corresponding to the midface compared to Dp(16)1Yey. In the
multivariate analysis of all the models was possible to found the Dp(16)1Yey/Ripply3™* model
close to Dp(16)1Yey, was located in the main group and dimension of the models that present
a strong brachycephaly, but displaced in PC2 from the group where a strong midface hypoplasia

predominates (Dp(16)9Yah and Dp(16)12Yah).

In conclusion, we hypothesized that the overexpression of Ripply3 in DS mouse models will lead
to a downregulation of Tbx1, explaining the midface shortening in DS, but also in other DS
organs and tissues, leading to additional changes. Some of these changes are related to DS
heart defects, such as the tetralogy of Fallot observed in some individuals, that may be related
to Ripply3-dependent downregulation of Thx1, while in DGS, they are caused by the direct Thx1
haploinsufficiency (Merscher et al. 2001). Consequently, investigating treatment for DGS to
reestablish a normal TBX1 function will also be of interest for Down syndrome, not only for the

craniofacial phenotype but also for the brain and the heart function.
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New rat models recapitulate the human DS-CF phenotype

Over the last years, numerous mouse models of DS were developed (Herault et al. 2017). In
mice, the syntenic regions to the HSA21 are found on three different chromosomes: 10, 16, and
17. Most of these models carry partial or complete duplication of one of these chromosomic
regions, with some carrying a duplication of one specific gene playing an important role in the
development of DS-related phenotypes (Davisson, Schmidt, et Akeson 1990; Davisson et al.
1993; Reeves et al. 1995). The study of these models helped us to identify DS dosage-sensitive
genes. However, since the syntenic regions are split on the different chromosomes in mice, it
makes difficult to create a full trisomic model, although not impossible (Y. Li et al. 2021). Rat
models have proven to be an effective solution to this problem. Indeed, rats only split the
syntenic regions to the HSA21 on two chromosomes, 11 and 20, simplifying the process of
creating a complete trisomic model. Moreover, the development of the CRISPR/Cas9 technique

has made it possible to modify the rat genome easily and rapidly (Birling et al. 2017).

The project, as detailed in Chapter 2, allowed the characterization of various new DS rat models
(Figure 13). Dup(Rno20), Dup(Rnol1), and Dup(Rnol11-20) models display different DS
phenotypes. The behavioral studies revealed a major role for the Rnoll region in the
development of cognitive deficits such as short-term spatial memory, long-term spatial
memory, spatial learning deficit, working memory deficit, hypoactivity, and anxiety. There was
also a reduction in body mass in Dup(Rno11), as well as an increase in locomotor activity. These
defects are mirrored in the complete trisomy model, Dup(Rno11-20), for which additional
phenotypes are observed. This underlines the importance of interactions between these 2
regions, which are necessary for the appearance of certain phenotypes or the accentuation of

others.

The CF phenotype found in these models reveals a confirmed role of the Rnol1 (Lipi to Zbtb21
region) with an influence of the Rno20 (UmodI1-Prmt2 region) on craniofacial changes. We
observed significant form and shape changes in the models carrying a duplication of the
chromosome 11, as microcephaly, shortening of the midface, smaller mandible and

brachycephaly. Furthermore, when combined both models, Dup(Rno11-20) led to the addition
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of significant landmarks located in premaxilla and frontal bones showing an influence of the

overdosage of Rno20 region.

These results can be correlated with the ones described by Kazuki et al. (2022) in the TcHSA21
rat, a transchromosomic model of DS with a complete trisomy, which contains a freely
segregating, EGFP-inserted, human chromosome 21 (Kazuki et al. 2022). They found a smaller
craniofacial skeleton compared to WT controls, with significant reduction in linear distances
between landmarks concentrated on the facial skeleton, and additional increased dimensions
on the cranial vault. An antero-posteriorly retracted face associated with a supero-inferiorly
“raised” cranial vault was also described (Kazuki et al. 2022), similar to the phenotype found in

our new models.

Besides, it is possible to compare these results with the Dp(16)1Yey mouse model that involves
a duplication on mouse chromosome 16 between the Lipi and Zbtb21 genes, identical to the
duplication in Dup(Rno11) model (Li et al. 2007). In Dp(16)1Yey, the CF phenotype corresponds
to a reduced dimension of the maxillary and palate, brachycephaly, and reduced mandibular
size (Li et al. 2007; Yu et al. 2010; Starbuck et al. 2014). Moreover, it is also possible to find
other defects as working memory deficit, locomotor activity deficient, delay in learning in
Dp(16)1Yey, but the difference between the study types makes it more difficult to compare
directly with Dup(RNO11) (Goodliffe et al. 2016; Duchon et al. 2021).

When we compare these results with the phenotype observed in DS human individuals, we
found that the DS-CF phenotype corresponds to an overall reduction in head dimensions
(microcephaly), brachycephaly (relatively wide neurocranium), small midface, reduced
mediolaterally orbital region, reduced bizygomatic breadth, small maxilla, small mandible and
increased individual variability (Fink, Madaus, et Walker 1975; Farkas, Kolar, et Munro 1985;
Allanson 1993; Frostad, Cleall, et Melosky 1971; Farkas, Posnick, et Hreczko 1991; Richtsmeier,
Baxter, et Reeves 2000), features also seen in Dup(RNO11) and Dup(RNO11-20), validating the

use of these models for further CF studies.

On the other hand, given that Dyrkla is an important candidate gene for the development of

the DS-CF phenotype (Redhead et al. 2023), we analyzed other new rat models linked to DS and
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Mental Retardation autosomal Dominant 7 syndrome (MRD7), Dp(11Dyrkla)6Yah and
Del(11Dyrk1a)4Yah (Birling et al. 2017). Using the same morphometric technique, we showed
that Del(11Dyrkla)4Yah model exhibits a microcephaly. We found a reduction in the
dimensions of the neurocranium and an increase in the dimensions of the midface. Results
correlated with the MRD7 patients phenotype, who display microcephaly and facial dysmorphia
(Ji et al. 2015; Courraud et al. 2021). Beyond the craniofacial aspect, this model also
recapitulates different cognitive MDR7 phenotypes found in patients, as abnormalities in the
impaired short-term spatial memory, spatial learning, hypoactivity, epilepsies and ataxia
(Mgller, Rubolini, et Lehikoinen 2008). In the case of Dp(11Dyrk1a)6Yah, skull analysis shows a
significative increase of dimensions in the neurocranium presenting a brachycephaly. Our
results are in line with recent publications confirming that Dyrkla plays an important role in

the DS-CF phenotype in mice (Redhead et al. 2023; Johnson et al. 2024).

In summary, in Chapter 2 we hypothesized that rat models carrying the duplication of Rno11
display the DS-CF phenotype, defining the chromosomal region comprised between the genes

Lipi and Zbtb21 as responsible, thus addressing the second objective of this thesis.

We also demonstrated that Dyrk1a is required in 3 copies to generate the brachycephaly in DS
rat models, as shown in Dp(11Dyrk1a)6Yah model. This was also confirmed with the Dyrkla
haploinsufficiency model [Del(11Dyrk1a)4Yah], where a single copy of Dyrkla led to a decrease
in the shape and size of the neurocranium, inverse phenotype to that found in
Dp(11Dyrkla)6Yah. Beyond the craniofacial aspect, these results allow validating these rat
models for future studies, opening new avenues for potential targeted treatment to soften
craniofacial dysmorphism in Down syndrome, but also of other syndromes with craniofacial

manifestations involving genes within this chromosomal region.
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Introduction

Les altérations les plus courantes et caractéristiques de la Trisomie 21 (T21) sont les troubles
de I'apprentissage ainsi que la dysmorphie craniofaciale (Lana-Elola et al. 2011). La sévérité des
caractéristiques craniofaciales distinctives chez les individus porteurs de T21 (Kisling 1966) varie
d'un individu a l'autre (Roper et Reeves 2006) et inclut divers symptomes tels que la
microcéphalie, la brachycéphalie, une réduction du tiers moyen de la face, de la région orbitale
médiolatérale, de I'os maxillaire, de la largeur bizygomatique et de la mandibule (Fink, Madaus,
et Walker 1975; Farkas, Kolar, et Munro 1985; Allanson 1993; Baxter et al. 2000; Richtsmeier,
Baxter, et Reeves 2000). Les individus présentent également une faible masse osseuse associée
a une réduction de l'activité des ostéoblastes et du renouvellement osseux (McKelvey et al.
2013). Selon I’hypothése actuelle, la diversité des phénotypes observés dans la T21 serait due
a une perturbation de I’homéostasie des protéines, causée par la présence d’une copie
supplémentaire d'un ou de plusieurs des 310 genes du chromosome 21 (HSA21). Certains de
ces genes sont sensibles a la dose, ce qui implique qu'une augmentation du nombre de copies

entraine une activité accrue des protéines associées (Zhu et al. 2019; Duchon et Herault 2016).

Acejour, les genes candidats associés aux phénotypes craniofaciaux identifiés dans les modéles
de T21 incluent Dyrkla, Rcanl (SDcrl) et Ets2. Le gene DYRK1A est impliqué dans plusieurs
phénotypes de la T21, y compris la déficience intellectuelle, I'altération des fonctions motrices
et les anomalies craniofaciales (Hammerle et al. 2011; Arron et al. 2006; Atas-Ozcan et al. 2021).
Cependant, les mécanismes exacts par lesquels le déséquilibre du dosage des genes du HSA21

affecte la morphogenese demeurent encore mal compris (Starbuck et al. 2017).

Plusieurs études chez la souris et 'homme ont tenté d'identifier des génes candidats qui
pourraient, individuellement ou collectivement, expliquer chacune des caractéristiques
cliniques (Korbel et al. 2009; McCormick et al. 1989). Sachant que le HSA21 présente une
synergie conservée avec des régions orthologues sur trois chromosomes murins (Mmu), a
savoir les Mmul10, Mmul6 et Mmul7 (Reeves et al. 1995; Sago et al. 1998) et grace aux
avancées rapides dans le domaine du génie génétique ces dernieres années, de nombreux

modeéles de souris pour la T21 ont été générés (Dierssen, Herault, et Estivill 2009).



161

Les études craniofaciales n'ont été réalisées que sur quelques modeéles murins de la T21. Le
modele Ts65Dn, largement étudié, montre un certain isomorphisme, reflétant une similarité
avec les phénotypes observés chez les personnes atteintes de T21. (Olson et al. 2004). Il s’agit
d’'un modele dans lequel une région du Mmul6 a été transloquée sur le court segment du
Mmul7, ce qui la rend donc trisomique pour 104 génes Mmu1l6 orthologues du HSA21 entre

Mrpl39 et Zbtb21 (Olson et al. 2004; Gardiner et al. 2003; Muiiiz Moreno et al. 2020).

Le modele Ts65Dn présente une faible masse osseuse, due a des défauts cellulaires intrinseques
dans la différenciation des ostéoblastes, ce qui réduit la formation osseuse. De plus, la
résorption osseuse, médiée par les ostéoclastes, est également diminuée, mais insuffisamment
pour compenser le faible taux de formation osseuse (Parsons et al. 2007; Thomas et al. 2021).
Ces souris présentent également de nombreux phénotypes cognitifs et comportementaux
comparables a ceux des personnes atteintes de T21, ainsi que des caractéristiques
squelettiques, craniofaciales, cardiovasculaires et de mégacaryocytopoiése (McKelvey et al.
2013). S’y ajoute une brachycéphalie, une réduction des dimensions de la face et de la volte
cranienne (Richtsmeier, Baxter, et Reeves 2000), ainsi qu’une diminution du volume du cervelet

et de la densité des cellules granuleuses du gyrus denté (Baxter et al. 2000).

Un autre modele de souris important est le Ts1Cje qui présente une duplication d'une région
plus restreinte incluant 81 genes orthologues au HSA21. Ce modeéle a été utilisé pour affiner la
recherche de génes sensibles a I'effet dose (Sago et al. 1998). Certaines caractéristiques de la
T21 sont retrouvées, notamment des troubles de I'apprentissage et des troubles de I'humeur,
une réduction généralisée des régions craniofaciale et une microcéphalie (Richtsmeier et al.

2002).

Des caractéristiques craniofaciales similaires ont été rapportées dans notre nouveau modele
Ts66Yah (Duchon et al. 2022) démontrant une contribution majeure des génes en surdosage

(entre Mrpl39 a Zbtb21) aux phénotypes craniofaciaux.

Le modéle Dp(16Cbrl-Fam3b)1Rhr (noté ici Dp1Rhr), trisomique pour 33 génes (Olson et al.
2007) présente une taille globale accrue ainsi que des altérations craniofaciales, dont une

mandibule plus grande et morphologiquement distincte de celle observée chez les souris
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Ts65Dn et les individus atteints de T21 (Deitz et Roper 2011). D'autres études sur les souris
Dp1Rhr ont montré des différences dans la taille du cervelet et du cerveau, ainsi que dans la
potentialisation neuronale a long terme et les performances aux tests comportementaux de

mémoire et d'apprentissage (Olson et al. 2007).

Ces dernieres années, la technologie Cre-loxP a rendu possible la duplication plus précise de
certaines régions orthologues au HSA21. Le modele murin Dp(16)1Yey se caractérise par une
duplication directe de 22,9 Mb de la totalité de la région Mmu16, en synténie conservée avec
le HSA21, abritant environ 113 genes orthologues (Z. Li et al. 2007). Parmi les phénotypes
observés dans ce modele, on note des caractéristiques craniofaciales spécifiques, telles que des
modifications dans le taille de I'os maxillaire, de la mandibule et du palais, ainsi qu’une
brachycéphalie. De plus, le crane présente également une variabilité accrue par rapport aux
congéneéres euploides pour certaines distances linéaires spécifiques (Li et al. 2007; Yu et al.

2010; Starbuck et al. 2014).

En 2023, grace a une analyse morphométrique du modele de souris Dp1Tyb et a un panel de
cartographie génétique associé, Redhead et al. (Redhead et al. 2023) ont révélé que la présence
en trois copies du gene Dyrkla induit une dysmorphie craniofaciale chez les souris Dp1Tyb. La
souche de souris porte une duplication de 23 Mb de Mmu1l6, la plus grande des régions
orthologues au HSA21, qui contient 145 genes codants et représentant environ 62 % du HSA21
(Lana-Elola et al. 2016). L'étude des souris DplTyb a mis en évidence de nombreux traits
phénotypiques caractéristiques de la T21 humaine, notamment des malformations cardiaques
congénitales, une densité osseuse réduite et des déficits au niveau de la mémoire, de la
locomotion, de Il'audition et du sommeil (Chang et al. 2020; Lana-Elola et al. 2011; 2016;
Thomas et al. 2020; Watson-Scales et al. 2018).

Il est crucial de comprendre la complexité génétique et les processus biologiques adaptatifs qui
sous-tendent le développement des structures craniofaciales. Etant donné la conservation de
nombreux genes chez les mammiféeres, il est probable que les programmes génétiques

responsables de phénotypes spécifiques soient également conservés. Par conséquent, I'étude



163

de modeles animaux peut s’avérer particulierement utile et pertinente pour éclairer les

découvertes génétiques chez I'hnomme (Richtsmeier, Baxter, et Reeves 2000).

Comme l'on montré les différents modeles étudiés, une trisomie partielle a permis de
cartographier les zones du HSA21 contribuant aux anomalies craniofaciales, mais aucune région
spécifique n'a encore été identifiée (Lyle et al. 2009; Korbel et al. 2009). Identifier les genes
sensibles a I'effet dose qui contribuent a chaque composant du phénotype de la T21 serait une
avancée majeure pour comprendre les mécanismes moléculaires sous-jacents aux différents
symptomes et pour développer des pistes thérapeutiques plus ciblées (Antonarakis 2017;

Antonarakis et al. 2020). C’'est précisément cet objectif que cette theése vise a atteindre.

Chapitre 1 : Nouveaux modeles de souris pour le syndrome de Down

Pour répondre a cette problématique, des nouveaux modeles de souris ont été développés avec
des duplications segmentaires dans le Mmu16. Pour Dp(16Samsn1-Cldn17)7Yah (Dp(16)7Yah),
nous avons dupliqué le segment entre Samsn1 et Cldn17. Dp(16Tiam1-Clic6))8Yah (Dp(16)8Yah)
présente une duplication entre Tiaml et Clic6. Dp(16Cldn17-Brwd1))9Yah (Dp(16)9Yah)
présente une duplication dans l'intervalle entre Cldn17 et Brwd1. Dp(16Tmprss15-Setd4)10Yah
(Dp(16)10Yah) présente une duplication du segment entre Tmprss15 et Setd4, similaire a
Dp(16Tmprss15-Grik1)11Yah (Dp(16)11Yah), mais ce modele présente une région dupliquée
jusqu'a Grik1. Dp(16Tmprss15-Zbtb21)12Yah (Dp(16)12Yah) présente la région dupliquée de
Tmprss15 a Zfp295, et Dp(16Cldn17-Vps26¢c(Dyrk1ak0))13Yah (Dp(16)13Yah) de Cldnl17 a
Vps26c¢, jusqu'a la séquence de Dyrkla qui est inactivée. Toutes les lignées ont été maintenues

sur un fond génétique C57BL/6).

Dans ce projet de thése, nous avons utilisé ces nouveaux modeles de souris améliorés ainsi que
des modeéles déja établis tels que Dp(16)1Yey et Tg(Dyrk1a), afin d'établir des corrélations entre
le phénotype/génotype des souris et ceux des hommes. Notre objectif était de comprendre
I'impact potentiel de la duplication de différentes régions chromosomiques sur les

caractéristiques craniofaciales, en menant une analyse morphométrique des modeéles animaux.
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Cette démarche nous a permis d'orienter nos recherches vers des régions chromosomiques

spécifiques et les génes candidats associés, responsables du phénotype craniofacial.

Etude de la contribution des sous-régions de l'intervalle Lipi-Zbtb21 aux caractéristiques
craniofaciales de la T21 en utilisant Dp(16)1Yey contre un nouveau panel de modéles de
souris.

Nous avons tiré parti d'un modéle de souris connu, Dp(16)1Yey (qui porte une trisomie
complete du Mmu16) (Li et al. 2007) comme référence par rapport au nouveau panel de
modeles de souris (Dp7Yah, Dp8Yah, Dp9Yah, Dp10Yah, Dpl1lYah, Dpl12Yah and Dp13Yah) qui
sont porteurs de différentes duplications du Mmul6, pour cartographier I'emplacement des
genes sensibles au dosage qui causent cette dysmorphie. 10 animaux par génotype (n=180)

agés de 14 semaines ont été utilisés.

Brievement, a l'aide de I'imagerie volumetrique par faisceau conique (CBCT), tecnique de
tomodensitometrie permetant de produire une radiographie numerisé, nous avons modélisé
une reconstruction tridimensionelle du crane et de la mandibule pour les 9 différents modeles
de souris : Dp(16)1Yey, Dp7Yah, Dp8Yah, Dp9Yah, Dp10Yah, DpllYah, Dp12Yah, Dp13Yah,
Tg(Dyrk1) et souris sauvage (WT) des mémes portées. Ensuite, nous avons placé manuellement
61 points de reperes anatomiques, 39 dans le crane et 22 dans la machoire. Une fois tous les
points de reperes craniofaciaux placés, nous avons extrait leurs coordonnées 3D et nous avons
effectué I'analyse matricielle de la distance euclidienne (EDMA) en effectuant deux tests
différents : Form difference matrix (FDM) et Shape difference matrix (SDM). Pour une étude
multivariable, nous avons utilisé l'analyse en composantes principales (ACP). Nous avons
également tiré parti de I'analyse générale de Procrustes, une méthode qui place plusieurs
spécimens individuels dans le méme espace de forme en mettant a I'échelle, en translatant et
en faisant pivoter les coordonnées des points de repéres autour du centroide de chaque
échantillon (Rohlf et Slice 1990) en utilisant un nouveau logiciel, Stratovan Checkpoint, qui nous

a permis de créer des modeéles moyens de populations et d'effectuer une analyse des voxels.

Les résultats trouvés chez les souris Dp(16)1yey avec I'analyse morphométrique standard en

plus de la nouvelle analyse de voxel confirment le phénotype craniofacial précédemment publié
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(Starbuck et al. 2014) qui montre une dimension réduite du maxillaire et du palais, une
brachycéphalie et une taille réduite de la mandibule. Les résultats des modeéles avec des
duplications génomiques plus courtes (Dp9Yah et Dpl2Yah) ont montré des changements
significatifs et un phénotype craniofacial caractéristique de la T21, identique a celui que nous
avons trouvé pour les Dp(16)1Yey. Dans le cas de Dp13Yah, des changements significatifs ont
été observés, mais pas la brachycéphalie. Un phénotype inverse a été constaté chez Dp(16)7Yah
et Dp(16)11Yah par rapport au Dp(16)1Yey. Le Dp(16)10Yah présentait une réduction globale
des dimensions de la téte, partiellement observée chez le Dp(16)8Yah avec une partie médiane
de la face plus importante. Cependant, une augmentation de la taille du prémaxillaire et de I'os
occipital, entrainant un allongement de I'axe antéropostérieur chez Dp(16)10Yah, a également
été observée chez Dp(16)13Yah. Ces résultats nous permettent de proposer 3 régions
chromosomiques différentes qui générent des changements significatifs dans la morphologie
craniofaciale. Ainsi, nous avons ciblé une région précise comme étant responsable du
phénotype craniofacial de la T21, ce qui nous a permis de proposer des nouveaux genes

candidats : Dyrkla et Ripply3.

En outre, considérant |'étude de McKelvey et al. en 2013, ou les auteurs ont montré que les
individus atteints de T21 ont également une faible masse osseuse associée a une réduction de
I'activité des ostéoblastes et du renouvellement osseux, nous avons proposé d'étudier les
défauts d'ossification en effectuant une coloration du squelette avec du rouge alizarine et du
bleu alcian, dans un modeéle représentatif de souris T21, le Dp(16)1Yey. Nous avons analysé le
développement de I'os cranien a E18,5 et P2 en utilisant la coloration du squelette au bleu
alcian/rouge alizarine sur n= 5 échantillons par génotype. La coloration du squelette entier
« whole amount » permet d'évaluer la forme et la taille des éléments qui le compose (Rigueur
et Lyons 2014). Nous avons ainsi pu détecter des changements dans |'ossification
endomembraneuse de ce modele T21 par rapport au WT. A E18,5, nous avons trouvé une
diminution de ['ossification dans les os a ossification endomembraneuse, mais, a P2, aucun
changement significatif n’a été observé. Ces résultats indiquent un retard dans le processus

d'ossification endomembraneuse chez les modeéles de souris T21.
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Role du surdosage en Dyrkla dans I'augmentation des dimensions du neurocrane
(brachycéphalie) sur les modéles de souris SD.

Dyrk1a est impliqué dans plusieurs phénotypes de la T21 et les anomalies craniofaciales (Gued;j
et al. 2012; McElyea et al. 2016; Llambrich et al. 2022; Redhead et al. 2023). Au cours de la
derniére décennie, il est devenu l'un des principaux genes candidats a l'intervention
thérapeutique dans la T21 (De la Torre et al. 2014; Atas-Ozcan et al. 2021). Ici, nous avons tiré
parti du modele Tg(Dyrkla), un modéle avec 3 copies de Dyrkla (Guedj et al. 2012) et des
résultats du nouveau modele Dpl3Yah, pour confirmer le rble de Dyrkia dans le
développement du phénotype craniofacial caractéristique de la T21. Les résultats ont montré
la présence d'une brachycéphalie, une augmentation des dimensions du neurocrane chez les
souris Tg(Dyrkla), ainsi qu’une réduction du tiers moyen de la face. Les souris Dp13Yah
présentairent une diminution des dimensions du tiers moyen de la face mais pas de
brachycéphalie, ce qui peut s'expliquer par le fait que ce modele ne porte que 2 copies de

Dyrkla.

Ces résultats nous permettent de confirmer notre hypothése selon laquelle Dyrkla est
responsable de la brachycéphalie observée dans le neurocrane, ainsi que du développement
de la partie médiane de la face. Les deux modeles présentent des changements dans cette zone
et I'on sait que ces structures osseuses ont la méme origine embryonnaire, les cellules de la
créte neurale (NCC) (Richtsmeier et Flaherty 2013). Cette observation suggere que le surdosage
en Dyrkla pourrait affecter la prolifération/migration des NCC au cours du développement
craniofacial. Pour ce faire, nous avons évalué la prolifération des NCC avec de la 5-Ethynyl-2'-
désoxyuridine (EdU), un analogue de la thymidine qui peut s'incorporer dans I'ADN au cours de
la réplication (Tucker et al. 2010). 4 femelles Dp(16)1Yey gestantes ont été utilisées afin
d'obtenir 5 embryons de chaque génotype Dp(16)1Yey/WT. L'EdU a été injecté par voie
intrapéritonéale dans les femelles gestantes et les embryons ont été collectés 24h apres, apres
la migration des NCC (E9.5). Une analyse immunohistologique a été réalisée pour détecter la
prolifération des dérivés des NCC dans le premier arc branchial des embryons, ainsi que des

analyses quantitatives (Harris, Zalucki, et Piper 2018) pour définir I'indice de prolifération et de
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mitose. Les résultats obtenus détectent des défauts de prolifération et un indice mitotique

réduit dans le premier arc branchial confirmant la relation de Dyrkla/NCC et le phénotype.

Ripply3, un géne candidat pour le phénotype de raccourcissement du visage dans les
modeles de souris du syndrome de Down

Ripply3 (Ripply Transcriptional Repressor 3) est un corépresseur transcriptionnel, agissant
comme régulateur négatif de |'activité transcriptionnelle de Thx1 et jouant un réle dans le
développement de I'appareil pharyngé et de ses dérivés (Okubo et al. 2011). Tbx1 est le premier
géne sensible a la dose identifié dans la région del22q11/DGS et est lié au syndrome de
DiGeorge (DGS), ou syndrome vélo-cardiofacial (VCFS), une maladie congénitale caractérisée
par des défauts de développement liés a la créte neurale. Chez I'homme, I'haploinsuffisance de
TBX1 provoque des anomalies craniofaciales (Lindsay et al. 2001). Dans le modéle murin du
syndrome de DiGeorge, les souris mutantes pour le géne T-box (Thx1+/-) présentent un
développement anormal des structures squelettiques dérivées de premier et deuxieme arcs
pharyngés, avec une réduction de la partie médiane de la face (Jerome et Papaioannou 2001),
de facon similaire a ce qui est observé dans les modéles de souris T21. Compte tenu de ces
informations, nous postulons que la surexpression de Ripply3 dans les modeles de souris T21
conduira a une régulation négative de Tbx1, a I'origine du phénotype de la diminution du tiers

médian de la face que I'on retrouve dans la T21.

Nous avons effectué une analyse d'expression génique par le « Droplet Digital PCR (ddPCR) ».
Cette analyse permet de réaliser des PCR digitales basées sur la génération de gouttelettes pour
obtenir une quantification absolue des ADN ou ARN (Lindner et al. 2021). Le résultat a confirmé
la surexpression de Ripply3 et la régulation negative de Thx1 dans le modele murin Dp(16)1Yey
comparativement aux WT. Suite a cette observation, nous avons souhaité confirmer le réle de
Ripply3 en créant un nouveau modéle murin issu du croisement en Dp(16)1Yey et Ripply3 ™2,
donnant lieu a un modeéle qui porte 3 copies de tous les genes situés dans le Mmul6 mais avec
seulement 2 copies fonctionnelles de Ripply3. Dans ce cas, l'analyse morphométrique
comparant le nouveau modéle Dp(16)1Yey/Ripply3™°! au modéle Dp(16)1Yey a permis de

sauver le phénotype, avec une augmentation significative des structures qui composent la
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region du face médiane. Cette observation confirme I'effet du surdosage de Ripply3 dans le

raccourcissement de la face médiane, attribuable a la régulation négative de Thx1.

Chapitre 2 : Modeéles de rats atteints du syndrome de Down

Notre équipe, sous la direction du Dr. Yann Hérault a I'lGBMC, a développé de nouveaux
modeles de rats en utilisant les technologies LoxP/Cre et CrispR/Cas9, avec le soutien de
I'Institut Clinique de la Souris (ICS) a lllkirch-Graffenstaden. Ces modéles sont porteurs d'une
duplication de différentes régions des chromosomes homologues au HSA21 (Muiiiz Moreno et

al. 2020; Duchon et al. 2022).

Dans le génome du rat, les régions homologues au HSA21 englobent 213 genes trouvés sur le
chromosome 11 du rat (Rno11), comprenant 24,4Mb entre Lipi et Zbtb21, et sur Rno20 pour la
partie la plus télomérique de 3,6Mb entre Umod|1 et Prmt2 (Muiiiz Moreno et al. 2020). Nous
avons généré des duplications segmentaires pour chaque intervalle, a savoir Dp(11Lipi-
Zbtb21)Yahlcs et Dp(20Umodl1-Prmt2)Yahlcs, nommeés ici Dup(Rnoll) et Dup(Rno20)

respectivement.

En tenant compte du fait que Dyrkla est un géne candidat majeur pour le développement des
phénotypes caniofaciaux associés a la T21, nous avons étudié de nouveaux modeles de rats liés
a la T21 et au retard mental autosomique dominant 7, créés a I'aide de la stratégie « CRISpr-
Mediated Rearrangement mechanism » (CRISMERE). Les modeéles Dp(11Dyrkla)6Yah et
Del(11Dyrkl1a)4Yah ont été générés a I'aide des paires de gRNA ciblant la région autour de la
position chrll :34,842,454-34,963,976 (génome de rat RGSC 6.0/rn6), couvrant un intervalle
de 121.7 kb. Deux autres paires de sgRNA, l'une située en amont et I'autre en aval de Dyrk1a,
ont été utilisées pour dupliquer une région de 219 kb englobant ainsi toute la région génétique
située entre Dscr3 et Kcnj6, correspondant a l'intervalle en position chrl1:34,791,993-

35,011,015 (Birling et al. 2017).
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L'analyse du modeéle de rat T21 complet a confirmé le role de la région de Lipi a Zbtb21 avec
une influence de la région UmodI1-Prmt2 sur les changements craniofaciaux.

Tout d'abord, nous avons réalisé des analyses morphométriques pour étudier les trois modeles
de rats porteurs chacun d'un génotype différent : Dup(Rno11), Dup(Rno20) et la combinaison
de ces deux modeles Dup(Rno11-20), par rapport aux souris WT issues des mémes portées. 15
animaux par génotype et par sexe (n=120) agés de 14 semaines ont été utilisés. Nous avons
appliqué la méme méthodologie rigoureuse que celle utilisée chez les modéles murins pour

analyser les reperes craniométriques (Duchon et al. 2022; Qiu et al. 2019).

Des changements de forme significatifs sont observés dans les modeles porteurs d'une
duplication du chromosome 11, tels que la microcéphalie, le raccourcissement de la partie
médiane du visage et une mandibule plus petite. Pour suivre les landmarks ayant subi un
changement significatif et comprendre ou ils se situaient dans la structure cranio-faciale,
I'analyse de « EDMA FORM ou SHAPE Influence landmarks » a été effectuée. Le modele
Dup(Rnol11) présentait les reperes anatomiques les plus influents au niveau des os maxillaires,
des os temporaux (avec la partie squamosale) et de la mandibule tandis que la combinaison
Dup(Rno11-20) a conduit a l'ajout de landmarks situés dans le prémaxillaire et les os frontaux,

ce qui montre une influence du surdosage de la région Rno20 chez le rat.

Dans le crane et la mandibule, ’ACP entre Dup(Rno20) et WT ne montrait pas de différence
contrairement aux rats Dup(Rnoll) et Dup(Rnoll-20) qui présentaient une différence
significative des dimensions par rapport au groupe WT. Aussi, les résultats de I'analyse voxel
ont montré que les modeéles Dup(Rnoll) et Dup(Rnoll-20) présentent des traits
dysmorphiques tels que la brachycéphalie et une diminution de la taille du tiers moyen de la

face et des mandibules plus petites.

En conclusion, nous pouvons dire que 1) les modeles porteurs de la duplication du chromosome
11 présentent le phénotype CF-SD et 2) le dosage de la région du chromosome 20 modifie le

résultat en renforcant ces phénotypes.
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L'analyse des modéles de rats Del(11Dyrk1a)4Yah et Dp(11Dyrkl1a)6Yah confirme le role de
Dyrk1la dans la brachycéphalie de la T21.

En utilisant la méme analyse morphométrique décrite ci-dessus, nous avons trouvé que le
modele Del(11Dyrkla)4Yah présente des changements significatifs dans la FDM et la SDM du
crane, montrant une diminution générale de la taille de la téte, appelée microcéphalie. Dans le
cas de la mandibule, seule la FDM montrait des modifications significatives. Dans I'analyse de
composantes principales (ACP), une variation d'environ 40 % a été démontrée a la fois dans le
crane et dans la mandibule. Plus en détail, I'analyse des voxels montre que les changements de
forme correspondent a une réduction des dimensions du neurocrane et a une augmentation
des dimensions de la partie médiane de la face. Finalement, la mandibule montre un

élargissement de toutes les structures.

Dans le modéle Dp(11Dyrkl1a)6Yah, le crane présentait des changements significatifs dans la
SDM, mais pas dans la FDM, ce qui indique que la taille globale de la téte ne change pas, mais
gue sa forme est modifiée. En revanche, la mandibule montrait des changements significatifs
tant dans la FDM que dans la SDM. L'ACP a révélé une variation d'environ 18 % a la fois dans le
crane et dans la mandibule. L'analyse des voxels a montré que ces changements de forme
incluent une réduction des dimensions de I'os frontal, I'os nasal et I'arcade zygomatique, ainsi
gu’une augmentation des dimensions du neurocrane (Brachycéphalie). Concernant la

mandibule, nous avons observé une réduction de la largeur de toutes les structures.

Ces résultats ont montré que 1) Dyrkla est nécessaire en 3 copies pour générer la
brachycéphalie typique de la T21, comme le démontre I'analyse des voxels du modéle
Dp(11Dyrkla)6Yah. 2) Cette conclusion est également corroborée par les obervations faites
avec le modele Del(11Dyrkla)4Yah, ou une seule copie de Dyrkla entraine un phénotype
inverse a celui de Dp(11Dyrkl1a)6Yah, caractérisé par une diminution de la forme et de la taille

du neurocrane.
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Conclusion

En conclusion, nous avons une compréhension approfondie des principales caractéristiques
associées a la T21. Cette pathologie offre une opportunité précieuse pour découvrir des
mécanismes communs ou nouveaux, étant donné qu’elle est souvent associée a une fréquence
accrue de divers troubles physiques et mentaux. Nous avons identifié et validé une nouvelle
région chromosomique responsable du phénotype craniofacial caractéristique de la T21. Grace
a un nouveau panel de modeles de rongeurs, nous avons pu proposer et confirmer de nouveaux
genes candidats, Dyrkla et Ripply3. Nous avons confirmé le réle de Dyrkla dans la
brachycéphalie du neurocrane et identifié le role du surdosage du facteur de transcription
Ripply3 dans le raccourcissement de la zone mediane de la face, par la régulation négative de
Tbx1, un autre facteur de transcription impliqué dans un phénotype similaire trouvé dans le
syndrome de DiGeorge. Ce syndrome se manifeste lors du développement des arcs branchiaux,

avec une réduction de la prolifération cellulaire et de I'index mitotique.

Dans l'ensemble, nous avons identifié un nouveau gene sensible a la dose, responsable des
malformations craniofaciales associées a la T21. Nous proposons également de nouveaux
modeles dans lesquels nous pensons pouvoir restaurer I'ensemble du phénotype craniofacial
typiques de la T21. Ces avancées pourraient également offrir une meilleure compréhension des

autres phénotypes spécifiques observés chez les mutants Thx1 et les modéles de T21.
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Analyse craniofaciale des modéles de rongeurs du syndrome de Down

Résumé

Les altérations les plus fréquentes et les plus caractéristiques du syndrome de Down (SD) sont les troubles de
I'apprentissage et la dysmorphie craniofaciale (CF). Le phénotype CF comprend des dimensions réduites de la téte,
une brachycéphalie, une région orbitale médio-latérale réduite, une largeur bizygomatique réduite, un petit
maxillaire, une petite mandibule et une variabilité individuelle accrue. Jusqu'a présent, les mécanismes cellulaires
et moléculaires qui sous-tendent ce phénotype CF restent inconnus. Cette these, utilisant un nouveau panel de
modeles de rats et de souris, a proposé de nouveaux genes candidats pour le phénotype SD-CF. Nous avons
confirmé le role de Dyrkla dans la brachycéphalie du neurocrane et identifié le surdosage du facteur de
transcription Ripply3 pour le raccourcissement de la face médiane par la sous-régulation de Tbx1, un autre facteur
de transcription impliqué dans des phénotypes similaires trouvés dans le syndrome de DiGeorge. Nous avons défini
de nouveaux genes sensibles au dosage responsables des malformations du SD-CF, et de nouveaux modeles ont
été proposés pour sauver le phénotype SD-CF. Ces nouvelles connaissances pourraient également permettre de
mieux comprendre les phénotypes cérébraux et cardiovasculaires spécifiques observés chez les mutants Thx1 et
les modeles de DS.

Mots-clés : Trisomie 21, syndrome de Down, craniofacial SD dysmorphie, modéles murins du SD, génes sensibles
au dosage, Dyrk1a, Ripply3, Tbx1, Syndrome de DiGeorge.

Abstract

The most frequent and distinctive alterations found in Down syndrome (DS) are learning disability and craniofacial
(CF) dysmorphism. The CF phenotype includes reduced head dimensions, brachycephaly, reduced mediolateral
orbital region, reduced bizygomatic breadth, small maxilla, small mandible, and increased individual variability.
Until now, the cellular and molecular mechanisms underlying this CF phenotype remain unknown. This thesis,
using a new panel of rats and mice models proposed new candidate genes for the DS-CF phenotype. We confirmed
the role of Dyrkl1ain neurocranium brachycephaly and identified the overdosage of the transcription factor Ripply3
for midface shortening through the downregulation of Tbx1, another transcription factor involved in similar
phenotypes was found in Di George Syndrome. We defined new dosage-sensitive genes responsible for DS-CF
malformations, and new models were proposed to rescue the DS-CF phenotype. This new knowledge may also
lead to insights for specific brain and cardiovascular phenotypes observed in Thx1 mutants and DS models.

Keywords: Trisomy 21, Down syndrome, DS craniofacial dysmorphism, DS rodent models, dosage-sensitive genes,
Dyrkla, Ripply3, Tbx1, DiGeorge syndrome.




