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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. Genetic origin 

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 I or II. If the non-disjunction takes place during meiosis I, 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 ɑ-satellite higher-order repeat array) (Mastrorosa et al. 2024).  

 

 

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).  

 

Figure 2. Down syndrome prevalence in US between 1950 and 2023. (Antonarakis et al. 2020).  



19 

 

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 I will present the two main features and the comorbidities associated with DS. 

I 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 (IQ) 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, Flórez, et Martínez-Cué 2008).  

The genetic complexity of Down syndrome accounts for the majority of the IQ 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 IQ 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 IQ 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-Díez, 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 plaques 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-β (Aβ), 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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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 (Bagić 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; Bagić 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 

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 

quantification 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 II skeletal pattern (prognathic 

maxilla and orthognathic mandible) Molar class II 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 III 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 III 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 (Alió 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 illnesses 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 maxillary 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 Dahllöf 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 Chr17 (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).  

 

 

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; Muñiz 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 mIR155 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(16Cbr1-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).  

 

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 Mmu16 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).  

 

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 Dyrk1a allele (Dyrk1a+/−) to Dp1Tyb and Dp3Tyb mice to generate 

Dp1Tyb/Dyrk1aKO and Dp3Tyb/Dyrk1aKO, achieving a partial rescue of the CF dysmorphology. 

Dyrk1a is therefore one of the genes required in three copies to cause craniofacial 

dysmorphology in Dp1Tyb mice (Redhead et al. 2023). 

 

 

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 (Hämmerle 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 

(ICS/MCI) - Illkirch, 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) (Muñiz 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 Brwd1. Dp(16Tmprss15-Setd4)10Yah 

[Dp(16)10Yah] with the segment between Tmprss15 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-Vps26c(Dyrk1aKO))13Yah [Dp(16)13Yah] from Cldn17 to Vps26c, 

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 (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 Umodl1 and Prmt2 (Muñiz Moreno et al. 2020). 

We have generated segmental duplication for each interval, Dp(11Lipi-Zbtb21)Yahlcs and 

Dp(20Umodl1-Prmt2)Yahlcs, named here Dp(Rno11) and Dp(Rno20). Furthermore, given that 

Dyrk1a 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(11Dyrk1a)6Yah and Del(11Dyrk1a)4Yah (Birling et al. 2017). 

 

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 a new 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 Hsa21 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(20Umodl1-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 Tbx1 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 Dyrk1a 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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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5. 
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New Down syndrome rat models 

In this second chapter, I 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(20Umodl1-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).  

 

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(11Dyrk1a)4Yah and Dp(11Dyrk1a)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 Umodl1 and Prmt2 (Muñiz Moreno et al. 2020). We have generated 

segmental duplication for each interval, Dp(11Lipi-Zbtb21)Yahlcs and Dp(20Umodl1-

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(20Umodl1-Prmt2)Yahlcs [Dp(Rno20)] 

and Dp(11Lipi-Zbtb21)Yahlcs/Dp(20Umodl1-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(Rno11) (***, p>0.002) and 

Dup(Rno11-20) (***, p>0.001). Males, confidence interval showing a decrease of the ratio in 

Dup(Rno11) and Dup(Rno11-20). Bootstrap distribution showing significant differences in 

Dup(Rno11) (***, p>0.001) and Dup(Rno11-20) (***, p>0.001). 
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Figure 15. Influence landmarks analysis Dup(Rno11) 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).  

 

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(Rno11) 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 MorphoJ 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(Rno11) and Dup(Rno11-20), 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(11Dyrk1a)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 Dyrk1a [Dp(11Dyrk1a)6Yah] and the second with a deletion of Dyrk1a 

[Del(11Dyrk1a)4Yah]. These models were generated using the “CRISpr-Mediated 

Rearrangement mechanism” (CRISMERE) strategy. For Del(11Dyrk1a)4Yah pairs of gRNA 

located around position 34,842,454-34,963,976 of chr11 (rat genome RGSC 6.0/rn6) for an 

interval of 121.7 kb were used. For Dp(11Dyrk1a)6Yah two other sgRNA pairs (upstream and 

downstream of Dyrk1a) 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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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, Mmu16, and Mmu17. The majority 

of HSA21 genes, including the Dyrk1a gene, are located on Mmu16 (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.  
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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 Mmu16 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 21q22 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 Mmu16 (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 Dyrk1a. Interestingly, we found that Dyrk1a 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 Dyrk1a is found in two copies, has lost the strong brachycephaly. 

We demonstrated that 3 copies of Dyrk1a 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 Dyrk1a was crucial to generate complete DS-CF phenotypes, 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 Dyrk1a 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 Dyrk1a in 

craniofacial precursors tissues. In mouse models of DS, brain levels of DYRK1A are increased by 

a factor of around 1.5, demonstrating that expression of this protein is dose dependent. In adult 

mice, Dyrk1a is highly expressed in the olfactory bulb, entorhinal cortex, hippocampus, 

cerebellar cortex and gray matter (Martí et al. 2003). In the rat, Dyrk1a is abundantly expressed 

during embryonic development in the cerebral cortex, hippocampus, hypothalamus, midbrain 

and spinal cord. In adult rats, Dyrk1a 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 Dyrk1a 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 

Dyrk1a induce proliferation arrest, and the loss of function caused over proliferation and cell 



153 

 
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 Dyrk1a 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 Tbx1 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 Ripply3–/– 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#1, 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, Tbx1+/-, 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 Tbx1 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/Ripply3tm1b, 

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/Ripply3tm1b 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 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 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(Rno11), and Dup(Rno11-20) models display different DS 

phenotypes. The behavioral studies revealed a major role for the Rno11 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 Rno11 (Lipi to Zbtb21 

region) with an influence of the Rno20 (Umodl1-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 Dyrk1a 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(11Dyrk1a)6Yah and 

Del(11Dyrk1a)4Yah (Birling et al. 2017). Using the same morphometric technique, we showed 

that Del(11Dyrk1a)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 

(Møller, 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 Dyrk1a 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 Dyrk1a 

haploinsufficiency model [Del(11Dyrk1a)4Yah], where a single copy of Dyrk1a led to a decrease 

in the shape and size of the neurocranium, inverse phenotype to that found in 

Dp(11Dyrk1a)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 l'apprentissage ainsi que la dysmorphie crâniofaciale (Lana-Elola et al. 2011). La sévérité des 

caractéristiques crâniofaciales distinctives chez les individus porteurs de T21 (Kisling 1966) varie 

d'un individu à l'autre (Roper et Reeves 2006) et inclut divers symptômes tels que la 

microcéphalie, la brachycéphalie, une réduction du tiers moyen de la face, de la région orbitale 

médiolatérale, de l’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 

à une réduction de l'activité des ostéoblastes et du renouvellement osseux (McKelvey et al. 

2013). Selon l’hypothèse actuelle, la diversité des phénotypes observés dans la T21 serait due 

à une perturbation de l’homéostasie des protéines, causée par la présence d’une copie 

supplémentaire d'un ou de plusieurs des 310 gènes du chromosome 21 (HSA21). Certains de 

ces gènes sont sensibles à la dose, ce qui implique qu'une augmentation du nombre de copies 

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

A ce jour, les gènes candidats associés aux phénotypes crâniofaciaux identifiés dans les modèles 

de T21 incluent Dyrk1a, Rcan1 (SDcr1) et Ets2. Le gène DYRK1A est impliqué dans plusieurs 

phénotypes de la T21, y compris la déficience intellectuelle, l’altération des fonctions motrices 

et les anomalies crâniofaciales (Hämmerle et al. 2011; Arron et al. 2006; Atas-Ozcan et al. 2021). 

Cependant, les mécanismes exacts par lesquels le déséquilibre du dosage des gènes du HSA21 

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

Plusieurs études chez la souris et l'homme ont tenté d'identifier des gènes 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), à 

savoir les Mmu10, Mmu16 et Mmu17 (Reeves et al. 1995; Sago et al. 1998) et grâce aux 

avancées rapides dans le domaine du génie génétique ces dernières années, de nombreux 

modèles de souris pour la T21 ont été générés (Dierssen, Herault, et Estivill 2009).  
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Les études crâniofaciales n'ont été réalisées que sur quelques modèles murins de la T21. Le 

modèle 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 modèle dans lequel une région du Mmu16 a été transloquée sur le court segment du 

Mmu17, ce qui la rend donc trisomique pour 104 gènes Mmu16 orthologues du HSA21 entre 

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

Le modèle Ts65Dn présente une faible masse osseuse, due à des défauts cellulaires intrinsèques 

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 à ceux des personnes atteintes de T21, ainsi que des caractéristiques 

squelettiques, crâniofaciales, cardiovasculaires et de mégacaryocytopoïèse (McKelvey et al. 

2013). S’y ajoute une brachycéphalie, une réduction des dimensions de la face et de la voûte 

crânienne (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 modèle de souris important est le Ts1Cje qui présente une duplication d'une région 

plus restreinte incluant 81 gènes orthologues au HSA21. Ce modèle a été utilisé pour affiner la 

recherche de gènes sensibles à l’effet dose (Sago et al. 1998). Certaines caractéristiques de la 

T21 sont retrouvées, notamment des troubles de l'apprentissage et des troubles de l'humeur, 

une réduction généralisée des régions crâniofaciale et une microcéphalie (Richtsmeier et al. 

2002). 

Des caractéristiques crâniofaciales similaires ont été rapportées dans notre nouveau modèle 

Ts66Yah (Duchon et al. 2022) démontrant une contribution majeure des gènes en surdosage 

(entre Mrpl39 à Zbtb21) aux phénotypes crâniofaciaux. 

Le modèle Dp(16Cbr1-Fam3b)1Rhr (noté ici Dp1Rhr), trisomique pour 33 gènes (Olson et al. 

2007) présente une taille globale accrue ainsi que des altérations crâniofaciales, 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 à long terme et les performances aux tests comportementaux de 

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

Ces dernières années, la technologie Cre-loxP a rendu possible la duplication plus précise de 

certaines régions orthologues au HSA21. Le modèle 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 gènes orthologues (Z. Li et al. 2007). Parmi les phénotypes 

observés dans ce modèle, on note des caractéristiques crâniofaciales spécifiques, telles que des 

modifications dans le taille de l’os maxillaire, de la mandibule et du palais, ainsi qu’une 

brachycéphalie. De plus, le crâne présente également une variabilité accrue par rapport aux 

congénères euploïdes pour certaines distances linéaires spécifiques (Li et al. 2007; Yu et al. 

2010; Starbuck et al. 2014). 

En 2023, grâce à une analyse morphométrique du modèle de souris Dp1Tyb et à un panel de 

cartographie génétique associé, Redhead et al. (Redhead et al. 2023) ont révélé que la présence 

en trois copies du gène Dyrk1a induit une dysmorphie crâniofaciale chez les souris Dp1Tyb. La 

souche de souris porte une duplication de 23 Mb de Mmu16, la plus grande des régions 

orthologues au HSA21, qui contient 145 gènes codants et représentant environ 62 % du HSA21 

(Lana-Elola et al. 2016). L’étude des souris Dp1Tyb 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 l'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 crâniofaciales. Étant donné la conservation de 

nombreux gènes chez les mammifères, il est probable que les programmes génétiques 

responsables de phénotypes spécifiques soient également conservés. Par conséquent, l'étude 
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de modèles animaux peut s’avérer particulièrement utile et pertinente pour éclairer les 

découvertes génétiques chez l'homme (Richtsmeier, Baxter, et Reeves 2000). 

Comme l’on montré les différents modèles étudiés, une trisomie partielle a permis de 

cartographier les zones du HSA21 contribuant aux anomalies crâniofaciales, mais aucune région 

spécifique n'a encore été identifiée (Lyle et al. 2009; Korbel et al. 2009). Identifier les gènes 

sensibles à l’effet dose qui contribuent à chaque composant du phénotype de la T21 serait une 

avancée majeure pour comprendre les mécanismes moléculaires sous-jacents aux différents 

symptômes et pour développer des pistes thérapeutiques plus ciblées (Antonarakis 2017; 

Antonarakis et al. 2020). C’est précisément cet objectif que cette thèse vise à atteindre.  

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

Pour répondre à cette problématique, des nouveaux modèles 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 Tiam1 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 à 

Dp(16Tmprss15-Grik1)11Yah (Dp(16)11Yah), mais ce modèle présente une région dupliquée 

jusqu'à Grik1. Dp(16Tmprss15-Zbtb21)12Yah (Dp(16)12Yah) présente la région dupliquée de 

Tmprss15 à Zfp295, et Dp(16Cldn17-Vps26c(Dyrk1aKO))13Yah (Dp(16)13Yah) de Cldn17 à 

Vps26c, jusqu'à la séquence de Dyrk1a qui est inactivée. Toutes les lignées ont été maintenues 

sur un fond génétique C57BL/6J.  

Dans ce projet de thèse, nous avons utilisé ces nouveaux modèles de souris améliorés ainsi que 

des modèles déjà 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 

l'impact potentiel de la duplication de différentes régions chromosomiques sur les 

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

spécifiques et les gènes candidats associés, responsables du phénotype crâniofacial. 

Etude de la contribution des sous-régions de l'intervalle Lipi-Zbtb21 aux caractéristiques 

crâniofaciales de la T21 en utilisant Dp(16)1Yey contre un nouveau panel de modèles de 

souris. 

Nous avons tiré parti d'un modèle de souris connu, Dp(16)1Yey (qui porte une trisomie 

complète du Mmu16) (Li et al. 2007) comme référence par rapport au nouveau panel de 

modèles de souris (Dp7Yah, Dp8Yah, Dp9Yah, Dp10Yah, Dp11Yah, Dp12Yah and Dp13Yah) qui 

sont porteurs de différentes duplications du Mmu16, pour cartographier l'emplacement des 

gènes sensibles au dosage qui causent cette dysmorphie. 10 animaux par génotype (n=180) 

âgés de 14 semaines ont été utilisés. 

Brièvement, à l'aide de l’imagerie volumetrique par faisceau conique (CBCT), tecnique de 

tomodensitometrie permetant de produire une radiographie numerisé, nous avons modélisé 

une reconstruction tridimensionelle du crâne et de la mandibule pour les 9 différents modèles 

de souris : Dp(16)1Yey, Dp7Yah, Dp8Yah, Dp9Yah, Dp10Yah, Dp11Yah, Dp12Yah, Dp13Yah, 

Tg(Dyrk1) et souris sauvage (WT) des mêmes portées. Ensuite, nous avons placé manuellement 

61 points de repères anatomiques, 39 dans le crâne et 22 dans la mâchoire. Une fois tous les 

points de repères crâniofaciaux placés, nous avons extrait leurs coordonnées 3D et nous avons 

effectué l'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 l'analyse générale de Procrustes, une méthode qui place plusieurs 

spécimens individuels dans le même espace de forme en mettant à l'échelle, en translatant et 

en faisant pivoter les coordonnées des points de repères autour du centroïde de chaque 

échantillon (Rohlf et Slice 1990) en utilisant un nouveau logiciel, Stratovan Checkpoint, qui nous 

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

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

plus de la nouvelle analyse de voxel confirment le phénotype crâniofacial 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 modèles avec des 

duplications génomiques plus courtes (Dp9Yah et Dp12Yah) ont montré des changements 

significatifs et un phénotype crâniofacial caractéristique de la T21, identique à 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 tête, 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 l'os 

occipital, entraînant un allongement de l'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 génèrent des changements significatifs dans la morphologie 

crâniofaciale. Ainsi, nous avons ciblé une région précise comme étant responsable du 

phénotype crâniofacial de la T21, ce qui nous a permis de proposer des nouveaux gènes 

candidats : Dyrk1a et Ripply3.  

En outre, considérant l'étude de McKelvey et al. en 2013, où les auteurs ont montré que les 

individus atteints de T21 ont également une faible masse osseuse associée à une réduction de 

l'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 modèle représentatif de souris T21, le Dp(16)1Yey. Nous avons analysé le 

développement de l'os crânien à 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 l'ossification 

endomembraneuse de ce modèle T21 par rapport au WT. A E18,5, nous avons trouvé une 

diminution de l'ossification dans les os à ossification endomembraneuse, mais, à P2, aucun 

changement significatif n’a été observé. Ces résultats indiquent un retard dans le processus 

d'ossification endomembraneuse chez les modèles de souris T21.  
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Rôle du surdosage en Dyrk1a dans l'augmentation des dimensions du neurocrâne 

(brachycéphalie) sur les modèles de souris SD. 

Dyrk1a est impliqué dans plusieurs phénotypes de la T21 et les anomalies crâniofaciales (Guedj 

et al. 2012; McElyea et al. 2016; Llambrich et al. 2022; Redhead et al. 2023). Au cours de la 

dernière décennie, il est devenu l'un des principaux gènes candidats à l'intervention 

thérapeutique dans la T21 (De la Torre et al. 2014; Atas-Ozcan et al. 2021). Ici, nous avons tiré 

parti du modèle Tg(Dyrk1a), un modèle avec 3 copies de Dyrk1a (Guedj et al. 2012) et des 

résultats du nouveau modèle Dp13Yah, pour confirmer le rôle de Dyrk1a dans le 

développement du phénotype crâniofacial caractéristique de la T21. Les résultats ont montré 

la présence d'une brachycéphalie, une augmentation des dimensions du neurocrâne chez les 

souris Tg(Dyrk1a), 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 modèle ne porte que 2 copies de 

Dyrk1a. 

Ces résultats nous permettent de confirmer notre hypothèse selon laquelle Dyrk1a est 

responsable de la brachycéphalie observée dans le neurocrâne, ainsi que du développement 

de la partie médiane de la face. Les deux modèles présentent des changements dans cette zone 

et l'on sait que ces structures osseuses ont la même origine embryonnaire, les cellules de la 

crête neurale (NCC) (Richtsmeier et Flaherty 2013). Cette observation suggère que le surdosage 

en Dyrk1a pourrait affecter la prolifération/migration des NCC au cours du développement 

crâniofacial. 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 l'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 après, après 

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 l'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 Dyrk1a/NCC et le phénotype. 

Ripply3, un gène candidat pour le phénotype de raccourcissement du visage dans les 

modèles de souris du syndrome de Down 

Ripply3 (Ripply Transcriptional Repressor 3) est un corépresseur transcriptionnel, agissant 

comme régulateur négatif de l'activité transcriptionnelle de Tbx1 et jouant un rôle dans le 

développement de l'appareil pharyngé et de ses dérivés (Okubo et al. 2011). Tbx1 est le premier 

gène sensible à 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 à la crête neurale. Chez l'homme, l'haploinsuffisance de 

TBX1 provoque des anomalies crâniofaciales (Lindsay et al. 2001). Dans le modèle murin du 

syndrome de DiGeorge, les souris mutantes pour le gène T-box (Tbx1+/-) présentent un 

développement anormal des structures squelettiques dérivées de premier et deuxième arcs 

pharyngés, avec une réduction de la partie médiane de la face (Jerome et Papaioannou 2001), 

de facon similaire à ce qui est observé dans les modèles de souris T21. Compte tenu de ces 

informations, nous postulons que la surexpression de Ripply3 dans les modèles de souris T21 

conduira à une régulation négative de Tbx1, à l'origine du phénotype de la diminution du tiers 

médian de la face que l'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 Tbx1 dans le modèle murin Dp(16)1Yey 

comparativement aux WT. Suite à cette observation, nous avons souhaité confirmer le rôle de 

Ripply3 en créant un nouveau modèle murin issu du croisement en Dp(16)1Yey et Ripply3 tmb1, 

donnant lieu à un modèle qui porte 3 copies de tous les gènes situés dans le Mmu16 mais avec 

seulement 2 copies fonctionnelles de Ripply3. Dans ce cas, l'analyse morphométrique 

comparant le nouveau modèle Dp(16)1Yey/Ripply3tmb1 au modèle 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 l'effet du surdosage de Ripply3 dans le 

raccourcissement de la face médiane, attribuable à la régulation négative de Tbx1.  

Chapitre 2 : Modèles de rats atteints du syndrome de Down 

Notre équipe, sous la direction du Dr. Yann Hérault à l'IGBMC, a développé de nouveaux 

modèles de rats en utilisant les technologies LoxP/Cre et CrispR/Cas9, avec le soutien de 

l'Institut Clinique de la Souris (ICS) à Illkirch-Graffenstaden. Ces modèles sont porteurs d'une 

duplication de différentes régions des chromosomes homologues au HSA21 (Muñiz Moreno et 

al. 2020; Duchon et al. 2022). 

Dans le génome du rat, les régions homologues au HSA21 englobent 213 gènes 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 Umodl1 et Prmt2 (Muñiz Moreno et al. 2020). Nous 

avons généré des duplications segmentaires pour chaque intervalle, à savoir Dp(11Lipi-

Zbtb21)Yahlcs et Dp(20Umodl1-Prmt2)Yahlcs, nommés ici Dup(Rno11) et Dup(Rno20) 

respectivement. 

En tenant compte du fait que Dyrk1a est un gène candidat majeur pour le développement des 

phénotypes caniofaciaux associés à la T21, nous avons étudié de nouveaux modèles de rats liés 

à la T21 et au retard mental autosomique dominant 7, créés à l'aide de la stratégie « CRISpr-

Mediated Rearrangement mechanism » (CRISMERE). Les modèles Dp(11Dyrk1a)6Yah et 

Del(11Dyrk1a)4Yah ont été générés à l’aide des paires de gRNA ciblant la région autour de la 

position chr11 :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 l'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 à l'intervalle en position chr11:34,791,993-

35,011,015 (Birling et al. 2017). 
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L'analyse du modèle de rat T21 complet a confirmé le rôle de la région de Lipi à Zbtb21 avec 

une influence de la région Umodl1-Prmt2 sur les changements craniofaciaux. 

Tout d'abord, nous avons réalisé des analyses morphométriques pour étudier les trois modèles 

de rats porteurs chacun d'un génotype différent : Dup(Rno11), Dup(Rno20) et la combinaison 

de ces deux modèles Dup(Rno11-20), par rapport aux souris WT issues des mêmes portées. 15 

animaux par génotype et par sexe (n=120) âgés de 14 semaines ont été utilisés. Nous avons 

appliqué la même méthodologie rigoureuse que celle utilisée chez les modèles murins pour 

analyser les repères crâniométriques (Duchon et al. 2022; Qiu et al. 2019).  

Des changements de forme significatifs sont observés dans les modèles 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 où ils se situaient dans la structure crânio-faciale, 

l'analyse de « EDMA FORM ou SHAPE Influence landmarks » a été effectuée. Le modèle 

Dup(Rno11) présentait les repères 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 à 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 crâne et la mandibule, l’ACP entre Dup(Rno20) et WT ne montrait pas de différence 

contrairement aux rats Dup(Rno11) et Dup(Rno11-20) qui présentaient une différence 

significative des dimensions par rapport au groupe WT. Aussi, les résultats de l’analyse voxel 

ont montré que les modèles Dup(Rno11) et Dup(Rno11-20) 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 modèles 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 renforçant ces phénotypes.  



170 

 
L'analyse des modèles de rats Del(11Dyrk1a)4Yah et Dp(11Dyrk1a)6Yah confirme le rôle de 

Dyrk1a dans la brachycéphalie de la T21. 

En utilisant la même analyse morphométrique décrite ci-dessus, nous avons trouvé que le 

modèle Del(11Dyrk1a)4Yah présente des changements significatifs dans la FDM et la SDM du 

crâne, montrant une diminution générale de la taille de la tête, appelée microcéphalie. Dans le 

cas de la mandibule, seule la FDM montrait des modifications significatives. Dans l’analyse de 

composantes principales (ACP), une variation d'environ 40 % a été démontrée à la fois dans le 

crâne et dans la mandibule. Plus en détail, l'analyse des voxels montre que les changements de 

forme correspondent à une réduction des dimensions du neurocrâne et à une augmentation 

des dimensions de la partie médiane de la face. Finalement, la mandibule montre un 

élargissement de toutes les structures. 

Dans le modèle Dp(11Dyrk1a)6Yah, le crâne présentait des changements significatifs dans la 

SDM, mais pas dans la FDM, ce qui indique que la taille globale de la tête ne change pas, mais 

que 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 % à la fois dans le 

crâne et dans la mandibule. L'analyse des voxels a montré que ces changements de forme 

incluent une réduction des dimensions de l'os frontal, l'os nasal et l'arcade zygomatique, ainsi 

qu’une augmentation des dimensions du neurocrâne (Brachycéphalie). Concernant la 

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

Ces résultats ont montré que 1) Dyrk1a est nécessaire en 3 copies pour générer la 

brachycéphalie typique de la T21, comme le démontre l'analyse des voxels du modèle 

Dp(11Dyrk1a)6Yah. 2) Cette conclusion est également corroborée par les obervations faites 

avec le modèle Del(11Dyrk1a)4Yah, où une seule copie de Dyrk1a entraîne un phénotype 

inverse à celui de Dp(11Dyrk1a)6Yah, caractérisé par une diminution de la forme et de la taille 

du neurocrâne. 
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Conclusion 

En conclusion, nous avons une compréhension approfondie des principales caractéristiques 

associées à la T21. Cette pathologie offre une opportunité précieuse pour découvrir des 

mécanismes communs ou nouveaux, étant donné qu’elle est souvent associée à une fréquence 

accrue de divers troubles physiques et mentaux. Nous avons identifié et validé une nouvelle 

région chromosomique responsable du phénotype crâniofacial caractéristique de la T21. Grâce 

à un nouveau panel de modèles de rongeurs, nous avons pu proposer et confirmer de nouveaux 

gènes candidats, Dyrk1a et Ripply3. Nous avons confirmé le rôle de Dyrk1a dans la 

brachycéphalie du neurocrâne et identifié le rôle du surdosage du facteur de transcription 

Ripply3 dans le raccourcissement de la zone mèdiane 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 l'index mitotique. 

Dans l'ensemble, nous avons identifié un nouveau gène sensible à la dose, responsable des 

malformations crâniofaciales associées à la T21. Nous proposons également de nouveaux 

modèles dans lesquels nous pensons pouvoir restaurer l'ensemble du phénotype crâniofacial 

typiques de la T21. Ces avancées pourraient également offrir une meilleure compréhension des 

autres phénotypes spécifiques observés chez les mutants Tbx1 et les modèles de T21.
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Analyse crâniofaciale des modèles 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 
l'apprentissage et la dysmorphie crâniofaciale (CF). Le phénotype CF comprend des dimensions réduites de la tête, 
une brachycéphalie, une région orbitale médio-latérale réduite, une largeur bizygomatique réduite, un petit 
maxillaire, une petite mandibule et une variabilité individuelle accrue. Jusqu'à présent, les mécanismes cellulaires 
et moléculaires qui sous-tendent ce phénotype CF restent inconnus. Cette thèse, utilisant un nouveau panel de 
modèles de rats et de souris, a proposé de nouveaux gènes candidats pour le phénotype SD-CF. Nous avons 
confirmé le rôle de Dyrk1a dans la brachycéphalie du neurocrâne 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 gènes sensibles au dosage responsables des malformations du SD-CF, et de nouveaux modèles 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 Tbx1 et 
les modèles de DS. 

Mots-clés : Trisomie 21, syndrome de Down, crâniofacial SD dysmorphie, modèles murins du SD, gènes 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 Dyrk1a in 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 Tbx1 mutants and DS models. 

Keywords: Trisomy 21, Down syndrome, DS craniofacial dysmorphism, DS rodent models, dosage-sensitive genes, 
Dyrk1a, Ripply3, Tbx1, DiGeorge syndrome. 


