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ABSTRACT OF THE DISSERTATION 
 

On the Origins of Birth Defects from Studies  
 

of a Mouse Model of Cornelia de Lange Syndrome 
 

By 
 

Stephenson Chea 
 

Doctor of Philosophy in Biological Sciences 
 

University of California, Irvine, 2024 
 

Professor Anne L. Calof, Chair 
 

Approximately 3% of newborns worldwide are affected by birth defects (1), yet the 

causes for about 70-80% of these cases remain unidentified (2), despite various known 

contributing factors. Cornelia de Lange Syndrome (CdLS), a disorder characterized by 

congenital malformations across multiple organs and tissues (3), is caused by mutations in genes 

associated with the cohesin complex or its interacting proteins (4). Most CdLS cases are caused 

by haploinsufficiency for the NIPBL gene (5), which plays a role in the loading of the cohesin 

complex onto chromatin (6). Originally recognized for its critical role in sister chromatid 

cohesion (7), the cohesin complex is now known to also play a role in regulating global gene 

expression (8). Studies using cell lines derived from CdLS patients and Nipbl-haploinsufficient 

tissues from animal models indicate that subtle, significant, and widespread changes in gene 

expression precede birth defects (9-12). Given that these changes are generally modest (less than 

2-fold) (9-12), this suggests that the birth defects observed in CdLS and related animal models 

are likely not caused by alterations in any single gene. Rather, they are probably the result of 

cumulative changes in the expression of multiple genes. Thus, studies of CdLS and its animal 

models have shed light on the mechanisms underlying birth defects of unknown causes, that 
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broad shifts in gene expression rather than specific mutations in individual genes may drive the 

development of birth defects. 

In the United States, congenital heart defects (CHDs) affect nearly 1% of all newborns 

(13). They are also the primary cause of birth defect-related infant mortality and morbidity (13-

15). The causal origins of CHDs are largely unknown, with mutations in single genes accounting 

for fewer than 20% of cases (16). About 30% of individuals with the Nipbl-haploinsufficient 

form of CdLS present with CHDs (17). Studies in Nipbl+/- mice, which exhibit a similar 

prevalence of CHDs, have primarily identified atrial septal defects (18) – among the most 

common types of CHDs observed in nonsyndromic cases in man (19). Nipbl+/- mice also display 

abnormal development in the ventricular septum and right ventricle (18). Intriguingly, these 

cardiac structures originate from a progenitor cell population known as the second heart field 

(SHF) (20), which points to the SHF as a potential source of CHDs in Nipbl+/- mice.  

In Chapter 2, we explored the impact of Nipbl-haploinsufficiency within the SHF on the 

development of CHDs using light sheet fluorescence microscopy (LSFM) and two SHF-Cre 

recombinase-expressing mouse lines: Mef2c-Cre and Isl1Cre/+. Remarkably, it was found that 

only Isl1Cre/+ driven Nipbl-haploinsufficiency in the SHF led to CHDs. This occurrence was 

likely due to extensive Isl1-Cre recombination in non-cardiac tissues and/or a reduction in Isl1 

expression, the latter resulting from knock-in mediated haploinsufficiency. In surprising contrast, 

mice rendered globally haploinsufficient for both Isl1 and Nipbl (Nipbl+/-; Isl1+/-) exhibited a 

wider range and higher frequency of CHDs compared to those haploinsufficient for either gene 

alone. RNA sequencing of E10.5 mouse hearts indicated that Nipbl-haploinsufficiency 

upregulates Isl1 expression, seemingly providing a protective effect against the development of 

severe CHDs, as evidenced by fewer and less severe CHDs in Nipbl+/- mice compared to their 
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Nipbl+/-; Isl1+/- counterparts. Furthermore, we observed significant alterations in the expression 

of homeodomain genes such as Pitx1, Pax6, and Hoxc4. Nipbl+/-; Isl1+/- hearts did not upregulate 

these genes to the same level as Nipbl+/- hearts. These results introduce new quantitative risk 

factors for the development of CHDs in both CdLS and nonsyndromic cases. 

In addition to exhibiting ASDs, Nipbl+/- mice also demonstrate early abnormalities in 

other cardiac regions during embryonic development. By embryonic day 13.5 (E13.5), 70% of 

Nipbl+/- mice displayed delays in ventricular septal fusion, while three days earlier, at E10.5, all 

exhibited right ventricle hypoplasia (18). Even earlier, at E7.75 and E7.5, in situ hybridization 

experiments revealed diminished expression of two key transcription factors, Nkx2-5 and Mesp1 

(18), which play roles in the growth and differentiation of early heart progenitor cells. These 

suggests that cardiac development abnormalities might originate at the very onset of heart 

formation. Supporting this hypothesis, studies on nipbl-morphant zebrafish have shown that 

defects in the initial migration of cardiogenic mesoderm can be detected as early as 18 hours 

post-fertilization (11). These findings imply that, at least for CHDs, causative events may occur 

as early as gastrulation – the stage when the three primary germ layers form and the earliest 

progenitor cells of major tissues and organs begin to differentiate. 

To investigate the early developmental origins of CHDs associated with Nipbl-

haploinsufficiency, in Chapter 3, we performed single-cell RNA-sequencing on both wildtype 

(WT) and Nipbl+/- mouse embryos during the late-gastrulation and early cardiac crescent stages. 

The results indicate that although Nipbl+/- embryos contain the same cell populations as WT 

embryos, they exhibit subtle yet significant misallocations of specific mesodermal cell 

populations. Our analysis confirmed that these discrepancies are not related to apoptosis, cell 

proliferation, global developmental delays, or changes in the overall structure of cell lineages. 
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Rather this phenomenon appears to stem from altered cell fate decisions in mesoderm cells' 

differentiation toward cardiac or non-cardiac fates. 

As in previous studies, we observed that while most gene expression changes in Nipbl-

deficient tissues at these stages were minor, certain key developmental genes, particularly 

Nanog, were significantly misexpressed. Specifically, Nipbl+/- embryos did not downregulate 

Nanog at the end of gastrulation – a process typically observed in all cells except germ cells. 

This persistent overexpression of Nanog leads to aberrant expression of many of its target genes 

across all germ layers. We additionally observed underexpression of Hox genes and 

overexpression of Nodal signaling genes, which play roles in anterior-posterior and left-right 

patterning, respectively. Based on these findings, we propose a model suggesting that birth 

defects in CdLS may arise from prolonged overexpression of Nanog and subsequent 

dysregulation of developmental pathways. These disruptions likely contribute to incorrect cell 

fate decisions and the misallocation of specific progenitor cell populations, ultimately leading to 

the developmental anomalies observed. 
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CHAPTER 1 

Introduction 

 

A need for understanding the underlying causes of birth defects 

Approximately 3% of newborns globally are affected by birth defects (1). Birth defects 

are structural or functional anomalies that occur during the development of a baby and are 

present at birth. These defects can affect various body parts and systems. The most common 

birth defects are heart defects and neural tube defects (1). Birth defects are the leading cause of 

infant death in developed countries (21). Babies born with birth defects and who survive past 

infancy often face long-term health challenges, requiring ongoing medical care and support to 

manage physical, developmental, or cognitive disabilities. Additionally, only 82.51% of children 

born with a birth defect and who survive past infancy will survive to the age of 25 years (22). 

Birth defects not only impact individual mortality and morbidity but also place significant 

emotional and financial burdens on families and strain healthcare systems. Therefore, there is a 

critical need to develop therapies for not only mitigating the clinical severity of birth defects, but 

also for preventing their occurrence.  

To effectively develop therapies for birth defects, we have to first comprehend the causal 

mechanisms behind these conditions. To acquire this understanding, we have to develop accurate 

animal models of birth defects. However, creating animal models requires an initial knowledge 

of the causes of birth defects.  

Birth defects can be caused by environmental exposures, infections during pregnancy, 

nutritional deficiencies, genetic factors, and combinations of genetic and environmental factors. 

Exposure to certain teratogens such as alcohol, tobacco, or certain medications during pregnancy 
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can cause birth defects such as fetal alcohol spectrum disorders (23). Infections like rubella and 

cytomegalovirus can lead to serious congenital conditions, affecting the development of the baby 

(24). Deficiencies in essential nutrients, such as folic acid, are associated with neural tube defects 

such as spina bifida (25). Genetic factors also play a role, as single-gene mutations can cause the 

defects seen in congenital NAD deficiency disorder (26) and chromosomal abnormalities 

resulting in the defects seen in trisomy 21 or Down syndrome (27). Additionally, the interaction 

between genetic predispositions and environmental factors can precipitate birth defects, with 

both influencing the risk and severity of these conditions (28). While a variety of causes have 

been identified for birth defects, they only account for about 20-30% of birth defects, leaving the 

etiology of the remaining 70-80% of cases unknown (2).  

Challenges in developing animal models for birth defects with unknown causes 

Given the diverse and frequently isolated occurrence of birth defects, identifying 

common causal mechanisms presents significant challenges. Traditionally, researchers have 

studied birth defects individually to determine their causes. Yet, this method has yielded 

identifiable causes for less than 30% of birth defects (2). Even if we were to continue with this 

approach and succeed in pinpointing the causes for each defect, replicating them in animal 

models to study their underlying mechanisms is a time-consuming and costly process due to the 

extensive animal husbandry required. Suppose we manage to create these models for multiple 

defects. We would then need to investigate each one to uncover their causal mechanisms and 

attempt to identify commonalities – a complex and daunting task. 

What if we adopted a different strategy? One that focuses on birth defect syndromes? 

Birth defect syndromes exhibit multiple concurrent defects that often mirror the characteristics of 

more common, isolated birth defects. They also typically have a single genetic basis, making 
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their replication in animal models feasible. Two of the most common syndromes that display 

birth defects are Down syndrome and Turner syndrome. For example, Down syndrome is caused 

by the presence of an extra copy of chromosome 21 (29), and Turner syndrome is caused by the 

complete or partial loss of one X chromosome, often presenting in mosaic karyotypes (30). Due 

to their singular genetic origins, successful animal models have been developed for both 

syndromes (31, 32). By creating a single animal model of a birth defects syndrome, we could 

simultaneously study several types of birth defects. This approach would not only be more 

efficient than the one discussed above, but it could also provide significant insights into the 

shared underlying mechanisms of various birth defects. 

The identification and recognition of Cornelia de Lange Syndrome 

One well studied birth defects syndrome for which an animal model has been developed 

is Cornelia de Lange Syndrome (CdLS). CdLS was first documented in 1916 by the German 

physician, W. Brachmann, who described a patient displaying distinctive facial features and limb 

abnormalities (33). However, Brachmann's findings initially failed to gain widespread 

recognition within the medical community. It was not until 1933 that Dutch pediatrician Cornelia 

de Lange provided a more detailed examination of CdLS in two children exhibiting similar 

distinctive features, including severe developmental delays, characteristic facial anomalies, and 

limb deformities (3). Her comprehensive description brought significant attention to the 

condition, leading to its naming after her. As CdLS became recognized as a medical syndrome, 

the cases initially documented by Brachmann were eventually reassessed in light of de Lange's 

findings. Consequently, CdLS is sometimes referred to as Brachmann-de Lange syndrome, 

acknowledging both contributors to its identification. 
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Understanding CdLS as a syndrome with a spectrum of manifestations 

Initially, CdLS was characterized by severe developmental delays, distinctive facial 

features, and growth retardation. However, the medical community soon recognized significant 

variability in its presentation throughout the 1980s and 1990s. For example, in 1985 there was a 

report that documented the classic severe manifestations but also cases with milder 

developmental and physical anomalies (34), suggesting that CdLS could present in less severe 

forms than previously recognized. As research into CdLS advanced into the 2000s, its genetic 

basis began to be elucidated, revealing mutations in several genes associated with the cohesin 

complex. These studies linked specific mutations to varying degrees of severity. For example, 

mutations in the NIPBL gene were associated with a more severe form of CdLS (35), while 

mutations in other genes (SMC1A, SMC3, HDAC8, and RAD21) typically led to milder 

symptoms (4). This genetic diversity provided a framework for understanding why a broad 

clinical spectrum was presented among CdLS patients. By the 2010s, comprehensive reviews 

and meta-analyses of recorded cases solidified the understanding that CdLS is a spectrum 

disorder. A 2013 study, for instance, synthesized data from multiple studies and highlighted 

considerable variability in individual cases—from those with profound disabilities and 

recognizable features to those with subtler symptoms and better developmental outcomes (36). 

Together, these advancements in case reporting and genetic research have broadened the clinical 

and genetic understanding of CdLS, affirming its nature as a condition with a broad spectrum of 

manifestations rather than a uniform set of defects. 

The spectrum of clinical manifestations in CdLS 

Cornelia de Lange Syndrome (CdLS) is associated with a wide range of structural and 

physiological abnormalities, impacting growth, intellectual and behavioral development, 
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neurological function, and limb formation. Additionally, it can cause complications in the 

gastrointestinal, ophthalmologic, otolaryngologic, genitourinary, cardiovascular, immunological, 

and hematologic systems, among other health issues. 

Growth  

Prenatal onset: Growth restriction in CdLS often starts before birth, with many infants 

displaying low birth weights and lengths significantly below normal standards. A report 

highlights a case where fetal forearm defects were noted at 23 weeks, with subsequent findings 

of fetal growth restriction becoming evident, leading to intrauterine fetal death at 29 weeks. At 

birth, the baby's weight and length were markedly below the expected standards for gestational 

age (37). 

Postnatal growth failure: Children with CdLS continue to exhibit growth failure after 

birth, often marked by a significant and persistent lag in growth when compared to typical 

developmental curves. Research has established that growth metrics like height and weight 

consistently remain below the fifth percentile throughout their lives, indicating severe and 

ongoing growth retardation (38, 39). This pattern includes slower pubertal growth and 

persistently low weight velocity until late adolescence. 

Milder forms and variability: In cases of CdLS with milder clinical manifestations or 

mosaic pathogenic variants, the growth impairment is generally less pronounced. These 

individuals may display a near-normal growth pattern initially but usually remain smaller 

compared to their peers. Mutations in the RAD21 gene, for example, are often associated with 

milder phenotypes in CdLS. Individuals with these mutations tend to have less severe growth 

deficits and fewer systemic anomalies (40).  
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Compounding factors: Several factors contribute to growth difficulties in CdLS. For 

instance, gastroesophageal reflux disease (GERD) is common among these patients and can 

significantly impact nutritional intake due to associated esophagitis and feeding aversions (41). 

GERD is a chronic condition where stomach acid frequently flows back into the tube connecting 

the mouth and stomach, causing symptoms like heartburn and indigestion. Furthermore, many 

children with CdLS encounter challenges with feeding due to oropharyngeal dysphagia, poor 

sucking reflexes, and sensory aversions to different food textures. Oropharyngeal dysphagia is a 

swallowing disorder that involves difficulty in starting the swallowing process, often due to 

abnormalities in the throat or esophagus. The presence of severe feeding difficulties, including 

problems with sucking and chewing, often contributes directly to inadequate nutritional intake, 

which further impairs growth (42).  

Long-term outcomes: Despite various levels of intervention, the long-term growth 

prognosis for individuals with CdLS generally remains significantly below average. Growth 

metrics such as height and weight typically do not reach those of age-matched peers, persistently 

placing these individuals below the normal growth curves (38). Serial measurements of patients 

with CdLS demonstrate that height velocity is equal to the normal range, but there is slower 

pubertal growth, and weight velocity remains below the normal range until late adolescence.  

Intellectual disability 

Intellectual disability in CdLS is a central feature and exhibits a broad spectrum in terms 

of severity and functional impact. IQ levels among individuals with CdLS vary widely, from 

below 30 to as high as 102, although the average IQ is typically around 53 (38, 43, 44). Severe-

to-profound intellectual disability is more commonly observed in individuals with classic 
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phenotypic features of CdLS, particularly in cases associated with NIPBL-haploinsufficiency 

(45). 

Language development in CdLS is disproportionately affected, with expressive language 

skills usually more impaired than receptive language skills (46). A study examining gesture use 

during conversational interaction in people with CdLS found that, despite limited spoken 

language, individuals with CdLS used significantly more gestures compared to their peers (47, 

48). This finding indicates that while their expressive verbal communication is notably reduced, 

non-verbal communication methods are frequently utilized to compensate. This study also 

suggests that while individuals with CdLS may understand more language and communication 

than they can express, their ability to verbally articulate thoughts and needs is significantly 

compromised.  

Despite the general challenges with expressive language, cognitive functions such as 

problem-solving and adaptive behavior might be relatively better preserved (46). This indicates 

that intellectual disabilities in CdLS do not uniformly affect all areas of cognition and suggests a 

complex neurodevelopmental impact that varies widely among affected individuals.  

Behavioral issues 

Behavioral issues in individuals with CdLS are complex and multifaceted, often 

significantly impacting their daily functioning and interactions (48). Many of these challenges 

stem from inherent difficulties with communication and sensory processing, which are 

exacerbated by the syndrome's cognitive and developmental aspects. 

Communication frustrations: The inability to effectively communicate is a primary 

source of frustration for many with CdLS. These individuals often have limited expressive 

language skills but a better understanding of receptive language, which can lead to significant 
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frustration when they cannot express their needs or desires. Only a minority of children with 

CdLS are able to use speech, with most relying on non-verbal means to express needs (49). This 

disparity can result in behaviors such as screaming, aggression, or even self-injury when they are 

unable to make their needs understood. 

Sensory processing issues: Sensory processing anomalies are prevalent in CdLS and 

manifest as either hyposensitivity (under-responsiveness) or hypersensitivity (over-

responsiveness) to sensory stimuli (50). Such sensory challenges can lead to disorientation, 

extreme fixation on particular sensory inputs, or withdrawal from stimuli, which can complicate 

interactions with the environment and social engagements. For instance, an individual might be 

overly fixated on specific textures or sounds, or conversely, may withdraw from touch or loud 

noises. 

Autistic-like behaviors: A significant proportion of individuals with CdLS display 

behaviors commonly associated with autism spectrum disorders (ASDs), such as social 

avoidance, limited eye contact, and repetitive behaviors (51). These can include hand-flapping, 

rocking, and repetitive use of objects or speech (52). 78.6% of individuals with CdLS meet the 

criteria for ASD characteristics, showing behaviors such as hyperactivity and stereotyped actions 

that are atypical compared to other ASD profiles (51). 

Self-injurious behavior: Clinically significant self-injurious behavior is reported in 56% 

of individuals with CdLS (53). This can include behaviors such as head-banging, biting, and 

scratching. These actions are often responses to sensory overload, anxiety, or as previously 

noted, frustrations due to communication difficulties.  

Repetitive behaviors: Repetitive behaviors are a hallmark in CdLS and are often 

associated with both sensory processing issues and autistic traits (54). These behaviors may 
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provide a sense of control and predictability for the individual, serving as a coping mechanism 

for dealing with an environment that they find unpredictable or overwhelming. 

Neurological issues 

Neurological issues in individuals with CdLS are diverse, affecting both the central and 

peripheral nervous systems.  

Seizure types: Approximately 25% of individuals with CdLS experience seizures, 

predominantly partial epilepsy (55). Partial epilepsy is a type of epilepsy where seizures 

originate from a specific area of the brain and affect a localized part of the body. In CdLS partial 

epilepsy originate from the temporal and parietal areas (55). These seizures typically manifest 

before two years of age, posing significant management challenges early in life. While partial 

seizures are the most common, other types of seizures, including generalized tonic-clonic 

seizures, have also been reported in this population. Generalized tonic-clonic seizures involve 

sudden muscle rigidity followed by convulsions and are characterized by a loss of consciousness, 

affecting the entire brain.  

Structural brain anomalies: Neuroimaging studies have revealed that individuals with 

CdLS may exhibit various structural brain anomalies (56). These include cerebral atrophy, 

ventriculomegaly, and agenesis of the corpus callosum. A series of neuroimaging studies 

documented the presence of cerebral and brainstem volume loss, gyral simplification, and other 

abnormalities in brain structures such as the absence of the massa intermedia and basilar artery 

fenestration. Such abnormalities can contribute to the neurological and developmental challenges 

observed in CdLS, including cognitive impairment and motor delays. 

Neuropathology and developmental delays: Neurological issues in CdLS extend 

beyond seizures. Many individuals exhibit significant global developmental delays, including 
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motor, cognitive, and speech delays. Mutations in SMC1A, which are present in some individuals 

with CdLS, are directly associated with these broad developmental delays (57).  

Peripheral neuropathy: There is emerging evidence to suggest that peripheral 

neuropathy may also be a component of the neurological spectrum of CdLS. Peripheral 

neuropathy is a condition resulting from damage to the peripheral nerves, causing weakness, 

numbness, and pain, typically in the hands and feet. This can manifest as reduced pain 

sensitivity, which may explain the high tolerance for pain observed in some individuals with the 

syndrome. A study on the autonomic nervous system in CdLS identified significant dysfunction 

in pathological sympathetic skin response and sudomotor tests, while large fiber nerve function 

studies showed normal values (58). 

Behavioral and psychiatric co-morbidities: Neurological issues are frequently 

accompanied by behavioral and psychiatric disorders in individuals with CdLS, including autism 

spectrum disorders and attention-deficit/hyperactivity disorder (ADHD). Individuals with CdLS 

often display a range of autistic traits, particularly repetitive behaviors and expressive 

communication deficits, which are more prominent than the core social deficits typically seen in 

idiopathic autism (59). These findings suggest that neurological complications in CdLS are 

intricately linked with its behavioral and psychiatric manifestations. 

Limb abnormalities 

Limb abnormalities are a defining characteristic of CdLS, affecting a significant 

proportion of individuals with this syndrome. These abnormalities are most pronounced in the 

upper extremities but also involve the lower limbs to a lesser extent. 
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Upper extremities 

Severity and variety: Approximately one-third of individuals with CdLS have severe 

upper limb abnormalities (60, 61). These can range from the complete absence of forearms, 

known as phocomelia, to various forms of oligodactyly (missing digits) and adactyly (complete 

absence of digits). Such anomalies significantly impact the functionality and independence of 

affected individuals. 

Common features: Nearly all individuals exhibit some form of micromelia, characterized 

by unusually short and small bones in the hands and arms (61, 62). Proximally placed thumbs, 

which are positioned closer to the wrist than usual, and clinodactyly, the curvature of fingers 

typically towards the radial side, are also common. These features can affect fine motor skills 

and hand function. 

Radioulnar synostosis: Radioulnar synostosis has been observed in individuals with 

CdLS (63). This condition involves the fusion of the radius and ulna, the two long bones of the 

forearm, which can lead to limited range of motion and elbow flexion contractures. This fusion 

impedes normal arm movement and can be bilateral or unilateral. 

Lower Extremities 

While the lower limbs in CdLS are typically less affected than the upper limbs, 

abnormalities do occur. 80% of individuals exhibit syndactyly of the second and third toes, 

where two or more toes are fused together (60, 61). This does not typically impair walking as 

severely as the upper limb abnormalities impair manual abilities. Other less frequent but notable 

abnormalities in the lower extremities include talipes equinovarus (clubfoot), which requires 

early orthopedic consultation. Small foot size and anomalies in foot shape can also be observed, 

which may affect balance and gait.  
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Gastrointestinal complications 

Gastrointestinal (GI) complications are prevalent in individuals with CdLS and range 

from common to complex disorders, significantly affecting their health and quality of life.  

GERD and associated complications 

GERD has been observed in individuals with CdLS. It is a frequent medical complication 

of CdLS, affecting almost all patients to varying degrees (64, 65). GERD can lead to severe 

complications if not properly managed, including esophagitis, which is the inflammation of the 

esophagus lining, and aspiration, where stomach contents are inhaled into the lungs.  

Structural GI anomalies 

Pyloric stenosis: Pyloric stenosis has been observed in 4% of individuals with CdLS, 

contributing to the complex gastrointestinal issues frequently seen in this condition (64, 65). 

Pyloric stenosis involves the thickening of the pyloric muscle, which blocks food from entering 

the small intestine and can lead to severe vomiting and dehydration.  

Intestinal malrotation: Intestinal malrotation has been observed in 2% of individuals 

with CdLS (65, 66). Malrotation is a defect in the intestines' positioning during fetal 

development, which can lead to volvulus (twisting of the intestine) and potentially life-

threatening bowel obstructions or ischemia.  

Congenital diaphragmatic hernia: Congenital diaphragmatic hernia (CDH) has been 

observed in 1% of individuals with CdLS (65). Congenital diaphragmatic hernia is a defect 

where abdominal organs herniate into the chest cavity through an opening in the diaphragm, 

affecting lung development and function. Individuals with CDH often had a lower birth weight 

and a poorer prognosis compared to other CdLS patients.  
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Other gastrointestinal concerns 

Gastrointestinal dysmotility: Gastrointestinal dysmotility has been observed in 

individuals with CdLS, although its prevalence is not high (64). Gastrointestinal dysmotility 

refers to a range of conditions in which the muscles of the digestive system become impaired, 

leading to slowed or irregular movement of food and waste through the digestive tract. Poor 

motility in various parts of the GI tract can lead to symptoms ranging from gastroesophageal 

reflux to severe constipation and nutritional deficiencies.  

Ophthalmologic issues 

Ptosis: Drooping of one or both eyelids, known as ptosis, is a common finding in CdLS, 

about 60% (67, 68). This condition can affect one or both eyes and may contribute to visual 

impairment if severe enough to cover the pupil. 

Myopia and nystagmus: Many individuals with CdLS (60%) are nearsighted, or 

myopic, which means they see nearby objects clearly, but distant objects appear blurred (68, 69). 

Many, approximately 37%, also show nystagmus (68), which is involuntary eye movements, 

often appearing as a shuddering or flickering of the eyes. Both conditions can significantly affect 

visual acuity and quality of life. 

Nasolacrimal duct stenosis: Nasolacrimal duct stenosis is frequently observed in 

individuals with CdLS (69). This condition involves narrowing or obstruction of the 

nasolacrimal duct, which can lead to tear duct infections and chronic tearfulness or epiphora.  

Glaucoma: Increased intraocular pressure leading to glaucoma is another serious concern 

in CdLS. Glaucoma is a group of eye conditions that damage the optic nerve, often caused by 

abnormally high pressure in the eye. A case of successfully managed congenital glaucoma in a 
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patient with CdLS has been reported (69).  Glaucoma can cause damage to the optic nerve, 

leading to progressive, permanent vision loss if not treated promptly. 

Microcornea, astigmatism, and optic atrophy: Microcornea, astigmatism, and optic 

atrophy have been observed in individuals with CdLS (69). Microcornea refers to an abnormally 

small cornea, which can complicate the optical focus of the eye. Astigmatism, involving an 

irregular curvature of the cornea or lens, distorts vision at all distances. Optic atrophy, the 

damage to the optic nerve, results in diminished visual acuity and can severely impair the 

affected individual’s ability to see clearly. 

Coloboma: Coloboma has been observed in individuals with CdLS (69). A coloboma is a 

keyhole-shaped defect in one of the structures of the eye, such as the iris, choroid, or optic nerve. 

It results from incomplete closure of the eye's embryonic fissure during gestation. This defect 

can affect depth perception and visual clarity. 

Strabismus and proptosis: Strabismus, or misalignment of the eyes, commonly occurs 

in CdLS and can lead to amblyopia if not corrected early (69). Proptosis, the abnormal protrusion 

of one or both eyes, can be seen in more severe cases and may require surgical management to 

prevent further complications (69). 

Otolaryngologic issues 

Hearing impairment: Hearing loss in CdLS is a significant concern, with about 40% of 

affected children experiencing sensorineural hearing loss, which originates from problems in the 

inner ear or neural pathways (70). Another 60% exhibit conductive hearing loss, resulting from 

abnormalities in the external ear canal, eardrum, or middle ear that impede sound transmission 

(71). Interestingly, some individuals show improvement in hearing capabilities over time, 

possibly due to changes in middle ear pathology or effective management. 
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Chronic otitis media: Frequent middle ear infections, or otitis media, are common in 

individuals with CdLS (72). These can lead to chronic otitis media with effusion, which 

exacerbates conductive hearing loss. The eustachian tube dysfunction, often due to anatomical 

abnormalities in CdLS, contributes significantly to these recurrent infections. 

Airway anomalies: Structural anomalies in the airway, including laryngomalacia, 

tracheomalacia, and bronchomalacia, are noted in some cases (73). These conditions can lead to 

stridor, wheezing, and difficulties in breathing, especially in young children with CdLS. 

Speech and language delay: Due to hearing impairment combined with cognitive 

delays, children with CdLS often experience significant speech and language development 

delays (74). These are compounded by anatomical factors, such as palatal abnormalities and 

hypotonia, affecting articulation and vocal quality. 

Dental and maxillofacial issues: Dental anomalies, including delayed tooth eruption, 

malocclusion, and high-arched palate, frequently occur in CdLS (75). These dental issues can 

affect chewing, speech, and overall oral health, necessitating early dental interventions. 

Nasal anomalies: Anomalies such as choanal atresia or stenosis are occasionally seen in 

CdLS (73). These conditions can obstruct nasal passages, leading to breathing challenges, 

chronic nasal congestion, and sinusitis. 

Genitourinary issues 

Renal abnormalities 

Vesicoureteral reflux, where urine flows backward from the bladder into the ureters, has 

been reported as a renal issue in 12% of individuals with CdLS (76). This condition increases the 

risk of urinary tract infections and can lead to kidney damage if untreated. Additional renal 

anomalies such as renal agenesis (absence of one or both kidneys) and renal dysplasia 
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(malformed kidneys) are also observed, contributing to the spectrum of urinary system 

challenges in these patients. 

Male reproductive issues 

Cryptorchidism: This condition, affecting approximately 73% of males with CdLS, 

involves the failure of one or both testes to descend into the scrotum (61). Cryptorchidism can 

complicate fertility and increases the risk of testicular cancer if not properly managed. 

Hypoplastic genitalia and hypospadias: 57% of males with CdLS may also exhibit 

underdeveloped genitalia and 9% may exhibit hypospadias, where the opening of the urethra is 

on the underside of the penis rather than at the tip (61). These anomalies can affect urinary 

function and sexual development. 

Female Reproductive Issues 

Bicornuate uterus: Observed in a subset of 5 out of 20 female patients, a bicornuate 

uterus has two separate uterine cavities, which can lead to complications in pregnancy such as 

increased risk of miscarriage and preterm labor (77). This malformation can also cause 

significant abdominal discomfort. 

Other malformations: Females may also experience other anatomical variations such as 

vaginal atresia (where the vagina is abnormally closed or absent) or anomalies in the 

development of the ovaries and fallopian tubes (78), which can impact reproductive health and 

menstrual function. 
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Cardiovascular 

Prevalence of congenital heart defects 

Approximately 30% of individuals with CdLS are affected by congenital heart defects 

(79). These defects can significantly impact the overall health and quality of life of these 

individuals, necessitating careful monitoring and management from infancy. 

Types of heart defects 

Pulmonic stenosis: Pulmonary stenosis has reported it as the second most common type 

of heart defect in these patients, after septal defects (79). This involves the narrowing of the 

pulmonary valve or pulmonary artery that slows the blood flow from the heart to the lungs.  

Tetralogy of Fallot: There is a documented case involving a 21-year-old male with CdLS 

who had an unrepaired Tetralogy of Fallot (TOF) (80). TOF is a complex heart defect that 

combines four heart problems: a ventricular septal defect, pulmonary stenosis, right ventricular 

hypertrophy, and an overriding aorta. TOF requires surgical intervention often soon after birth to 

correct the defects and improve oxygenation.  

Ventricular septal defect and atrial septal defect: Both ventricular septal defects (VSD) 

and atrial septal defects (ASDs) have been observed in individuals with CdLS. These involve 

openings between the right and left chambers of the heart (ventricles for VSD and atria for 

ASD), leading to blood mixing between the systemic and pulmonary circulations. These are 

among the most common congenital defects and can range from mild to severe. An analysis of 

congenital heart defects in a cohort of 87 patients with CdLS identified a significant incidence of 

VSD and other structural congenital heart defects (81). Another study involving 149 patients 

with CdLS found that 34.9% had congenital heart defects, with septal defects (both ASD and 

VSD) comprising a significant portion of these cases (79).  
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Coarctation of the aorta: Coarctation of the aorta has been observed in individuals with 

CdLS. This is a narrowing of the aorta that can impede the flow of blood to the lower part of the 

body and increase blood pressure in the upper body. A documented case involves a preterm 

infant presenting with coarctation of the aorta and a perimembranous ventricular septal defect 

(82). 

Aortic valve anomalies: Aortic valve anomalies have been observed in individuals with 

CdLS. Abnormalities in the aortic valve, such as bicuspid aortic valve, can affect blood flow 

from the heart into the aorta and onward to the rest of the body. One documented case describes 

a patient with CdLS who had a severely calcified bicuspid aortic valve and suggests a possible 

link between altered Notch signaling, which is implicated in CdLS, and the development of 

calcific bicuspid aortic valve disease (83). 

Double-outlet right ventricle: Double outlet right ventricle (DORV) has been observed 

in individuals with CdLS. In this condition, both the aorta and the pulmonary artery emerge from 

the right ventricle, which can disrupt the normal flow of blood through the heart. One case 

reports a patient with CdLS who presented with both DORV and an aortopulmonary window, 

marking a unique combination of congenital heart defects in this syndrome (84). 

Immunological issues 

Individuals with CdLS frequently exhibit various types of immune deficiencies, which 

can range from mild to severe. These deficiencies often manifest as decreased immune response 

capabilities, leading to increased susceptibility to infections, particularly respiratory and ear 

infections. The immune system's compromised ability to fight off pathogens results in frequent 

infections, which can become chronic and recurrent, complicating the overall health picture of 

these individuals. 
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Cellular immunity issues: Patients with CdLS often experience recurrent infections, 

indicating potential underlying immunodeficiency. Some individuals may have defects in 

cellular immunity, particularly involving T-cells, which can affect the body's ability to respond 

to viral infections and certain fungi and protozoa. One study assessed infectious histories and 

conducted full immune evaluations in patients with CdLS, revealing decreased percentages of T 

regulatory cells and T follicular helper cells (85). 

Chronic respiratory issues: The frequent respiratory infections that arise from immune 

deficiencies can lead to chronic lung problems such as bronchitis or pneumonia (85). These 

conditions can be particularly severe in CdLS due to the structural abnormalities of the airways 

that some individuals may have, compounding the difficulty in managing respiratory health. A 

13-month-old boy with CdLS experienced repeated lower respiratory tract infections and 

eventually succumbed to bronchopneumonia at 15 months of age (86). Another case reported 

respiratory complications postoperatively in a 19-month-old female with CdLS who presented 

for palatoplasty (87). The complications included respiratory distress. 

Hematologic issues 

Thrombocytopenia: Thrombocytopenia, characterized by an abnormally low number of 

platelets, is a common hematologic issue in CdLS (88, 89). Platelets are critical for blood 

clotting, and their deficiency can lead to increased bleeding and bruising. While 

thrombocytopenia often resolves after infancy, it can persist in some individuals, leading to 

ongoing risks of hemorrhage and requiring careful monitoring and management. 

Other features 

Low-pitched cry: A low-pitched cry is observed in 75% of children with CdLS, typically 

indicating more severe manifestations of the syndrome (61). Multiple cases, including one 
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describing the cry as low-pitched, weak, and growling (90), and another noting its low pitch(91), 

underscore its common occurrence in these patients. 

Hypoplastic nipples and umbilicus: About 50% of individuals with CdLS exhibit 

underdeveloped (hypoplastic) nipples and a poorly formed umbilicus (belly button) (61, 92).  

De novo mutations as the primary cause of CdLS 

The sporadic occurrence of CdLS in families suggested to clinicians and geneticists that 

de novo mutations – genetic alterations that appear for the first time in a single family member – 

might be the primary cause. With the advent of more sophisticated genetic technologies in the 

late 1990s and early 2000s, researchers gained the ability to precisely identify and characterize 

the mutations associated with CdLS. By comparing the DNA of children diagnosed with CdLS 

with that of their unaffected parents, geneticists consistently identified mutations linked to CdLS 

that were only present in the affected children (36). This strongly reinforced the hypothesis that 

most CdLS cases are the result of de novo mutations, most likely originating in a parent’s germ 

cell or in the fertilized egg itself.  

While most cases of CdLS arise from de novo mutations, there is a subset that 

demonstrates familial inheritance, though these instances are comparatively rare. One of the 

earliest documented cases of familial occurrence of CdLS was in 1974, involving two siblings 

both diagnosed with the syndrome (93). This early case suggested a potential genetic basis for 

CdLS, possibly indicative of an autosomal dominant pattern, although the precise genetic 

mechanisms remained unclear at the time. Further evidence of familial transmission emerged in 

1985 when a study reported the direct familial transmission of CdLS in a mother and her 

daughter (34), marking the first documented instance of such direct lineage transmission. 

Another significant report from the same year documented CdLS across multiple generations 
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within the same family, highlighting variable expression of the syndrome's features among 

family members (94). The repeated observation of CdLS in successive generations brought to 

light the likelihood that milder cases may frequently be underdiagnosed or entirely overlooked, 

particularly when symptoms are subtle or atypical.  

These examples indicate that familial inheritance of CdLS may occur when a parent 

carries a mild form of the syndrome or a germline mosaic mutation. Such mutations might not 

manifest prominently in the parent but can be passed on to the offspring. In instances where a 

parent displays a subclinical or milder phenotype – their symptoms are too subtle to be easily 

recognized – and they may unknowingly transmit the mutation to their children. The resulting 

more pronounced symptoms in the offspring confirm that the mode of familial inheritance is 

autosomal dominant, as the children display characteristic features of CdLS having inherited 

only one mutated copy of the relevant gene.  

Mutations in cohesin-related proteins cause CdLS 

The discovery of genetic mutations associated CdLS has progressed significantly over the 

years, with several key findings made incrementally. The first major breakthrough occurred in 

2004 when it was identified that mutations in the NIPBL gene as a primary cause of CdLS (5). 

This discovery was pivotal as it demonstrated that approximately 50% of all CdLS cases (and the 

severest cases) were due to mutations in this gene. Collectively, these mutations typically result 

in the production of a functionally null protein, supporting the theory that the majority of CdLS 

cases are caused by NIPBL-haploinsufficiency (95). This deficiency is significant because 

NIPBL encodes a protein that plays a role in the loading of the cohesin complex onto DNA (6). It 

does this by forming a complex with another protein called MAU2. Together, they facilitate the 
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attachment of the cohesin complex’s rings around chromatin, a process that enables the cohesin 

complex to maintain sister chromatid cohesion and regulate gene expression. 

Over a few years following the initial discovery of mutations in NIPBL, mutations in 

several other genes were identified as causes of CdLS. These included, in chronological order, 

mutations in SMC1A (4), SMC3 (4), HDAC8 (96), and RAD21 (97). Each of these genes 

accounts for less than 5% of CdLS cases each and are typically associated with milder 

manifestations compared to mutations in NIPBL. Like the mutations found in NIPBL, mutations 

in these genes often result in a functionally null protein, pointing to haploinsufficiency as a likely 

mechanism underlying CdLS.  

Interestingly, like NIPBL, all these genes are either components of or interact with the 

cohesin complex. For instance, SMC1A and SMC3 encode core parts of the cohesin complex (7). 

They connect with each other via their hinge domains at one end and interact with a kleisin 

subunit at their head domains to form the cohesin complex’s ring-like structure that encircles 

DNA strands. HDAC8 plays a regulatory role by deacetylating SMC3, which controls the 

cohesin complex's retention on chromatin during the cell cycle and aids in its release post-

mitosis (98). RAD21, which encodes the kleisin subunit of the cohesin complex, connects the 

head domains of SMC1 and SMC3, completing the cohesin complex’s ring structure (97). This 

gene also regulates the attachment and detachment of the cohesin complex from chromatin. 

When RAD21 is cleaved at the onset of anaphase it results in the opening of the cohesin ring and 

the release of sister chromatids. Together, mutations in NIPBL, SMC1A, SMC3, HDAC8, and 

RAD21 reveal a genetic landscape where disruptions in various components of the cohesin 

pathway contribute to the clinical features of CdLS. 
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The structure of the cohesin complex 

The cohesin complex is composed of four proteins: two Structural Maintenance of 

Chromosomes (SMC) proteins, SMC1A and SMC3; one kleisin protein, RAD21; and one of 

three variant stromal antigen (SA) proteins – SA1, SA2, or SA3 – each with specific roles in 

different cellular contexts (7). SMC1A and SMC3 are characterized by their long, antiparallel 

coiled-coil arms, with a hinge domain at one end and an ATPase head domain at the other (99). 

Together, SMC1A and SMC3 form a V-shaped structure at their hinge domains, with their 

ATPase head domains at their open ends (100). These head domains come together by 

connecting with RAD21, thereby completing the ring structure of the cohesin complex. The SA 

proteins (SA1, SA2, or SA3) interact with the cohesin complex by interacting with RAD21 

(101). They facilitate the integration of the cohesin complex at specific chromosomal locations 

and times like telomeres (SA1), centromeres (SA2 and SA3), or during meiosis (SA3), 

respectively (102-104). 

The process by which cohesin initially encircles chromatin is still under investigation, but 

two main models have been proposed: the topological loading model and the handcuff model. In 

the topological loading model, the cohesin ring opens at the interface between the SMC heads 

and RAD21 during DNA replication, when chromatin is more accessible, allowing it to encircle 

the DNA (105). Alternatively, the handcuff model suggests that two separate cohesin complexes 

may initially bind to DNA and subsequently link via their RAD21 subunits to form a larger ring 

that can encompass chromatin (106). It is thought that the NIPBL-MAU2 complex induces 

conformational changes at the SMC3-RAD21 interface to transiently open the cohesin ring 

(107). This complex not only facilitates the opening but also maintains the ring in this state 

during loading. After cohesin is loaded onto DNA, the dissociation of NIPBL-MAU2 allows the 
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ring to close (108), securely encircling the DNA and ensuring proper chromosomal cohesion and 

separation during cell division. 

The function of the cohesin complex 

Sister chromatid cohesion 

Cohesin was originally recognized for its role in sister chromatid cohesion during mitosis 

(7). It begins to associate with chromatin in the G1 phase of the cell cycle and its association 

extends into the S-phase, where it plays a role in holding replicated DNA together as it 

condenses into sister chromatids (109). During prophase, the first stage of mitosis, cohesin starts 

to dissociate from the arms of the sister chromatids, a process that is facilitated by the 

phosphorylation of RAD21 and/or SA1 (7). Centromere cohesin remains protected by ECO1, 

PDS5, WALP1, and Sororin until the onset of anaphase (110). At anaphase, the enzyme separase 

(ESP1) is activated and cleaves RAD21, leading to cohesin’s degradation and the consequent 

separation of sister chromatids (111). Intriguingly, despite its pivotal role in cell division, 

significant defects in sister chromatid cohesion or abnormalities in mitosis have not been 

observed in either CdLS patients or animal models of CdLS, including Nipbl-haploinsufficient 

mice (10, 112). This suggests that cohesin serves additional functions beyond its well-known 

role in sister chromatid cohesion. 

Global transcriptional regulation 

Studies on cell lines derived from individuals with CdLS and animal models lacking 

proteins involved in the cohesin complex has yielded compelling evidence for their role in gene 

regulation. Initial insights into the involvement of the cohesin complex in gene expression 

emerged from studies on gene silencing in yeast, and on long-range gene activation in 

Drosophila. In yeast, cohesin was found to establish the boundaries defining silenced chromatin 
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domains (8), while in Drosophila, Nipped-B was shown to be required for long-range activation 

of homeobox protein genes (113). Subsequent investigations revealed that cohesin binds a subset 

of DNase I hypersensitive sites, many of which contain sequence motifs resembling those 

recognized by CTCF, a DNA-binding protein implicated in enhancer blocking function and 

boundary-element activity (114). Further elucidating this, another study identified an ESC 

specific binding pattern that is characterized by CTCF independent co-localization of the cohesin 

complex with pluripotency related transcription factors (115). Preceding this, a study 

demonstrated a physical and functional connection between mediator (a transcriptional 

coactivator), cohesin, and the enhancers and core promoters of active genes in murine embryonic 

stem cells (116). Collectively, these studies progressively highlight cohesin's multifaceted roles 

in gene expression regulation, likely mediated through its influence on chromatin structure and 

dynamics. 

Nipbl-haploinsufficiency and its impact on global gene expression regulation 

Nipbl-haploinsufficiency, the most common form of CdLs, leads to alterations in the 

expression of many hundreds to thousands of genes (9-12). Interestingly, many of the affected 

genes are regulated by long-distance enhancers (117), aligning with the emerging concept of 

NIPBL and cohesin as critical determinants in DNA-looping (116, 118-120). Most gene 

expression changes in Nipbl-deficient animals are small, usually less than 2-fold. Though likely 

to be inconsequential individually, such small changes can act collectively to produce structural 

and functional defects. For example, in zebrafish, joint depletion of two developmental genes 

downregulated by nipbl-deficiency produced a CdLS-like phenotype (11), suggesting that altered 

gene expression is the ultimate cause of developmental and physiological abnormalities. Thus, 

CdLS exemplifies a class of genetic disorders known as "transcriptomopathies" (121), in which 
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the cumulative or synergistic effects of minor disturbances to gene expression lead to 

developmental abnormalities.  

A mouse model for the Nipbl-haploinsufficient form of CdLS 

In 2009, a significant milestone in comprehending the molecular underpinnings of CdLS 

was achieved with the creation of a mouse model of Nipbl-haploinsufficiency (10). This was 

accomplished by generating mice heterozygous for a gene-trap mutation upstream of the first 

coding exon of Nipbl. RNase protection assays revealed that Nipbl levels in mutant mice were 

approximately 72–82% of wildtype levels in adult liver and around 70% in embryonic brain 

tissue. Phenotypically, Nipbl+/- mice mirrored numerous aspects of human CdLS, exhibiting 

prenatal and postnatal growth retardation, cardiac septal defects, delayed bone development, a 

lean body phenotype, microbrachycephaly accompanied by characteristic craniofacial alterations, 

behavioral anomalies, ophthalmological irregularities, cerebellar hypoplasia, and hearing 

impairments. In some cases, the Nipbl+/- mouse exhibited striking parallels with CdLS, including 

the fluctuating growth rates during early postnatal life (122) and the distinctive upturned nose 

(123). However, certain common CdLS features, such as upper limb reduction and fusion 

abnormalities, observed in 30–50% of affected children (57, 60), were absent in the mouse 

model. Furthermore, while atrial septal defects were evident in the Nipbl+/- mouse heart, 

ventricular septal defects, equally prevalent in CdLS (81), were absent. Nevertheless, the Nipbl+/- 

mouse emerges as a robust animal model that captures many CdLS traits. Cellular and molecular 

analyses of Nipbl+/- cells and tissues also captured subtle yet widespread alterations in gene 

expression, particularly in genomic regions where transcription is known to be governed by long-

range chromosomal interactions. These data underscore the idea that the collective impact of 
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numerous minor transcriptional changes likely contributes to the developmental abnormalities 

observed in CdLS. 

Early murine heart development 

The development of the heart is a highly intricate and coordinated process that arises 

from multiple tissue lineages. The heart is primarily derived from the mesoderm, one of the three 

germ layers in early embryogenesis (124). Within the mesoderm, the first cardiac cells to 

differentiate form the initial cardiac crescent and are termed the first heart field (FHF) (20). As 

development proceeds, cells from the second heart field (SHF) contribute to the cardiac crescent 

in the elongation and looping of the heart tube, giving rise to the right ventricle (but not the left), 

outflow tract, atria, and atrial/ventricular septa (20). Neural crest cells, which originate from the 

ectoderm, also play a role in the development of the outflow tract and the division of the 

primitive heart tube into the aorta and pulmonary trunk (125). Collectively, these diverse tissue 

lineages orchestrate heart morphogenesis.  

Before the onset of gastrulation, the first heart progenitors locate to the intraembryonic 

epiblast at E6.5. Here, they are not yet committed to a cardiac fate, as they are still clonally related 

to the endoderm (126). When early gastrulation begins, these heart progenitors ingress at the mid-

streak stage and migrate to the anterior region of the primitive streak (127). During this time, they 

express the basic helix-loop-helix transcription factor Mesp1. Genetic tracing has revealed that 

these Mesp1-expressing cells will give rise to more than 70% of all the cells of the heart (128). 

Clonal analysis of the same cell population has revealed that two distinct cell lineages contribute 

to the early embryonic heart: the first cell lineage forms the future left ventricle as well as other 

compartments of the heart; and the second cell lineage forms the future right ventricle, outflow 

tract, and atria (129).  
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Segregation of these two cardiac lineages occurs during late gastrulation. Both ingress 

sequentially from the Mesp1-expressing heart progenitors in the primitive streak into the lateral 

plate mesoderm: cells of the first lineage ingress between E6.25-E6.75 and cells of the second 

lineage ingress between E6.75-E7.25 (130). As gastrulation comes to an end, the cells of these two 

lineages move anteriorly and locate to both sides of the embryo midline under the head folds at 

E7.5, where they will coalesce into the first morphologically visible structure of the heart, the 

cardiac crescent at E7.75 (131). Cells of the first lineage differentiate into the epithelial structure 

of the cardiac crescent and cells of the second lineage differentiate into the medial and posterior 

regions of the crescent (132). Since these regions are derived from the first and second cell 

lineages, they have been subsequently referred to as the first and second heart fields (133). Cells 

from both of these fields contribute cells to almost all of the structures of the developing heart in 

accordance with contributions from the first and second cardiac cell lineages.  

Insights into the origins of congenital heart defects from studies of Nipbl-haploinsufficient 

mice 

One study of Nipbl-haploinsufficiency in mice asked in which cell lineages Nipbl-

haploinsufficiency is necessary and sufficient to cause congenital heart defects (CHDs) similar to 

those observed in entirely Nipbl-haploinsufficient mice (18). In that study, Nipbl-

haploinsufficiency in neural crest cells and cells of the cardiac crescent. Nipbl-haploinsufficiency 

in neural crest cells alone did not result in CHDs (18). However, Nipbl-haploinsufficiency in 

cardiac crescent cells, which consist of both FHF and SHF cells, did result in CHDs (18). 

Interestingly, the heart abnormalities observed in Nipbl+/- mice (which include ASDs, incomplete 

fusion of the ventricular septum, and right ventricle hypoplasia) are found in tissues derived from 

the SHF. In addition, other studies have demonstrated that disruptions in the second heart field 
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can result in outflow tract defects (134), atrial and ventricular septal defects (133), and right 

ventricular hypoplasia (135). Collectively, these findings suggest that the SHF may be a potential 

source of CHDs in Nipbl+/- mice. 

Studies of CHDs in Nipbl-haploinsufficient mice also suggest that the cause(s) of CHDs 

may occur much earlier in development than expected. 30% of Nipbl+/- mice display CHDs, 

primarily atrial septal defects. Nipbl+/- mice also exhibit heart abnormalities at earlier 

developmental stages: At embryonic day 13.5 (E13.5), 70% of Nipbl+/- mice display delays in 

ventricular septal fusion, whereas three days earlier, at E10.5, an overwhelming 100% exhibit 

right ventricle hypoplasia (18). Even earlier, these mice display reduced expression of 

transcription factors crucial for early heart progenitor cell growth and differentiation: 

specifically, Nkx2-5 in the second heart field at E7.75, and Mesp1 in mesoderm progenitors at 

E7.5 (18). In nipbl-morphant zebrafish, defects in the initial migration of cardiogenic mesoderm 

can be detected as early as 18 hours post-fertilization (11). These findings suggest the 

importance of focusing on the earliest stages of development – particularly during gastrulation, 

when the three primary germ layers form and the earliest progenitor cells of major tissues and 

organs begin to differentiate (136) – to investigate the origins of CHDs and potentially other 

birth defects. 

These insights prompted the studies discussed in Chapters 2 and 3.   
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CHAPTER 2 

Reduced homeodomain gene expression in Nipbl+/- mice made haploinsufficient for Isl1 

reveals novel quantitative risk determinants for congenital heart defects 

 

Abstract 

Approximately 30% of individuals with the Nipbl-haploinsufficient form of Cornelia de 

Lange Syndrome (CdLS), exhibit congenital heart defects (CHDs). In this study, we assessed the 

role of Nipbl-haploinsufficiency in the second heart field (SHF) on the development of CHDs 

using light sheet fluorescence microscopy (LSFM) and two SHF-Cre recombinase-expressing 

mouse lines: Mef2c-Cre and Isl1Cre/+. Remarkably, only Isl1Cre/+ driven Nipbl-haploinsufficiency 

in SHF resulted in CHDs, likely due to extensive Isl1-Cre recombination in non-cardiac tissues 

and/or reduced Isl1 expression, the latter caused by knock-in mediated haploinsufficiency. 

Surprisingly, mice made globally haploinsufficient for both Isl1 and Nipbl (Nipbl+/-; Isl1+/-) 

displayed a broader spectrum and higher frequency of CHDs than mice haploinsufficient for 

either gene alone. RNA sequencing of E10.5 hearts revealed that Nipbl-haploinsufficiency alone 

upregulates Isl1, and that this appears to provide a protective effect against the development of 

more severe CHDs, as demonstrated by fewer and less severe CHDs in Nipbl+/- mice compared 

to Nipbl+/-; Isl1+/- mice. Additionally, significant changes in the expression of homeodomain 

genes, Pitx1, Pax6, and Hoxc4 were observed; Nipbl+/-; Isl1+/- hearts failed to upregulate these 

genes to the same extent as Nipbl+/- hearts. These findings suggest new quantitative risk 

determinants for the development of CHDs in both CdLS and nonsyndromic cases. 
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Introduction 

Congenital heart defects (CHD) are structural abnormalities of the heart that are present at 

birth. In the United States, CHDs affect nearly 1% of all newborns and are the leading cause of 

birth defect-associated infant mortality and morbidity (13-15). The causes of CHDs are largely 

unknown, with mutations to single genes accounting for less than 20% of cases (16). The majority 

of CHDs are thought to arise from multifactorial and/or polygenic origins (137, 138), which has 

complicated the creation of animal models for studying CHDs. 

Studies of Cornelia de Lange Syndrome (CdLS) have shed some light on the causal factors 

behind CHDs. CDLS is a multisystem birth defects disorder that occurs in approximately 1 in 

10,000 to 1 in 30,000 live births (36). Individuals with CdLS exhibit defects including intellectual 

disability, distinctive facial features, growth retardation, abnormalities of the upper limbs, 

gastrointestinal malformations, genitourinary anomalies, and cardiac defects (64). About 30% of 

individuals with CdLS have CHDs, with ventricular septum defects (VSD) and atrial septum 

defects (ASD) being the most common (17).  

Most CdLS cases - more than 55% - are caused by haploinsufficiency for the gene Nipped-

B-like (NIPBL) (95). The NIPBL gene encodes a universally conserved protein that plays a role in 

loading the cohesin complex onto chromosomes (139-142). While cohesin is widely recognized 

for its role in maintaining sister chromatid cohesion during mitosis (7), sister chromatid cohesion 

is largely unaffected in CdLS. In recent years, the cohesin complex has been increasingly 

acknowledged for its role in regulating global gene expression. In support of this view, both CdLS 

patient cells and Nipbl-deficient animal models exhibit alterations in the expression of hundreds 

to thousands of genes in all examined tissues (9-12).  
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Interestingly, most of these gene expression changes are small, typically less than 2-fold 

change. Though likely inconsequential individually, studies in Nipbl-deficient mice and zebrafish 

indicate that these changes contribute to the structural and functional defects seen in CdLS (11). 

Thus, CdLS exemplifies an emerging class of genetic disorders – recently coined 

“transcriptomopathies” – in which quantitative variations in multiple gene product levels lie at the 

root of developmental abnormalities. Thus, such disorders provide a window into the kinds of 

multifactorial interactions potentially underlying polygenic traits, including that of CHDs. 

Among the features of CdLS that are phenocopied in Nipbl-deficient animal models are 

CHDs. In Nipbl+/- mice, these include atrial septal defects (ASDs) (18), which occur at the same 

frequency as that of CdLS patients (30%) (17) and which are also among the most common kind 

of CHD in non-syndromic cases in humans (19). Thus, the Nipbl+/- mouse serves as an excellent 

model for studying the developmental origins of CHDs. Intriguingly, recent studies in Nipbl+/- 

mice have found that ASDs are preceded by heart abnormalities at earlier stages of development: 

these include incomplete fusion of the ventricular septum with the cardiac cushion in 77% of hearts 

at E13.5, smaller right ventricles in 100% of hearts at E10.5, and reduced expression of early 

cardiac transcription factors, Nkx2.5 at E7.57 and Mesp1 at E7.5 (18). Together, these findings 

suggest that the cause(s) of CHDs in Nipbl+/- mice may originate very early in heart development. 

The development of the heart is a highly intricate and coordinated process that arises 

from multiple tissue lineages. The heart is primarily derived from the mesoderm, one of the three 

germ layers in early embryogenesis (124). Within the mesoderm, the first cardiac cells to 

differentiate form the initial cardiac crescent and are termed the first heart field (FHF) (20). As 

development proceeds, cells from the second heart field (SHF) contribute to the cardiac crescent 

in the elongation and looping of the heart tube, giving rise to the right ventricle (but not the left), 
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outflow tract, atria, and atrial/ventricular septa (20). Neural crest cells, which originate from the 

ectoderm, also play a role in the development of the outflow tract and the division of the 

primitive heart tube into the aorta and pulmonary trunk (125). Collectively, these diverse tissue 

lineages orchestrate heart morphogenesis. 

In a previous study, we asked in which cell lineages Nipbl-haploinsufficiency is 

necessary and sufficient to cause CHDs similar to those observed in entirely Nipbl-

haploinsufficient mice (18). In that study, we used a Nipbl allelic series containing a 

conditional/invertible gene trap and Cre recombinase expressing mouse lines, to create Nipbl-

haploinsufficiency in neural crest cells (Wnt-Cre) and cells of the cardiac crescent (Nkx2-5-Cre). 

Nipbl-haploinsufficiency in neural crest cells alone did not result in CHDs (18). However, Nipbl-

haploinsufficiency in cardiac crescent cells, which consist of both FHF and SHF cells, did result 

in CHDs (18). Interestingly, the heart abnormalities observed in Nipbl+/- mice (which include 

ASDs, incomplete fusion of the ventricular septum, and right ventricle hypoplasia) are found in 

tissues derived from the SHF. In addition, other studies have demonstrated that disruptions in the 

second heart field can result in outflow tract defects (134), atrial and ventricular septal defects 

(133), and right ventricular hypoplasia (135). Collectively, these findings suggest that the SHF 

may be a potential source of CHDs in Nipbl+/- mice. 

In this study, we used light sheet fluorescence microscopy (LSFM) to look for CHDs in 

mice made Nipbl-haploinsufficient in the SHF using two SHF-Cre recombinase expressing 

mouse lines: Mef2c-Cre (143) and Isl1Cre/+ (144). Surprisingly, only Isl1Cre/+ driven Nipbl-

haploinsufficiency in the SHF resulted in CHDs, whereas Mef2c-Cre did not. We report that this 

difference could be due to extensive Isl1-Cre recombination in non-cardiac tissues and reduced 

expression of Isl1 in Isl1Cre/+ hearts, the latter occurring as a result of knock-in mediated 
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haploinsufficiency. These data led us to investigate the role of Isl1-haploinsufficiency in heart 

development in the context of global Nipbl-haploinsufficiency. When mice were made globally 

haploinsufficient for both Isl1 and Nipbl (Nipbl+/-; Isl1+/-), the spectrum and frequency of CHDs 

were enhanced beyond those observed in mice haploinsufficient for either Isl or Nipbl alone. 

RNA sequencing of wildtype (WT), Nipbl+/-, Isl1+/-, and Nipbl+/-; Isl1+/- E10.5 hearts found that 

Nipbl-haploinsufficiency alone results in the upregulation of Isl1. However, double 

haploinsufficiency for both Nipbl and Isl1 had no effect on Isl1 expression. Since Isl1 is only 

upregulated in Nipbl+/- hearts and Nipbl+/- mice show fewer and less severe CHDs than Nipbl+/-; 

Isl1+/- mice, we suggest from these data that upregulation of Isl1 and its homeodomain target 

genes involved in specifying and patterning tissues (Pitx1, Hoxc4, and Pax6), act as a protective 

mechanism against the development CHDs to the extent observed in Nipbl+/-; Isl1+/- mice. 

Together, these results identify new quantitative risk factors for the development of CHDs in 

both CdLS and nonsyndromic cases. 

Results 

Light sheet fluorescence microscopy detects a spectrum of CHDs in Nipbl+/- mice  

The traditional method of looking for CHDs in mouse hearts is histological analysis, 

which involves serial sectioning and staining (hematoxylin and eosin, H&E) to examine heart 

morphology. However, histological analysis is invasive and requires tissue sectioning, 

precluding repeated studies on the same specimen. In a previous study, we introduced micro-

magnetic resonance imaging (µMRI) as an alternative method for CHD detection (18), but a 

limitation of µMRI its lower spatial resolution compared to histological analysis, which might 

overlook extremely fine anatomical details. To overcome the limitations of both methodologies, 

we introduce LSFM for the detection of CHDs in mice. LSFM enables rapid, high-resolution 



35 
 

three-dimensional imaging of biological samples with minimal phototoxicity, preserving sample 

integrity. Bypassing the need for invasive tissue sectioning, LSFM avoids potential artifacts and 

provides an almost 10-fold improvement in spatial resolution over that of µMRI (LSFM: 6-7 µm 

resolution voxel, µMRI: 50-70 µm), making it more adept at capturing fine anatomical details. 

Furthermore, when combined with fluorescent reporter lines, LSFM also offers insights into 

tissue-specific dynamics that contribute to the development of CHDs. 

Using a Nipbl allelic series containing a conditional/invertible gene trap we previously 

developed (18), we generated WT (NipblFlox/+) and Nipbl+/- (NipblFIN/+) mouse littermates on a 

Td-tomato-EGFP fluorescent reporter background in which Cre-mediated Nipbl-

haploinsufficiency is reported by enhanced green fluorescent protein (EGFP) expression. Nipbl-

haploinsufficiency was mediated by Nanog-Cre recombination, which occurs in the earliest cells 

of the developing embryo – the inner cell mass (145). We also generated WT and Nipbl+/- 

littermates on a background without EGFP reporter expression, since LSFM can also image 

tissues using autofluorescence. Using LSFM, we looked for CHDs in these mice at E17.5. We 

detected a single ASD in WT mice and a spectrum of CHDs in Nipbl+/- mice, including ASDs, 

VSDs, and outflow tract defects (OTDs), such as overriding aorta (OA) (Fig. 2.1A), double 

outlet right ventricle (DORV) (Fig. 2.1B), and transposition of the great arteries (TGA) (not 

shown). These OTDs always occurred in conjunction with either an ASD or both an ASD and 

VSD (Fig. 2.1C). Previously, only ASDs were detected in Nipbl+/- mice by histological analysis 

or µMRI at the same stage (18). However, ASDs remain the most common CHD as detected by 

LSFM – 80% of Nipbl+/- mice with CHDs showed ASDs. In total, LSFM detected CHDs in 

36.59% of Nipbl+/- hearts, substantially higher than what was detected in WT hearts (<2%) (Fig. 

2.1C), and almost 7% higher than what was previously detected by histological analysis and 
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µMRI (~30%) (18). Since we previously observed that Nipbl+/- mice have smaller hearts than 

WT mice (18), we also used LSFM to measure the ventricular volumes of hearts from E17.5 WT 

and Nipbl+/- mice. Nipbl+/- hearts were 28% smaller than WT hearts (Fig. 2.1D). Thus, LSFM 

detects a broader spectrum of CHDs in Nipbl+/- mice than previously reported, highlighting its 

superior sensitivity over histological analysis and µMRI.  
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Fig. 2.1. Light sheet fluorescence microscopy detects a spectrum of CHDs in Nipbl+/- mice. 

(A) LSFM images of one representative NipblFlox/+ (WT) E17.5 heart and three different 

NipblFIN/+ (Nipbl+/-) E17.5 hearts on a Td-tomato-EGFP fluorescent reporter background. Nanog-

Cre-mediated recombination is reported by EGFP expression. NipblFlox/+ mice showed no 
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recombination. All tissues showed recombination in NipblFIN/+ mice. NipblFIN/+ (Nipbl+/-) hearts 

display a spectrum of heart defects. Panels in bottom row show higher magnification of areas 

indicated by yellow brackets in panels in top row. In high magnification panels, blue arrowhead 

points to atrial septal defect (ASD), pink arrowhead points to ventricular septal defect (VSD), 

and orange arrowhead points to overriding aorta (OA). RV, right ventricle; LV, left ventricle; 

Ao, aorta; RA, right atrium; LA, left atrium; S, atrial septum; PT, pulmonary trunk. Scale bar = 

500 um. (B) LSFM images of one representative NipblFlox/+ E17.5 heart and one representative 

NipblFIN/+ E17.5 heart without fluorescence reporting of Cre-mediated recombination. Images 

are of three planes of one NipblFlox/+ and one NipblFIN/+ heart. The positions of these planes in the 

heart are shown in the schematic to the right. From left to right, images show the plane 

progressing from ventral to dorsal in the heart. The NipblFIN/+ heart displays a spectrum of heart 

defects. Bottom left panel shows higher magnification of area indicated by yellow bracket in 

panel above it, revealing double outlet right ventricle (DORV). (C) Table of frequency of heart 

defects in E17.5 NipblFlox/+ and NipblFIN/+ hearts as detected by LSFM. ASD, atrial septal defect; 

VSD, ventricular septal defect. Hearts showing outflow tract defects (OTD) include one or more 

of the following: overriding aorta (OA), double outlet right ventricle (DORV), transposition of 

the great arteries (TGA). P-value from Fisher’s Exact Test. (D) Ventricular volumes of E17.5 

NipblFlox/+ (N=8) and NipblFIN/+ (N=9) hearts. Ventricular volumes were measured in ImageJ 

using LSFM images of hearts. Bars show means. ** represents P ≤ 0.01. P-value from T-Test.  
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Nipbl-haploinsufficiency in the SHF Mef2c-Cre domain does not result in CHDs 

To investigate whether Nipbl-haploinsuffiency in the SHF alone could result in the CHDs 

observed in globally Nipbl-haploinsufficient mice, we generated E17.5 mice Nipbl-

haploinsufficient in the SHF on a Td-tomato-EGFP fluorescent reporter background using the 

Mef2c-Cre mouse line so that Mef2c-Cre mediated Nipbl-haploinsufficiency is reported by 

EGFP expression. As expected, Mef2c-Cre mediated Nipbl-haploinsufficiency occurred in SHF 

derivatives, including the right ventricle and parts of the atria (Fig. 2.2A). Surprisingly, less than 

5% of NipblFlox/+; Mef2c-Cre mice showed a CHD, and when they did, they only showed ASDs, 

resulting in no significant difference from that of WT (NipblFlox/+) mice (Fig. 2.2B). The majority 

of NipblFlox/+; Mef2c-Cre mice showed normal heart development, similar to WT mice (Fig. 2.2, 

A and B). They also had hearts with the same size as WT mice (Fig. 2.2C). Thus, while Mef2c-

Cre mediated Nipbl-haploinsufficiency in the SHF can lead to some CHDs, its impact appears 

limited, compared to CHD presentation in globally Nipbl-haploinsufficient mice. 

Nipbl-haploinsufficiency in the SHF Isl1-Cre domain results in a spectrum of CHDs 

We also generated E17.5 mice Nipbl-haploinsufficient in the SHF using the Isl1Cre/+ 

mouse line, which also occurred on a Td-tomato-EGFP fluorescent reporter background so that 

Isl1-Cre mediated Nipbl-haploinsufficiency is reported by EGFP expression. As expected, Isl1-

Cre mediated Nipbl-haploinsufficiency, occurred in SHF derivatives, including the right 

ventricle and parts of the atria (Fig. 2.2D). NipblFlox/+; Isl1Cre/+ mice developed a significant 

number of CHDs (23.5%) compared to WT (NipblFlox/+) mice, which did not develop any CHDs 

(Fig. 2.2E). Although the frequency of CHDs displayed by NipblFlox/+; Isl1Cre/+ mice was lower 

than that of globally Nipbl-haploinsufficient (Nipbl+/-) mice (~30%), the spectrum of defects was 

similar, which included: ASDs, VSDs, and OTDs, including OA and persistent truncus arteriosis 
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(PTA) (Fig. 2.2D). Like Nipbl+/- mice (Fig. 2.1C), OTDs in NipblFlox/+; Isl1Cre/+ mice occurred in 

conjunction with VSDs (Fig. 2.2E). Unlike, Nipbl+/- mice, however, which showed smaller hearts 

than WT (Fig. 2.1D), heart size was unaffected in NipblFlox/+; Isl1Cre/+ mice compared to WT 

(NipblFlox/+) (Figure 2F). Consequently, Isl1-Cre mediated Nipbl-haploinsufficiency in the SHF 

leads to a spectrum of CHDs reminiscent of globally Nipbl-haploinsufficient mice.  
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Fig. 2.2. Nipbl made deficient in the SHF domain using one Cre driver (Isl1-Cre), but not 

another (Mef2c-Cre), results in CHDs. (A) LSFM image of representative E17.5 NipblFlox/+ and 

NipblFlox /+; Mef2c-Cre heart on a Td-tomato-EGFP fluorescent reporter background. Mef2c-Cre 

mediated recombination is reported by EGFP expression. RV, right ventricle; LV, left ventricle. 

Scale bar = 500 uM. (B) Table of frequency of atrial septal defects (ASDs) in E17.5 NipblFlox/+ 
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(N=37) and NipblFlox /+; Mef2c-Cre (N=44) hearts, as detected by LSFM (N=20, NipblFlox/+, 

N=21, NipblFlox/+; Mef2c-Cre) and histological analysis (N=17, NipblFlox/+, N=23, NipblFlox/+; 

Mef2c-Cre). P-value from Fisher’s Exact Test. (C) Ventricular volumes of E17.5 NipblFlox/+ 

(N=15) and NipblFlox/+; Mef2c-Cre (N=11) hearts. Ventricular volumes were measured in ImageJ 

using LSFM images of hearts. Bars show means. (D) LSFM images of one representative 

NipblFlox/+ E17.5 heart and two different NipblFlox/+; Isl1Cre/+ E17.5 hearts on a Td-tomato-EGFP 

fluorescent reporter background. Isl1-Cre mediated recombination is reported by EGFP 

expression. NipblFlox/+; Isl1Cre/+ hearts display a spectrum of heart defects. Panels in bottom row 

show higher magnification of areas indicated by yellow brackets in panels in top row. In high 

magnification panels, blue arrowhead points to atrial septal defect (ASD), pink arrowhead points 

to ventricular septal defect (VSD), and orange arrowhead points to overriding aorta (OA). RV, 

right ventricle; LV, left ventricle; Ao, aorta; PT, pulmonary trunk; RA, right atrium; LA, left 

atrium; S, atrial septum. Scale bar = 500 uM. (E) Table of frequency of heart defects in E17.5 

NipblFlox/+ (N=52) and NipblFlox /+; Isl1Cre/+ (N=51) hearts, as detected by LSFM. Of the three 

NipblFlox /+; Isl1Cre/+ hearts showing both an outflow tract defect and ventricular septal defect 

(OTD + VSD), two showed an overriding aorta OTD and one showed a persistent truncus 

arteriosis OTD. ASD, atrial septal defect. P-value from Fisher’s Exact Test. (F) Ventricular 

volumes of E17.5 NipblFlox/+ (N=21) and NipblFlox/+; Isl1Cre/+ (N=14) hearts. Ventricular volumes 

were measured in ImageJ using LSFM images of hearts. Bars show means.  
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Mef2c-Cre and Isl1-Cre recombine similarly within the heart, but Isl1-Cre recombines 

extensively in non-cardiac tissues 

We wondered whether the development of CHDs in NipblFlox/+; Isl1Cre/+ mice and their 

limited appearance in NipblFlox/+; Mef2c-Cre mice could be due to differences in the expression 

domains of Mef2c-Cre and Isl1-Cre during heart development. To answer this question, we 

visualized their expression domains on a Td-Tomato-EGFP reporter background from E8.5 to 

E17.5, so that Cre-mediated recombination is reported by EGFP expression. Mef2c-Cre and Isl1-

Cre recombined in SHF derivates at all stages: at E8.5, cardiac crescent; at E10.5, developing 

right ventricle and outflow tract, and at E15.5-E17.5, ventricular/atrial septa, aorta, and 

pulmonary trunk (Fig. 2.3, A & B). With exception to the cardiac crescent at E8.5, Mef2c-Cre 

appeared to recombine more extensively in all stages of the developing heart than Isl1-Cre. Due 

to the slight expansion of the Cre-expressing domain observed in Mef2c-Cre hearts compared to 

Isl1Cre/+ hearts, one might expect NipblFlox/+; Mef2c-Cre hearts to develop CHDs as in NipblFlox/+; 

Isl1Cre/+ hearts. However, as we showed in Fig. 2, this is not what we observed.  

In a previous study, we showed that Nipbl-haploinsufficiency in non-cardiac tissues can 

contribute to the development of CHDs (18). We therefore analyzed the recombination domains 

of Cre-mediated Nipbl-haploinsufficiency across the whole bodies of NipblFlox/+; Mef2c-Cre and 

NipblFlox/+; Isl1Cre/+ mouse embryos E10.5, the earliest stage before which CHDs were observed 

in mice of either genotype. In these mice of both genotypes, Cre-recombination is reported by 

lacZ expression, which turns tissues blue when treated with X-gal. No recombination was 

observed in WT (NipblFlox/+) mice (Fig. 2.3C). In NipblFlox/+; Mef2c-Cre mice, Cre 

recombination was observed in SHF derivates (right ventricle and outflow tract), as expected, as 

well as outside the heart in the pharyngeal arches (Fig. 2.3D). In NipblFlox/+; Isl1Cre/+ mice, Cre 
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recombination also occurred in the same SHF derivates as NipblFlox/+; Mef2c-Cre mice (Fig. 

2.3E). However, Isl1-Cre recombination occurred extensively outside the heart, occurring in 

tissues including the hindlimbs, dorsal root ganglia, pharyngeal arches, trigeminal ganglia, and 

diencephalon. Thus, our analyses reveal that while both Cre lines target SHF derivatives, the 

Isl1-Cre line exhibits a broader recombination pattern, particularly outside the heart, which could 

account for the greater incidence of CHDs in NipblFlox/+; Isl1Cre/+ mice compared to their 

NipblFlox/+; Mef2c-Cre counterparts. 
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Fig. 2.3. Mef2c-Cre and Isl1-Cre recombine similarly within the heart, but Isl1-Cre 

recombines extensively in non-cardiac tissues. (A) LSFM images of representative Mef2c-Cre 

E8.5 whole embryos, E10.5, E15.5, and E17.5 hearts on a Td-tomato-EGFP fluorescent reporter 

background. Mef2c-Cre mediated recombination is reported by EGFP expression. Bottom row 

shows three different planes of one E17.5 heart progressing from ventral to dorsal from left to 

right. CC, cardiac crescent; RV, right ventricle; LV, left ventricle; OFT, outflow tract; Ao, aorta; 

PT, pulmonary trunk; S, atrial septum; VS, ventricular septum. (B) LSFM images of 

representative Isl1Cre/+ E8.5 whole embryos, E10.5, E15.5, and E17.5 hearts on a Td-tomato-

EGFP fluorescent reporter background. Isl1-Cre mediated recombination is reported by EGFP 

expression. Bottom row shows three different planes of one E17.5 heart progressing from ventral 

to dorsal from left to right. CC, cardiac crescent; RV, right ventricle; LV, left ventricle; OFT, 

outflow tract; Ao, aorta; PT, pulmonary trunk; S, atrial septum; VS, ventricular septum. X-gal 

stains of representative E10.5 (C) NipblFlox /+, (D) NipblFlox /+; Mef2c-Cre, and (E) NipblFlox /+; 

Isl1Cre/+ embryos and hearts. H, heart; hl, hindlimb; LA, left atrium; RA, right atrium; LV, left 

ventricle; RV, right ventricle; OFT, outflow tract; DRG, dorsal root ganglia; ph, pharyngeal 

arches; tri, trigeminal ganglia; di, diencephalon.  
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Isl1-haploinsufficiency alone results in CHDs 

A major discrepancy between the Mef2c-Cre and Isl1Cre/+ lines lies in their generation. 

The Mef2c-Cre line was developed using a traditional bacterial artificial chromosome transgenic 

approach (143), whereas the Isl1Cre/+ line is a knock-in transgenic that targeted the start codon of 

the Isl1 locus (144). Thus, Isl1Cre/+ mice are haploinsufficient for Isl1. Indeed, qRT-PCR for Isl1 

in E10.5 WT (Isl1+/+) and Isl1Cre/+ hearts found that Isl1Cre/+ hearts expressed Isl1 at levels more 

than 60% lower than that of WT (Isl1+/+) mice (Fig. 2.4D). This led us to wonder whether 

haploinsufficiency for Isl1 alone influences heart development. When we looked for CHDs in 

WT (Isl1+/+) and Isl1Cre/+ mice at E17.5, CHDs were observed in 22% of Isl1Cre/+ mice, 

significantly higher than the 2% of CHDs observed in WT (Isl1+/+) mice (Fig. 2.4B). 

Furthermore, ASDs were the only type of defect observed in Isl1Cre/+ mice. Heart size was 

unaffected in Isl1Cre/+ mice compared to WT (Isl1+/+) mice (Fig. 2.4C).  Thus, Isl1-

haploinsufficiency alone results in CHDs, highlighting the critical role of Isl1 dosage in heart 

development. 
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Fig. 2.4. Reduced Isl1 expression in Isl1Cre/+ hearts results in CHDs. (A) LSFM images of 

representative E17.5 Isl1+/+ and Isl1Cre/+ hearts on a Td-tomato-EGFP fluorescent reporter 

background. Isl1-Cre mediated recombination is reported by EGFP expression. Panels in bottom 

row show higher magnification of areas indicated by yellow brackets in panels in top row. In 

high magnification panels, blue arrowhead points to atrial septal defect (ASD). RV, right 

ventricle; LV, left ventricle; RA, right atrium; LA, left atrium; S, atrial septum. (B) Table of 

frequency of atrial septal defects (ASDs) in E17.5 Isl1+/+ (N=50) and Isl1Cre/+ (N=41) hearts, as 

detected by LSFM. P-value from Fisher’s Exact Test. (C) Ventricular volumes of E17.5 Isl1+/+ 

(N=17) and Isl1Cre/+ (N=16) hearts. Volumes of both left and right ventricles were measured in 

ImageJ using LSFM images of hearts and summed. Bars show means. (D) Relative expression of 

Isl1 (normalized to Rpl4 expression) in E10.5 Isl1+/+ (N=9) and Isl1Cre/+ (N=9) hearts as 

measured by quantitative reverse transcription PCR. Error bars show standard error of the mean. 

*** represents P ≤ 0.001. P-value from T-Test.  
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Mice doubly haploinsufficient for Nipbl and Isl1 show fetal demise and reduced body size 

 Since Nipbl-haploinsuffiency in the Isl1-Cre expression domain results in CHDs and 

Isl1-haploinsufficiency alone also results in CHDs, we sought to understand the impact Isl1-

haploinsufficiency on heart development in the context of global Nipbl-haploinsufficiency. To 

investigate this, we turned to Stra8-iCre; NipblFlox/+ male mice, which make sperm that are either 

Nipbl + or Nipbl  – (see Materials and Methods). We mated Stra8-iCre; NipblFlox/+ male mice with 

Isl1Cre/+ female mice and generated littermates that were either WT (Nipbl+/+; Isl1+/+), Isl1-

haploinsufficient (Isl1+/-), Nipbl-haploinsufficient (Nipbl+/-), or doubly haploinsufficient for 

Nipbl and Isl1 (Nipbl+/-; Isl1+/-) (Fig. 2.5A). Having shown in Fig. 2.4D that Isl1Cre/+ mice are 

haploinsufficient for Isl1, we will now refer to mice of this genotype as Isl1+/-. Upon examining 

embryos of these genotypes (WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/-) at E17.5, we found, 

unexpectedly, that Nipbl+/-; Isl1+/- embryos showed signs of fetal demise, notably resorptions and 

hemorrhaging (Fig. 2.5B), with only 17% of these embryos at this stage being viable (Fig. 2.5C). 

This prompted us to investigate the viability of Nipbl+/-; Isl1+/- embryos at an earlier stage, 

E15.5, at which point, the majority were found to be viable (Fig. 2.5D). Interestingly, we noticed 

at both E17.5 and E15.5, that both Nipbl+/- and Nipbl+/-; Isl1+/- embryos were smaller than their 

WT littermates (Fig. 2.5, B & D). Measurements of crown-rump lengths at E15.5, found that, as 

in previous studies (10, 18), Nipbl+/- embryos were 11% smaller than WT embryos (Fig. 2.5E). 

Surprisingly, Nipbl+/-; Isl1+/-  embryos were also 11% smaller than WT embryos. There was no 

difference between the crown-rump lengths of Isl1+/- and WT embryos. These results indicate 

that haploinsufficiency for Nipbl in the entire body and haploinsufficiency for Isl1 significantly 

affect overall development, leading to fetal demise and reduced body size.   
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Fig. 2.5. Mice doubly haploinsufficient for Nipbl and Isl1 show fetal demise and reduced 

body size. (A) Stra8-iCre; NipblFlox/+ male mice make sperm that are either Nipbl + or Nipbl – 

(see Materials and Methods). Mating Stra8-iCre; NipblFlox/+ male mice with Isl1Cre/+ female mice 
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produces littermates that are either WT (Nipbl+/+; Isl1+/+), Isl1-haploinsufficient (Isl1+/-), Nipbl-

haploinsufficient (Nipbl+/-), or doubly haploinsufficient for Nipbl and Isl1 (Nipbl+/-; Isl1+/-). (B) 

Representative images of E17.5 WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- embryos. One Nipbl+/-; 

Isl1+/- embryo shows hemorrhaging, a sign of fetal demise. Arrows point to hemorrhaging in the 

back of the head and rump of one Nipbl+/-; Isl1+/- embryo. Scale bar = 500 uM. (C) Table of 

frequency of viability in WT (N=2), Isl1+/- (N=9), Nipbl+/- (N=5), and Nipbl+/-; Isl1+/-  (N=6) 

embryos. (D) Representative images of E15.5 WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/-  embryos. 

(E) Crown rump length (CRL) of E15.5 WT (N=19), Isl1+/- (N=21), Nipbl+/- (N=14), and Nipbl+/-

; Isl1+/- (N=19) embryos. CRL refers to the length of an embryo from the top of its head (the 

crown) to the bottom of its torso (the rump). *** represents P ≤ 0.001. P-values from Tukey-

Kramer Test.   
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Isl1-haploinsufficiency enhances the frequency and spectrum of CHDs in Nipbl-

haploinsufficient mice 

Since Nipbl+/-; Isl1+/- mouse embryos died at E17.5, we looked for CHDs in the hearts of 

WT, Nipbl+/-, Isl1+/- and Nipbl+/-; Isl1+/- mice at E15.5 (Fig. 2.6A), when no deaths were 

observed among embryos of any genotype. As expected, we found that both Isl1+/- mice and 

Nipbl+/- mice showed CHDs (9.09% and 20.00%, respectively) (Fig. 2.6B). Surprisingly, we 

found that 66.67% of Nipbl+/-; Isl1+/- mice showed CHDs, far higher than what was observed for 

mice haploinsufficient for either Nipbl or Isl1 alone (Fig. 2.6B). As in Nipbl+/- mice, Nipbl+/-; 

Isl1+/- mice also showed ASDs, VSDs, and OTDs (Fig. 2.6, A & B), with OTDs always 

occurring in conjunction with either a VSD or both an ASD and VSD. Among the OTDs 

displayed by Nipbl+/-; Isl1+/- mice were DORVs and PTAs (Fig. 2.6B), the latter of which was 

exclusively observed in Nipbl+/-; Isl1+/- mice. Also exclusively observed in Nipbl+/-; Isl1+/- mice 

were CHDs exhibiting a combination of both an ASD and VSD, which occurred in one Nipbl+/-; 

Isl1+/- mouse (Fig. 2.6B). Since Nipbl+/-; Isl1+/- appeared to have smaller hearts that WT (Fig. 

S1A), we also measured the ventricular volumes of hearts across all genotypes (Fig. S1B). 

Indeed, Nipbl+/-; Isl1+/- hearts were 31% smaller than WT hearts, similar to the 28% reduction in 

ventricular volumes observed in Nipbl+/- hearts in Fig. 2.1D. Since there was no significant 

difference between the ventricular volumes of Nipbl+/- and Nipbl+/-; Isl1+/- hearts, these results 

demonstrate that Isl1-haploinsufficiency enhances the frequency and spectrum of CHDs when 

mice are also Nipbl-haploinsufficient in the entire body, without further reducing heart size.  
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Fig. 2.6. Isl1-haploinsufficiency enhances the frequency and spectrum of CHDs in Nipbl-

haploinsufficient mice. (A) LSFM images of anterior view of coronal section of representative 

E15.5 WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- hearts. Isl1+/- and Nipbl+/- hearts shown show 
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atrial septal defects (ASD, blue arrow). Nipbl+/-; Isl1+/- hearts show atrial septal defects (ASD, 

blue arrow), ventricular septal defects (VSD, purple arrow), persistent truncus arteriosus (PTA, 

yellow arrow), and/or double outlet right ventricle (DORV, green arrows). RV = right ventricle, 

LV =left ventricle, RA = right atrium, LA = left atrium, Ao = aorta, PT = pulmonary tract. (B) 

Table of frequencies of heart defects observed in WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- E15.5 

hearts. Hearts with PTA or DORV were classified as outflow tract defects (OTD). P-values from 

Benjamini-Hochberg corrected Fisher’s Exact Tests.  
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Gene expression in E10.5 hearts potentially contributing to CHDs in Nipbl+/-, Isl1+/-, and 

Nipbl+/-; Isl1+/- mice 

To identify gene expression changes potentially linked to the development of CHDs, we 

performed RNA sequencing on E10.5 hearts from WT, Nipbl+/-, Isl1+/-, and Nipbl+/-; Isl1+/- mice, 

since E10.5 was the earliest stage before which the morphological abnormalities observed in 

mice of any genotype (ASDs, VSDs, OTDs) could be detected. When we performed differential 

gene expression analysis (DGEA) between Nipbl+/-, Isl1+/-, Nipbl+/-; Isl1+/-  and WT hearts, we 

found that Nipbl+/- hearts misexpressed 442 genes: 391 overexpressed and 51 underexpressed 

(Fig. 2.7A). As in previous studies in which it was shown that Nipbl-haploinsufficiency results in 

hundreds of small (less than two-fold) gene expression changes (10, 18), 79% of the gene 

expression changes that occurred in Nipbl+/- hearts occurred with less than two-fold change. 

Since the majority of these gene expression changes were small, we performed gene set 

enrichment analysis on them to see whether they were enriched or de-enriched for any Hallmark 

gene sets representing well curated biological processes. We found that the gene expression of 

Nipbl+/- hearts was enriched for 8 gene sets. One of these was IL6 JAK STAT3 signaling, which 

promotes angiogenesis, the formation of blood vessels (146).  Nipbl+/- hearts were de-enriched 

for one gene set, Myc target genes, which also plays a role in angiogenesis, as well as cell 

growth/proliferation (147, 148).  

When we manually curated the gene expression changes observed in Nipbl+/- hearts, we 

found that Nipbl+/- hearts overexpressed several Hox genes (Hoxa3, Hoxa2, Hoxc4, Hoxa1, 

Hoxb2). Hox genes play roles in anterior-posterior patterning, outflow tract patterning, and 

angiogenesis (149-151). Additionally, Nipbl+/- hearts overexpressed genes associated with 

sarcoplasmic/endoplasmic reticulum Ca2+ transportation (SERCA) (Sln, Atpa21, Mybphl), 
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which play roles in muscle relaxation (152). Overexpression was also observed in genes 

associated with chromatin and cohesin (Hist3h2ba, Stag1) (153), genes associated with protease 

activity (Plat, Serpinb6b), which play roles in vascular hemostasis (Fig. 2.7C) (154), and 

cadherin genes (Cdh13, Cdh10), which play roles in epithelial mesenchymal transition, heart 

tube formation, and chamber formation (155, 156). Conversely, Nipbl+/- hearts underexpressed 

genes associated with muscle contraction (Myoz1, Tnni2) (157, 158) and protocadherin beta 

genes (Pcdhb18, Pcdhb19, Pcdhb16, Pcdhb20, Pcdhb22), which play roles in establishing neural 

circuits and synapses (159). 

Isl1+/- hearts misexpressed 26 genes: 24 of which were overexpressed, and 2 of which 

were underexpressed (Fig. 2.7D). These gene expression changes were enriched for 5 Hallmark 

gene sets (Fig. 2.7E). One such set was epithelial mesenchymal transition, genes involved in 

heart septa formation (160). Conversely, there was de-enrichment of 3 gene sets, one of which 

was Myc target genes. Manual curation of overexpressed genes in Isl1+/- hearts found a Hox gene 

(Hoxa3), a SERCA-associated gene (Sln), and Foxo6 (a member of the Foxo transcription factor 

family), the latter of which plays a role in cardiomyocyte proliferation (Fig. 2.7F) (161). On the 

other hand, the transcription factor Pax6, known for its roles in eye (162) and brain development, 

was underexpressed. Specifically, in brain development, Pax6 delineates boundaries between 

various brain regions, ensuring their proper development (163).  

Nipbl+/-; Isl1+/- hearts misexpressed 427 genes: 361 of which were overexpressed and 66 

of which were underexpressed (Fig. 2.7G). These gene expression changes were enriched for 10 

Hallmark gene sets, notably KRAS signaling (involved in cell differentiation), epithelial 

mesenchymal transition, IL6 JAK STAT3 signaling (Fig. 2.7H). Conversely, they were de-

enriched for 7 gene sets. Notable among these were Myc target genes, E2F target genes 
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(important for cell cycle regulation) (164), and genes associated with MTORC1 signaling, which 

play roles in cell growth and proliferation (Fig. 2.7H) (165).  Manual curation of overexpressed 

genes in Nipbl+/-; Isl1+/- hearts found a diverse array of genes. These included: SERCA genes 

(Sln, Atpa21, Mybpc2, Actn3), cadherin genes (Cdh10, Cdh13), genes associated with TAM 

receptor family of tyrosine kinases (Axl, Gas6), known for their role in cardiac protection and 

remodeling (166), Hox genes (Hoxa2, Hoxa3, Hoxa1), genes associated with Wnt signaling 

(Fzd7, Wnt9a, Wnt2b), which plays roles in cardiac mesoderm formation, heart tube 

development, chamber differentiation, and outflow tract formation (167-170), genes associated 

with protease activity (Plat, Serpinb6b), genes associated with phospholipid signaling (Plce1, 

Pik3c2g), implicated in cardiac protection (171, 172), and genes associated with chromatin and 

cohesin (Hist3h2ba, Stag1) (Fig. 2.7I). Conversely, underexpressed genes in these hearts were 

associated with cardiac muscle contraction (Myoz1, Tnni2) and protocadherin beta gene cluster 

(Pcdhb18, Pcdhb19, Pcdhb16, Pcdhb20, Pcdhb22). 
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Fig. 2.7. Gene expression in E10.5 hearts potentially contributing to CHDs in Nipbl+/-, Isl1+/-

, and Nipbl+/-; Isl1+/- mice. Number of genes differentially expressed in (A) Nipbl+/-, (D) Isl1+/-, 

or (G) Nipbl+/-; Isl1+/- E10.5 hearts relative to WT. Differentially expressed genes are binned 
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according to whether they were differentially expressed less than or more than two-fold up or 

down. Differential gene expression analysis was performed using the ANOVA and Tukey-

Kramer tests. Genes with Benjamini-Hochberg corrected p-values less than alpha 0.05 were 

considered differentially expressed. Hallmark gene sets enriched or de-enriched in their 

expression in (B) Nipbl+/-, (E) Isl1+/-, or (H) Nipbl+/-; Isl1+/- E10.5 hearts relative to WT. Gene 

set enrichment analysis was performed using FGSEA. Fold change in expression of genes in (C) 

Nipbl+/-, (F) Isl1+/-, or (I) Nipbl+/-; Isl1+/-  E10.5 hearts along their average expression in WT 

hearts. Genes are colored according to whether they were not differentially expressed (gray, Q ≥ 

0.05), overexpressed less than or equal to 2-fold (pink, Up ≤ 2-fold), overexpressed more than 2-

fold (red, Up > 2-fold), underexpressed less than or equal to 2-fold (light blue, Down ≤ 2-fold), 

or underexpressed more than 2-fold (Down > 2-fold).  
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Nipbl+/- mice overexpress Isl1 while Nipbl+/-; Isl1+/- mice express Isl1 at WT levels 

To see how similar or dissimilar Nipbl+/-, Isl1+/-, and Nipbl+/-; Isl1+/- hearts were to each 

other in gene expression, we performed principal component analysis (PCA) on them and 

included WT hearts in the analysis. We found that the first 4 components explained 89% of the 

variance (Fig. 2.8A). When we plotted the position of each heart along these components, we 

found that they separated by genotype along Component 3 into two groups (Fig. 2.8B). In Group 

1, Isl1+/- hearts separated to the right with WT hearts (red outline), and in Group 2, Nipbl+/-; 

Isl1+/-  hearts separated to the left with Nipbl+/- hearts (blue outline). These results suggest that, in 

terms of gene expression, Isl1+/- hearts are similar to WT hearts, Nipbl+/-; Isl1+/- hearts are 

similar to Nipbl+/- hearts, while, as pairs, WT and Isl1+/- hearts are dissimilar to Nipbl+/- and 

Nipbl+/-; Isl1+/- hearts. 

These results echo the results of Fig. 2.7, in which Nipbl+/- and Nipbl+/-; Isl1+/- hearts 

misexpressed a similarly large number of genes (442 and 427 genes, respectively) (Fig. 2.7, A & 

G), while Isl1+/- hearts misexpressed few genes (26 genes) (Fig. 2.7D). We also observed in Fig. 

2.7 that Nipbl+/- and Nipbl+/-; Isl1+/- hearts misexpressed genes associated with many of the same 

biological processes, whereas Isl1+/- hearts misexpressed genes with only a few of the same 

biological processes. For example, Nipbl+/- and Nipbl+/-; Isl1+/- hearts similarly underexpressed 

protocadherin beta genes and genes associated with muscle contraction, and overexpressed 

SERCA genes, Hox genes, genes associated with chromatin and cohesin, genes associated with 

protease activity, and cadherin genes (Fig. 2.7, C & I). Isl1+/- hearts similarly overexpressed only 

a Hox gene and a SERCA gene (Fig. 2.7F).  

We wondered exactly how many differentially expressed genes (DEGs) were shared 

among Nipbl+/ -, and Nipbl+/-; Isl1+/- hearts and quantified them. We considered DEGS to be 
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shared when they were differentially expressed in the same direction (overexpressed or 

underexpressed relative to WT) in hearts of different genotypes. We found that Nipbl+/- and 

Nipbl+/-; Isl1+/- hearts shared 373 DEGs (Fig. 2.8C), 44 of which were downregulated genes (Fig. 

2.8D) and 329 of which were upregulated (Fig. 2.8E). Isl1+/- hearts only shared 23 DEGs with 

both Nipbl+/- and Nipbl+/-; Isl1+/- hearts (Fig. 2.8C), all of which were upregulated (Fig. 2.8E) 

and none of which were downregulated (Fig. 2.8D).  

When we looked at the DEGS that were shared and downregulated among the three 

genotypes, we found that Nipbl expression was downregulated in Nipbl+/- and Nipbl+/-; Isl1+/- 

hearts (Fig. 2.8, D & F). In Isl1+/- hearts, Nipbl was expressed at WT levels (Fig. 2.8, E & F). We 

also found that Isl1 expression was downregulated in Isl1+/- hearts, as expected, but it was only 

downregulated in Isl1+/- hearts (Fig. 2.8, D & G). Surprisingly, in Nipbl+/- hearts, Isl1 expression 

was upregulated, and in Nipbl+/-; Isl1+/- hearts, Isl1 was expressed at WT levels, even though 

Nipbl+/-; Isl1+/- hearts are hemizygous for Isl1 and Nipbl (Fig. 2.8, D & G). Thus, Isl1 expression 

is upregulated in both Nipbl+/- and to Nipbl+/-; Isl1+/- hearts: in Nipbl+/- hearts, above WT levels, 

and in Nipbl+/-; Isl1+/- hearts, to WT levels. These results suggest that upregulation of Isl1 

expression is a compensatory developmental response to Nipbl-haploinsufficiency in the heart. 

Additionally, this upregulation appears to prevent Nipbl+/- mice from developing CHDs to the 

same extent as Nipbl+/-; Isl1+/- mice, since Nipbl+/- mice have fewer and less severe CHDs than 

Nipbl+/-; Isl1+/- mice, implying a protective role of Isl1 overexpression against CHDs in the 

context of Nipbl-haploinsufficiency. 
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Fig. 2.8. Nipbl+/- mice overexpress Isl1 while Nipbl+/-; Isl1+/- mice express Isl1 at WT levels. 

(A) Variance explained by first 16 principal components among E10.5 WT, Isl1+/-, Nipbl+/-, and 

Nipbl+/-; Isl1+/- hearts. (B) Position of E10.5 WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- hearts 

along Principal Components 1-4. Isl1+/- hearts separated along Component 3 to the right with 

WT hearts (red outline). Nipbl+/-; Isl1+/- hearts separated along Component 3 to the left with 

Nipbl+/- hearts (blue outline). Number of genes (C) differentially expressed, (D) downregulated, 

or upregulated (E) in E10.5 Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- hearts relative to WT hearts that 
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are shared and/or unique to each genotype. DEGS were considered shared when they were 

differentially expressed in the same direction (overexpressed or underexpressed relative to WT). 

Expression of (F) Nipbl and (G) Isl1 across E10.5 WT, Nipbl+/-, Isl1+/-, and Nipbl+/-; Isl1+/- 

hearts. Error bars show standard error of the mean. P-values from Tukey-Kramer test.  
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A small number of developmental regulatory genes shows unique expression patterns in 

Nipbl+/-; Isl1+/- mice 

To investigate which gene expression differences between Nipbl+/- hearts and Nipbl+/-; 

Isl1+/- hearts might be responsible for the enhancement of CHDs observed in Nipbl+/-; Isl1+/- 

mice, we plotted the fold-change in expression of every DEG in Nipbl+/-; Isl1+/- hearts versus the 

fold-change in expression of every DEG in Nipbl+/- hearts (Fig. 2.9A). When we colored these 

genes according to their standard deviation away from a 1:1 correlation (Z-score), and manually 

annotated genes that were greater than 3 standard deviations away, all developmentally 

significant genes, which were three, occurred in one quadrant, where Isl1 also was (Fig. 2.9A). 

Interestingly, all three of these genes encode homeodomain transcription factors, and all play 

major roles in patterning and organ size determination (149, 173, 174) (Fig. 2.3A). In Nipbl+/- 

hearts, Pitx1 is expressed at WT levels, whereas it is expressed below WT levels in Nipbl+/-; 

Isl1+/- hearts (Fig. 2.9B). In Nipbl+/- hearts, Hoxc4 and Pax6 are over-expressed above WT 

levels, whereas in Nipbl+/-; Isl1+/- hearts these genes are expressed only at WT levels (Fig. 2.9, C 

& D). These results suggest that the hearts of Nipbl+/-; Isl1+/- mice fail to upregulate a small 

number of developmentally significant genes to the same levels as observed in Nipbl+/-, hearts, 

and that this contributes to the increased frequency and severity of CHDs observed in Nipbl+/-; 

Isl1+/- mice. Furthermore, since Isl1 is upregulated above WT levels in Nipbl+/- hearts, and 

Nipbl+/-; Isl1+/- hearts fail to upregulate Isl1 above WT levels (Fig. 2.8), failure to upregulate 

Pitx1, Hoxc4, and Pax6 in Nipbl+/-; Isl1+/- hearts is likely due to the failure to upregulate Isl1 

above WT levels. 
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Fig. 2.9. Nipbl+/-; Isl1+/- mice fail to upregulate Pitx1 to WT levels, and Hoxc4 and Pax6 

above WT levels. (A) Fold change in expression of genes in Nipbl+/-; Isl1+/- E10.5 hearts 

relative to WT against that of Nipbl+/- hearts relative to WT. Solid line represents a 1:1 

correlation in fold change in expression between the two genotypes. Genes are colored by 

standard deviation away from line of 1:1 correlation (Z-score). Genes with a Z-score greater than 

3 and developmentally significant occupied the top left quadrant (yellow shading). Expression of 

(B) Pitx1, (C) Hoxc4, and (D) Pax6 across WT, Nipbl+/-, Isl1+/-, and Nipbl+/; Isl1+/- E10.5 

hearts. Error bars show standard error of the mean. P-values from Tukey-Kramer test.  
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Discussion 

LSFM detects a spectrum of CHDs in Nipbl+/- mice 

The Nipbl+/- mouse, a model of the birth defects syndrome, CdLS, presents an excellent 

model for studying the developmental origins of multifactorial and/or polygenic CHDs, because 

global transcriptional dysregulation in Nipbl+/- mice gives rise to CHDs similar to those observed 

in nonsyndromic cases in man. In this study, we used LSFM, which captures high resolution 3D 

images of tissues, to look for CHDs in E17.5 Nipbl+/- mouse hearts. Whereas prior studies, using 

µMRI and histological analysis only documented ASDs in E17.5 Nipbl+/- hearts (18), LSFM 

found a spectrum of CHDs in Nipbl+/- hearts (ASDs, VSDs, and OTDs), with OTDs in Nipbl+/- 

hearts always occurring alongside an ASD or both an ASD and VSD (Fig. 2.1). Thus, LSFM 

detects a broader spectrum of CHDs in Nipbl+/- mice than previously detected by histological 

analysis and µMRI.  

Nipbl-haploinsufficiency in the Isl1-Cre domain results in CHDs 

Since previous studies suggested that the SHF could be a potential source of CHDs in 

Nipbl+/- mice (18), we used LSFM to investigate this hypothesis. We created Nipbl-

haploinsufficiency in the SHF using two Cre recombinase-expressing mouse lines: Mef2c-Cre 

and Isl1Cre/+. While Mef2c-Cre-mediated Nipbl-haploinsufficiency in the SHF did not result in 

CHDs (Fig. 2), Isl1Cre/+ did, resulting in a spectrum of CHDs strikingly similar to those observed 

in Nipbl+/- hearts (Fig. 2), with the addition of PTAs. A possible explanation for why Isl1Cre/+ 

driven Nipbl-haploinsufficiency in the SHF resulted in CHDs, whereas Mef2c-Cre did not, is 

extensive recombination of Isl1-Cre in non-cardiac tissues (Fig. 2.3). This is consistent with our 

earlier findings showing that Nipbl-haploinsufficiency in non-cardiac tissues contributes to the 

development of CHDs (18). Another potential explanation is significant reduction of Isl1 
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expression in Isl1Cre/+ hearts, over 60% lower compared to WT (Fig. 2.4D). In Fig. 2.4, we 

showed that reduced Isl1 expression alone results in the development of CHDs, particularly 

ASDs. Therefore, both extensive recombination of Isl1-Cre in non-cardiac tissues and/or reduced 

Isl1 expression could be contributing factors to the development of CHDs observed in 

NipblFlox/+; Isl1Cre/+  hearts.  

Isl1-haploinsufficiency enhances the development of CHDs in Nipbl+/- mice 

Since Isl1-haploinsufficiency alone produced CHDs, we investigated the influence of 

Isl1-haploinsufficiency on heart development in the context of global Nipbl-haploinsufficiency, 

by creating mice doubly haploinsufficient for both genes (Nipbl+/-; Isl1+/-) (Fig. 2.5A). Double 

haploinsufficiency for Isl1 and Nipbl resulted in more frequent and severe occurrences of CHDs 

compared to mice haploinsufficient for either Nipbl or Isl1 alone (Fig. 2.6B). The CHDs 

observed in Nipbl+/-; Isl1+/- hearts were similar to those observed in Nipbl+/- hearts, with the 

addition of PTA. Furthermore, a case was documented where a Nipbl+/-; Isl1+/- mouse exhibited 

both an ASD and VSD concurrently. These findings support the idea that Isl1 haploinsufficiency 

enhances the frequency and severity of CHDs in mice when the entire body is Nipbl-

haploinsufficient. 

Gene expression changes potentially contributing to the development of CHDs 

RNA sequencing of E10.5 WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- hearts revealed gene 

expression changes potentially contributing to the development of CHDs. Firstly, in all three 

mutant genotypes, there was overexpression of Hox genes, such as Hoxa3, which play roles in 

anterior-posterior patterning, outflow tract patterning, and angiogenesis (149-151). These 

genotypes also showed overexpression of genes associated with sarcoplasmic/endoplasmic 

reticulum Ca2+ transportation (SERCA) (e.g., Sln), which play roles in muscle relaxation (152). 
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Conversely, there was de-enrichment for the expression of Myc target genes, which are involved 

in cell growth/proliferation (147, 148). 

Secondly, specific to Nipbl+/- and Nipbl+/-; Isl1+/- hearts, there was an enrichment of 

genes associated with the IL6 JAK STAT3 signaling pathway, which is known to promote 

angiogenesis, the formation of blood vessels (146). These hearts also exhibited  overexpression 

of genes associated with chromatin and cohesin (Hist3h2ba, Stag1) (153), genes associated with 

protease activity (Plat, Serpinb6b), which play roles in vascular hemostasis (Fig. 2.7C) (154), 

and cadherin genes (Cdh13, Cdh10), which play roles in epithelial mesenchymal transition, heart 

tube formation, and chamber formation (155, 156). There was also underexpression of genes 

associated with muscle contraction (Myoz1, Tnni2) (157, 158) and protocadherin beta genes 

(Pcdhb18, Pcdhb19, Pcdhb16, Pcdhb20, Pcdhb22), which play roles in establishing neural 

circuits and synapses (159). Together, these gene expression changes illuminate key biological 

pathways and mechanisms potentially underlying the development of CHDs. 

Upregulation of Isl1 prevents Nipbl+/- mice from developing more frequent and severe 

CHDs 

Fig. 2.8 showed that RNA sequencing of E10.5 hearts revealed that Isl1 expression was 

downregulated in Isl1+/- hearts and upregulated in Nipbl+/- hearts. However, in Nipbl+/-; Isl1+/- 

hearts, Isl1 was expressed at WT levels, even though these hearts are hemizygous for Isl1 and 

Nipbl (Fig. 2.8, D & G). This pattern of expression indicates that Isl1 expression is upregulated 

in both Nipbl+/- and to Nipbl+/-; Isl1+/- hearts: in Nipbl+/- hearts, above WT levels, and in Nipbl+/-; 

Isl1+/- hearts, to WT levels. These results suggest two key points: 1) upregulation of Isl1 

expression in the heart is a compensatory response to Nipbl-haploinsufficiency, and 2) 

overexpression of Isl1 may prevent Nipbl+/- mice from developing CHDs to the same extent as 
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Nipbl+/-; Isl1+/- mice, since Nipbl+/- mice exhibit fewer and less severe CHDs than Nipbl+/-; 

Isl1+/- mice. 

Homeodomain gene dosages contributing to the development of CHDs 

Other gene expression changes that may contribute to enhancement of CHDs in Nipbl+/-; 

Isl1+/- hearts over that of Nipbl+/- hearts were observed among Pitx1, Pax6, and Hoxc4. These 

genes were not upregulated in Nipbl+/-; Isl1+/- hearts to the same extent as they were in Nipbl+/- 

hearts. Since Isl1 is upregulated above WT levels in Nipbl+/- hearts and Nipbl+/-; Isl1+/- hearts fail 

to also upregulate Isl1 to the same levels as in Nipbl+/- hearts (Fig. 2.8), failure to upregulate 

Pitx1, Hoxc4, and Pax6 by Nipbl+/-; Isl1+/- hearts is likely due to the failure to upregulate Isl1. 

Pitx1, Hoxc4, and Pax6 are interesting because they all encode homeodomain 

transcription factors and they all play roles in the development of other tissues/organs in a 

dosage-sensitive manner. For instance, knockout of both copies of Pitx1 in mouse results in 

anteriorization of the hind limb bud and loss of skeletal elements in such a way that resembles 

the skeletal structure of the forelimb (174). Similarly, variations in Pax6 dosage influence the 

development and severity of micro-opthalmia in Pax6 mutant mice (173), and reduced 

expression of different Hoxc cluster genes in mice results in anterior-posterior skeletal 

transformations (175). Such findings suggest that these genes could also affect heart 

development in a dosage-sensitive manner. To investigate this hypothesis, future studies could 

investigate the effects of double haploinsufficiency for Nipbl and each of these genes on the 

development of CHDs. One would anticipate that the resulting CHDs would be more severe than 

those caused by Nipbl-haploinsufficiency alone. Insights gained from such studies could enhance 

our understanding of the roles these genes play in the development of CHDs in both Cornelia de 

Lange Syndrome (CdLS) and nonsyndromic cases.  
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Materials and Methods 

Animal Ethics Statement 

All animals were handled in accordance with approved procedures as defined by the 

National Institutes of Health, and all animal work was approved by the Institutional Animal Care 

and Use Committee of the University of California, Irvine. For collection of mouse tissues, 

pregnant dams were humanely killed euthanized by CO2 anesthesia followed by cervical 

dislocation. 

Mouse Lines and Genotyping 

All mouse lines were genotyped by polymerase chain reaction (PCR) using genomic 

DNA obtained from tail biopsies. 

NipblFlox/Flox Line 

The NipblFlox/Flox line (NipblGt(EUCE313f02)1.1Hmgu/Clf) has an inverted gene trap cassette 

encoding b-geo that is flanked by Cre recombinase target sites in intron 1 of both Nipbl alleles 

(18). In this inverted orientation, referred herein as Flox, there is no trapping of the Nipbl gene 

and Nipbl is expressed normally. As a result, the NipblFlox/Flox line is phenotypically WT. 

However, when this cassette is exposed to Cre recombinase, the gene trap cassette gets inverted 

into a non-inverted orientation which we call FIN. In this non-inverted orientation, trapping of 

the Nipbl gene occurs and b-geo is expressed as a reporter of successful gene trapping, making 

the Nipbl FIN allele a null allele. The NipblFlox/Flox line was maintained on a C57BL/6J 

background for more than 15 generations and was genotyped as described in (18).  

Recombinase Mouse Lines 

Nanog-Cre Line: The Nanog-Cre line (Tg(Nanog-cre)#Vlcg, MGI: 5545911) was a gift 

from Dr. A. Economides of Regeneron Pharmaceuticals (145). The Nanog-Cre line carries a 
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transgene encoding a Cre recombinase downstream of the promoter of the Nanog gene and was 

maintained on C57BL/6J background. The Nanog-Cre line was genotyped using the following 

primers: Forward: 5’- GCA CTG ATT TCG ACC AGG TT-3’ and Reverse: 5’- GCT AAC CAG 

CGT TTT CGT TC-3’. Nanog-Cre amplicon: 200 bp. 

Mef2c-Cre Line: The Mef2c-Cre line (Tg(Mef2c-cre)2Blk, MGI: 3639735) carries a 

transgene encoding a Cre recombinase downstream of the promoter of the Mef2c gene (143) and 

was maintained on a C57BL/6J background. The Mef2c-Cre line was genotyped using the 

following primers: Forward: 5’- GGC TGG TTG GGA TAG AGA AAC- 3’ and Reverse: 5’- 

TTT TCC ATG AGT GAA CGA ACC-3’. Mef2c-Cre amplicon: 612 base pairs (bp). 

Isl1Cre/+ Line: The Isl1Cre/+ line (Isl1tm1(cre)Sev, MGI: 3623159) is a knock-in transgenic that 

targeted the start codon of the Isl1 locus (144). The Isl1Cre/+ line was maintained on a C57BL/6J 

background. The Isl1Cre/+ line was genotyped using the following primers: Forward 1: 5’- GCC 

ACT ATT TGC CAC CTA GC-3’, Reverse 1: 5’- CAA ATC CAA AGA GCC CTG TC-3’, 

Reverse 2: 5’- AGG CAA ATT TTG GTG TAC GG-3’. Isl1-WT amplicon: 434 bp. Isl1-Cre 

amplicon: 300 bp. 

Stra8-iCre Line: The Stra8-iCre line (Tg(Stra8-icre)1Reb, MGI:3779079) carries a 

transgene encoding an iCre recombinase downstream of the promoter of the Stra8 gene (176) 

and was maintained on a C57BL/6J background. The Stra8-iCre line was genotyped using the 

following primers: Forward: 5’-AGG TCA TCT TGC TCC TTC CA-3’ and Reverse: 5’-TCC 

TGT TGT TCA GCT TGC AC-3’. Stra8-iCre amplicon: 700 bp. 

Stra8-iCre; NipblFlox/+ Line: The Stra8-iCre; NipblFlox/+ line was generated by crossing 

the Stra8-iCre line with the NipblFlox/Flox line. The Stra8-iCre; NipblFlox/+ line produces sperm 

that are either NipblFlox (which is a WT allele) or NipblFIN (which is a null allele). The Stra8-
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iCre; NipblFlox/+ line was maintained on a C57BL/6J background and genotyped for Stra8-Cre 

(see Stra8-iCre Line) and NipblFlox/+ as described above (see NipblFlox/Flox Line). 

Reporter Mouse Lines 

Td-tomato-EGFP Line: The reporter line used in this study was Td-tomato-

EGFP (Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo, MGI:3716464) (177). Homozygous Td-tomato-

EGFP mice on a C57BL/6J background were purchased from The Jackson Laboratory and 

maintained on a C57BL/6J background. The Td-tomato-EGFP line was genotyped using the 

following primers: Forward 1: 5’-CTC TGC TGC CTC CTG GCT TCT-3’, Reverse 1: 5’-CGA 

GGC GGA TCA CAA GCA ATA-3’, and Reverse 2: 5’-TCA ATG GGC GGG GGT CGT T-3’. 

Td-tomato-WT amplicon: 330 bp. Td-tomato-EGFP amplicon: 250 bp. 

NipblFlox/Flox; Td-tomato-EGFP Line: The NipblFlox/Flox; Td-tomato-EGFP line was 

generated by crossing the NipblFlox/Flox line with the Td-tomato-EGFP line. The NipblFlox/Flox; Td-

tomato-EGFP line was maintained on a C57BL/6J background and genotyped for NipblFlox/Flox 

(see NipblFlox/Flox Line) and Td-tomato-EGFP (see Td-tomato-EGFP Line) as described above.  

Generation of Mouse Embryos 

For Visualization of Cre-Mediated Recombination Domains and Tissue-Specific Depletion of 

Nipbl Expression 

To generate embryos for the visualization of Cre-mediated recombination domains and 

tissue-specific depletion of Nipbl expression, NipblFlox/Flox; Td-tomato-EGFP doubly homozygous 

mice were mated with either Mef2c-Cre or Isl1Cre/+ mice. When Nipbl Flox/Flox; Td-tomato-EGFP 

doubly homozygous mice are mated with Mef2c-Cre mice, the resulting progeny are either 

NipblFlox/+; Td-tomato-EGFP (which are phenotypically WT) or Mef2c-Cre; NipblFlox/+; Td-

tomato-EGFP (which are depleted for Nipbl expression in the Mef2c-Cre expression domain). 
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When Nipbl Flox/Flox; Td-tomato-EGFP doubly homozygous mice are mated with Isl1Cre/+ mice, 

the resulting progeny are either NipblFlox/+; Td-tomato-EGFP (which are phenotypically WT) or 

Isl1Cre/+; NipblFlox/+; Td-tomato-EGFP (which are depleted for Nipbl expression in the Isl1-Cre 

expression domain). 

For Tissue-Specific Depletion of Nipbl Expression Only 

To generate embryos for the tissue-specific depletion of Nipbl expression, NipblFlox/Flox 

mice were mated with either Mef2c-Cre or Isl1Cre/+ mice. When Nipbl Flox/Flox mice are mated 

with Mef2c-Cre mice, the resulting progeny are either NipblFlox/+ (which are phenotypically WT) 

or Mef2c-Cre; NipblFlox/+ (which are depleted for Nipbl expression in the Mef2c-Cre expression 

domain). When Nipbl Flox/Flox mice are mated with Isl1Cre/+ mice, the resulting progeny are either 

Isl1+/+; NipblFlox/+ (which are phenotypically WT) or Isl1Cre/+; NipblFlox/+ (which are depleted for 

Nipbl expression in the Isl1-Cre expression domain). 

For Visualization of Cre-mediated Recombination Domains Only 

To generate embryos for the visualization of Cre-mediated recombination domains, Td-

tomato-EGFP homozygous mice were mated with either Mef2c-Cre or Isl1Cre/+ mice. When Td-

tomato-EGFP doubly homozygous mice are mated with Mef2c-Cre mice, the resulting progeny 

are either Td-tomato-EGFP or Mef2c-Cre; Td-tomato-EGFP. When Td-tomato-EGFP 

homozygous mice are mated with Isl1Cre/+ mice, the resulting progeny are either Isl1+/+; Td-

tomato-EGFP or Isl1Cre/+; Td-tomato-EGFP. 

For Generation of Nipbl+/-; Isl1+/- Mouse Embryos 

To generate embryos that are either WT, haploinsufficient for Isl1 (Isl1+/-), 

haploinsufficient for Nipbl (Nipbl+/-); or haploinsufficient for both Nipbl and Isl1 (Nipbl+/-; 

Isl1+/-), we mated Stra8-iCre; NipblFlox/+ male mice with Isl1Cre/+ female mice. Isl1Cre/+ mice 
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encode a Cre-recombinase in one allele of Isl1 and are haploinsufficient for Isl1, as shown in 

Fig. 2.4D. Stra8-iCre mice encode a Cre-recombinase downstream of the promoter for the Stra8 

gene and Stra8-iCre recombines in the male germ line. NipblFlox/+ mice have an inverted gene 

trap cassette encoding Bgeo that is flanked by target sites for Cre-recombinase in intron 1 of 1 

allele of the Nipbl gene. In this inverted orientation, which we call Flox, there is no trapping of 

the Nipbl gene and Nipbl is expressed normally. However, when this cassette is exposed to Cre-

recombinase, the gene trap cassette gets inverted into a non-inverted orientation which we call 

FIN. In this non-inverted orientation, trapping of the Nipbl gene occurs and Bgeo is expressed as 

a reporter of successful gene trapping. Thus, Stra8-iCre; NipblFlox/+ male mice make sperm that 

are either NipblFlox (which is a wildtype allele and referred to here as Nipbl+) or NipblFIN (which 

is a null allele and referred to here as Nipbl-) and when sperm from these mice fertilize eggs from 

Isl1Cre/+ female mice, it results in littermates that are either WT, Isl1+/-, Nipbl+/-, or Nipbl+/-; 

Isl1+/-).  

Collection of E17.5, E15.5, and E10.5 Mouse Hearts  

At either 17.5-,15.5-, or 10.5-days post copulation, pregnant dams were euthanized by 

CO2 inhalation followed by cervical dislocation. The uterine horns were dissected and placed in 

1X DEPC PBS on ice, and different tissues were dissected with the aid of a dissection 

microscope. Tissues were collected for genotyping and stored at -20℃. Hearts for LFSM 

imaging were dissected out of the body and fixed in 4% Paraformaldehyde (PFA) for 2-4 hours 

at 4°C before they were transferred into clear, unobstructed brain/body imaging cocktails and 

computational analysis (CUBIC) solution. Hearts for RNA sequencing were dissected out of the 

body, frozen in liquid nitrogen, and stored at -80℃. Bodies were fixed in 4% PFA at 4℃ 

overnight, before they were transferred into 1X PBS, and stored at 4℃ for somite counting. 
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Zeiss Z.1 Light Sheeting Imaging 

CUBIC solution was prepared with the following reagents: 25% w/v urea (Fisher 

Scientific: AC327380010), 25% w/v N,N,N,N-tetrakis(2-hydroxypropyl)ethylenediamine (Fisher 

Scientific: T0781500G), 15% w/v TritonX-100 (Fisher Scientific: AC327372500), and 35% w/v 

nanopure water (178). Hearts were cleared in 1 ml of CUBIC solution in a 2 ml tube at 37°C 

with a rocking motion at 20 rpm for 5-7 days. CUBIC solution was changed every 3-4 days.  

1 ml embedding syringes with a diameter of 4.5mm (Fisher Scientific: 14823434) were 

prepared by cutting off the tip of syringe with a single-edge No. 9 razor blade (VWR: 55411-

050). Embedding syringes were checked for jagged edges by drawing up agarose, letting the 

agarose cool, plunging the solidified agarose up and down, and checking under the microscope 

for cuts to the agarose. Embedding syringes with jagged edges were discarded. Hearts were 

removed from CUBIC solution and placed in a 1% low melting point agarose (Invitrogen: 

16520050) solution (in water). 1% low melting point agarose was aspirated into the embedding 

syringe and an individual heart was embedded near the aperture. Then the syringe was placed on 

a flat surface on ice for at least 10-15 minutes. Embedded hearts were then equilibrated by being 

suspended and completely submerged in CUBIC solution at 4°C for 3-5 days.  

Once equilibrated, embedded hearts were suspended in CUBIC solution and imaged 

using a Zeiss Z.1 Light Sheet microscope and ZEN software (using a 1.45x chamber and 5x 

illumination and detection objectives) at the Optical Biology Core Facility, at the University of 

California, Irvine. The distance settings for the illumination objectives were set to -0.4700 and 

0.4700 and the configuration for the clearing chamber was selected. Each sample was rotated to 

image from either a dorsal or ventral view, and the laser focus and exposure time was adjusted to 

obtain the best quality image. All samples were imaged as a Z-stack and excited at a 100% laser 
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intensity with laser 561 nm for tdTomato excitation and 488nm for EGFP excitation. The Z-stack 

for each sample was set to capture the whole sample within the Z-stack. Z-stack settings: 746 

slices, 6.71µm slice thickness. Z-stacks (CZI files) were processed and converted to Imaris files 

using the Imaris software converter.  

Histology 

Fixed heart samples were embedded in a 24x24x5mm mold (Fisher Scientific: 22363552) 

with 1.5% LMP agarose. For orientation purposes, a thin black strip of 1.5% agarose made with 

India Ink (Pro Art PRO-4100) was added. All hearts were also oriented differently for 

identification purposes and noted on a map. Once all hearts were embedded, the agarose block 

was carefully removed from the mold, placed in a Omnisette Tissue Casette (Fisher Scientific: 

15197700A), and submerged in a container with 1X PBS. Samples were taken to the Department 

of Pathology at the University of California Irvine to be paraffin-embedded, sectioned serially at 

7 μm with 2 sections per slide, and stained with hematoxylin and Eosin Y (H&E). Paraffin-

sectioned heart images were obtained with a Discovery V8 stereomicroscope equipped with 

Axiovision software (Zeiss). 

Heart Analysis 

All heart samples from paraffin sectioning and LSFM imaging were positioned or 

oriented to a canonical angle for heart analysis where the atria are superior to the ventricles, the 

apex of the heart is inferior, the left atrium and ventricle is on the right, and the right atrium and 

ventricle is on the left.  All samples were assessed from ventral to dorsal. Heart files from LFSM 

imaging were evaluated for the presence or absence of ASDs or VSDs using the volume viewer 

plug-in of ImageJ (v. 1.52t) and using a similar criterion outlined in (18). Paraffin-sectioned 

heart images were also evaluated with the same criteria outlined in (18). Imaris files of light 
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sheet imaged hearts were evaluated in ImageJ (v. 1.52t) for the presence or absence of ASD or 

VSD using the volume viewer plug-in and the criterion outlined in (18).  

Hearts were scored positive for outflow tract defects as follows: Hearts were scored 

positive for persistent truncus arteriosus (PTA) when the aorta and pulmonary trunk were 

observed as fused. Hearts were scored positive for double outlet right ventricle (DORV), in 

which the aorta and pulmonary trunks are observed as both exiting the right ventricle. Hearts 

were scored positive for overriding aorta (OA) when the aorta was positioned directly over a 

ventricular septal defect (VSD), instead of over the left ventricle. Fisher’s exact tests were used 

to calculate P-values for the frequency of heart defects (ASD, VSD, and/or outflow tract defects) 

at E17.5 and E15.5 for all crosses. Ventricular volumes were calculated using the surfaces 

function on Imaris by manually contouring various sections throughout the ventricles and 

creating a 3D surface. T-Tests were used to calculate P-values for ventricular volume 

measurements at E17.5 and E15.5. 

X-gal Staining 

Whole mount x-gal staining was performed as described (179) and imaged with a Zeiss 

Discovery V8 stereomicroscope equipped with Axiovision software. 

Reverse Transcription-Quantitative Polymerase Chain Reaction 

RNA was extracted from E10.5 WT and Isl1Cre/+ hearts using the Monarch Total RNA 

Miniprep Kit (New England Biolabs).  cDNA was made using iSCRIPT reverse transcriptase 

(BioRad). qRT-PCR for Isl1 was performed using iTaq SYBR green (BioRad) as per 

manufacturer’s instructions, Rpl4 was used as the housekeeping gene. Rpl4 Primer 1: 5’-ATC 

TGG ACG GAG AGT GCT TT-3’. Rpl4 Primer 2: 5’-GGT CGG TGT TCA TCA TCT TG-3’. 
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Isl1 Primer 1: 5’- ACC AAT TGT CCA ACC ACC AT-3’. Isl1 Primer 2: 5’- TCC CAT CCC 

TAA CAA AGC AC-3’.  

RNA Purification, Library Construction, and RNA sequencing 

To isolate RNA from 10.5 dpc mouse hearts for library construction, we used the New 

England BioLabs Monarch Nucleic Acid Purification kit (Cat No: T2010S). Libraries for RNA 

sequencing were constructed using the Ultra II RNA Library Prep Kit for Illumina (NEB 

#E7765). RNA libraries were submitted to the UCI Genomics High-Throughput Facility (GHTF) 

for sequencing on the Illumina Nova Seq6000. RNA libraries were multiplexed and sequenced 

on a single lane to a depth of approximately 20 million reads each. Sequences were 

demultiplexed by GHTF.  

Read Mapping and Depth Normalization 

Read mapping was performed by GHTF using the GRCm38 mm10 mouse reference 

genome. Genes with high quality alignments were assigned a transcript count of 1 for each read. 

GHTF subsequently delivered a matrix of transcript counts for each gene across all libraries. To 

normalize transcript counts for sequencing depth across all libraries, we calculated the sum of 

transcript counts in each library and divided these sums by the lowest sum, resulting in a scaling 

factor for each library. Transcript counts were then multiplied by their library’s respective 

scaling factors to arrive at depth normalized counts. 

Differential Gene Expression Analysis  

To identify differentially expressed genes (DEGs) between pairs of genotypes, we 

performed an ANOVA test for all genes using normalized transcript counts. Resulting P-values 

were adjusted for false-discovery using the Benjamini-Hochberg method. Genes with Q-values 

less than 0.05 indicated that expression of the given gene differed between at least two or more 

https://www.neb.com/products/e7765-nebnext-ultra-ii-directional-rna-library-prep-with-sample-purification-beads
https://www.neb.com/products/e7765-nebnext-ultra-ii-directional-rna-library-prep-with-sample-purification-beads
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four genotypes. To identify which genotypes differed in its expression of that gene, we 

performed a Tukey-Kramer test using an alpha of 0.05.  

Principal Component Analysis 

 Transcript counts from hearts of the same genotype were aggregated together to generate 

pseudobulked libraries representing hearts of all 4 genotypes: WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; 

Isl1+/-. Sequencing depth across all the pseudobulked libraries were normalized by calculating a 

sum of transcript counts in each library and dividing these sums by the lowest sum, producing a 

scaling factor for each library. Transcript counts were then multiplied by their library’s 

respective scaling factors to arrive at depth normalized counts.  

The mean expressions of detected genes were calculated across all pseudobulked 

libraries, from which coefficients of variation were also calculated. The coefficients of variation 

for all genes were plotted against their mean expression. A LOESS fit was performed across all 

points in R using the loess function of the stats package. The command syntax used was 

loess(dependent_variable ~ independent_variable), where dependent_variable represents a 

gene’s coefficient of variation and indepdent_variable represents a gene’s mean expression. All 

genes were binned into 32 bins along their mean expression and for each bin, the standard 

deviation of the coefficient of variation from the LOESS fit was calculated. A Z-score was 

calculated for gene by dividing its coefficient of variation by the standard deviation of its bin. 

Genes with Z-score greater than 2 were used as input into principal component analysis (PCA). 

PCA was performed in R using the prcomp function from the stats package. The command 

syntax used was prcomp(data), where data represents the expression of genes selected as input 

into PCA across all hearts of all four genotypes. 
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CHAPTER 3 

Gastrulation-stage gene expression in Nipbl+/- mouse embryos foreshadows the 

development of syndromic birth defects 

This chapter was published in Science Advances (180). 

 

Abstract 

In animal models, Nipbl-deficiency phenocopies gene expression changes and birth 

defects seen in Cornelia de Lange Syndrome (CdLS), the most common cause of which is Nipbl-

haploinsufficiency. Previous studies in Nipbl+/- mice suggested that heart development is 

abnormal as soon as cardiogenic tissue is formed. To investigate this, we performed single-cell 

RNA-sequencing on wildtype (WT) and Nipbl+/- mouse embryos at gastrulation and early 

cardiac crescent stages. Nipbl+/- embryos had fewer mesoderm cells than WT and altered 

proportions of mesodermal cell subpopulations. These findings were associated with 

underexpression of genes implicated in driving specific mesodermal lineages. In addition, Nanog 

was found to be overexpressed in all germ layers, and many gene expression changes observed in 

Nipbl+/- embryos could be attributed to Nanog overexpression. These findings establish a link 

between Nipbl-deficiency, Nanog overexpression, and gene expression dysregulation/ lineage 

misallocation, which ultimately manifest as birth defects in Nipbl+/- animals and CdLS. 

Introduction 

Each year, 1 of every 33 babies in the United States is born with a birth defect (181), the 

most prevalent of which are congenital heart defects (CHDs), neural tube defects, and cleft 

lip/palate (13). Given the major impact that birth defects have on infant mortality and morbidity 

(182, 183), there is a need to elucidate their origins, but their diversity and sporadic nature pose 
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challenges for identifying causal mechanisms. A promising approach is to study genetic 

syndromes that present multiple, concurrent defects in various body parts, many of which mirror 

common isolated birth defects. Studying them might thus provide insights into the causes and 

development of isolated birth defects. 

Cornelia de Lange Syndrome (CdLS) affects an estimated 1 in 10,000 to 1 in 30,000 live 

births (36), and is characterized by craniofacial anomalies, delays in growth and maturation, 

intellectual disability, neurological impairments, abnormalities of limbs, especially arms and 

hands, coupled with issues in the visual, auditory, gastrointestinal, genitourinary, and 

cardiopulmonary systems (184). 

The majority of CdLS cases – more than 55% – are caused by heterozygous mutations in 

the gene Nipped-B-like (NIPBL) (185), named for its homology to the Drosophila gene Nipped-

B. These mutations often produce a non-functional protein, suggesting CdLS arises from 

haploinsufficiency (95). Remarkably, even a subtle 15% reduction in NIPBL gene expression can 

produce a mild yet recognizable CdLS phenotype (186). Such observations highlight the 

importance of precise NIPBL gene dosage in human development.  

The NIPBL gene encodes a universally conserved protein that plays a role in loading 

cohesin onto chromosomes (139). Cohesin, similarly conserved and ubiquitous, is a four-subunit 

protein complex (Smc1, Smc3, Rad21, and either SA1 or SA2) essential for chromosome 

organization and genome stability (7). Mutations in the cohesin subunits SMC1 and SMC3 

account for a small proportion of clinically mild CdLS (~5% and <1%, respectively) (4, 57, 187). 

Additionally, mutations in HDAC8, which catalyzes cohesin release from chromatin during 

mitosis, are found in a distinct subset of CdLS patients (188). Mutations in RAD21 have also 

surfaced in individuals exhibiting a CdLS-like phenotype but with substantially milder cognitive 
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impairment (97). Collectively, these findings reinforce the idea that impairment of cohesin 

function contributes to CdLS. 

Cohesin was initially identified for its role in sister chromatid cohesion during mitosis 

(7). However, pronounced defects in sister chromatid cohesion or irregularities in mitosis have 

not been observed in either CdLS patients or Nipbl-haploinsufficient (Nipbl+/-) mice (10, 112), 

suggesting that cohesin has additional functions. Studies in CdLS patient cells and Nipbl-

haploinsufficiency animal models indicate that cohesin is involved in transcriptional regulation 

(189). Specifically, Nipbl-haploinsufficiency leads to alterations in the expression of many 

hundreds to thousands of genes (10). Interestingly, many of the affected genes are regulated by 

long-distance enhancers (117), aligning with the emerging concept of NIPBL and cohesin as 

critical determinants in DNA-looping (119).  

Interestingly, most gene expression changes in Nipbl-deficient animals are small, usually 

less than 2-fold. Though likely to be inconsequential individually, such small changes can act 

collectively to produce structural and functional defects. For example, in zebrafish, joint 

depletion of two developmental genes downregulated by nipbl-deficiency produced a CdLS-like 

phenotype (11), suggesting that altered gene expression is the ultimate cause of developmental 

and physiological abnormalities. Thus, CdLS exemplifies a class of genetic disorders known as 

"transcriptomopathies" (121), in which the cumulative or synergistic effects of minor 

disturbances to gene expression lead to developmental abnormalities.  

Previously, we reported that Nipbl-haploinsufficient mice displayed birth defects 

phenocopying those in CdLS (10). These included CHDs (primarily atrial septal defects), in 

about 30% of Nipbl+/- mice. Subsequently, we used a conditional Nipbl allelic series to 

investigate the role of Nipbl expression in the production of CHDs (18). That study showed that 
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Nipbl+/- mice exhibit heart abnormalities early in development: At embryonic day 13.5 (E13.5), 

70% of Nipbl+/- mice displayed delays in ventricular septal fusion, whereas three days earlier, at 

E10.5, 100% showed right ventricle hypoplasia (18). In situ hybridization experiments showed 

reduced expression of two transcription factors crucial for early heart progenitor cell growth and 

differentiation: Nkx2-5 and Mesp1 (18). That structural abnormalities may begin at the earliest 

stages of heart development was suggested by results in in nipbl-morphant zebrafish, in which 

defects in the initial migration of cardiogenic mesoderm were detected as early as 18 hours post-

fertilization (11). These results suggested that, at least for CHDs, causal events may occur as 

early as gastrulation, when the three primary germ layers form and the earliest progenitor cells of 

major tissues and organs begin to differentiate (136). 

In this study, we sought to identify developmental alterations during gastrulation that 

might account for birth defects in Nipbl+/- mice. We used single-cell RNA sequencing 

(scRNAseq) to compare the cellular compositions, lineage trajectories, and transcriptional 

landscapes of Nipbl+/- mouse embryos to their WT counterparts at two stages spanning the end of 

gastrulation: the late bud- (LB) stage (E7.5) and cardiac crescent- (CC) stage (E7.75). Our 

findings reveal that Nipbl+/- embryos have the same cell populations as WT embryos but display 

subtle misallocation of specific mesodermal cell populations. Our evidence suggests this occurs 

as a result of alterations in specific cell fate decisions, including the choice by mesoderm cells to 

progress toward a non-cardiac versus cardiac fate. Our observations strongly suggest these 

events cannot be attributed to changes in apoptosis, cell proliferation, global developmental 

delay, or the structure of cell lineages. As in earlier research, we observed that most gene 

expression changes in Nipbl-deficient tissues at these stages were small (10), but we also 

identified several key developmental genes that are more markedly misexpressed in Nipbl+/- 
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embryos, the most notable of which was Nanog. Nipbl+/- embryos failed to downregulate Nanog 

at the end of gastrulation, which normally occurs in all but germ cells. As a result, the 

misexpression of many Nanog target genes was observed in all germ layers. We also saw 

substantial underexpression of Hox genes and overexpression of Nodal signaling genes, which 

play roles in anterior-posterior and left-right patterning, respectively. As a result, we propose a 

model in which birth defects in CdLS arise from the prolonged overexpression of Nanog and 

dysregulation of developmental pathways governing axial patterning, resulting in the 

misdirection of cell fate decisions, and misallocation of specific progenitor cell populations. 

Results 

Gastrula-stage Nipbl+/- mice display the same cell populations as are found in WT mice  

To investigate early factors influencing birth defects in CdLS, we generated WT and 

Nipbl+/- littermate embryos by crossing NanogCre/+ mice (145) with NipblFlox/Flox mice (18) as 

described in Methods and shown in Fig. 3.1A. To ensure an accurate accounting of cell 

populations and proportions at well-defined stages of early embryonic development, we 

generated a large excess of embryos and sorted them into groups of narrowly defined stage based 

on morphological criteria (190). Using the 10X Genomics Chromium Single Cell Expression 

platform (191), we performed scRNAseq on 5 WT and 6 Nipbl+/- samples of late bud stage (LB) 

embryos (E7.5), and 8 WT and 8 Nipbl+/- samples of cardiac crescent stage (CC) embryos 

(E7.75) (Fig. 3.1B and Fig. S3.1). Given the low cell numbers in individual LB-stage embryos, 

and the 10X Genomics Chromium Single Cell Expression system's capture efficiency, samples at 

the LB stage consisted of pairs of embryos, whereas at the CC-stage they consisted of single 

embryos. Pairing LB-stage embryos facilitated the capture of rare cell groups, such as primordial 

germ cells, which typically comprise about 50 cells per embryo at this stage (192). 
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At LB-stage, we captured a median of 2,537 cells per sample, with a median of 17,301 

RNA transcripts per cell (Fig. S3.2 and Table S3.3.1). At CC-stage, we captured a median of 

4,116 cells per sample, with a median of 14,997 RNA transcripts per cell (Table S3.3.1). As 

expected, all Nipbl+/- embryos expressed both Cre and Betageo, which report an inactivated 

Nipbl allele (18), while WT embryos did not (fig. S3, A and B). Nipbl+/- embryos across both 

stages expressed Nipbl at levels that were approximately 50% lower than WT counterparts (fig. 

S3C).  

We corrected for batch effects among embryos of identical stage and genotype using 

Seurat’s integration protocol (193) (Fig. 3.1C and Fig. S3.4), which identifies anchors (cells of 

similar gene expression across samples of the same biological condition) and uses them to align 

cells into a space shared by all samples. Recognizing that all cells in Nipbl+/- tissues exhibit 

substantial gene expression changes (10), and considering that clustering algorithms rely on 

differences in gene expression among cells (193), we implemented measures to prevent our cell 

clustering from being skewed by gene expression alterations attributable to Nipbl-

haploinsufficiency. We did this by first clustering cells from WT samples (Fig. 3.1C), using a 

robust iterative clustering method that considered both intra-cluster stability and inter-cluster 

variation (Fig. S3.5) to determine the optimal number of clusters for cells at each developmental 

stage. WT cells were clustered into 18 cell populations at LB-stage (Fig. 3.1D) and 26 cell 

populations at CC-stage (Fig. 3.1E). We then projected Nipbl+/- cells onto these WT cell 

populations at corresponding stages (Fig. 3.1C). We observed that all Nipbl+/- cells could be 

projected to WT cell populations, with each WT population receiving some Nipbl+/- cells (Fig. 

3.1, D and E). This pattern held true across individual Nipbl+/- samples, as well as the total 

Nipbl+/- cells in aggregate at each stage (Fig. 3.1, F and G). To ensure that any differences 
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observed in cell populations were not the result of technical artifacts introduced by the projection 

algorithm, we performed additional studies in which WT cells were projected onto Nipbl+/- 

clusters (Fig. S3.6 and Fig. S3.14). In both cases, Nipbl+/- cells contributed to all clusters, but as 

we describe later, in varying proportions (Fig. 3.3). 
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Fig. 3.1. Nipbl+/- mice do not lack any cell populations found in WT mice.  



90 
 

(A) Nipbl alleles used in this study. NipblFlox contains an inverted gene trap cassette encoding b-

geo flanked by Cre recombinase target sites in intron 1 of Nipbl gene alleles (18). In this inverted 

orientation, there is no trapping of the Nipbl gene and Nipbl is expressed normally. However, 

when this cassette is exposed to Cre recombinase, the gene trap cassette gets inverted producing 

the NipblFIN allele. In this orientation, trapping of the Nipbl gene occurs and b-geo is expressed 

as a reporter of successful gene trapping. When NanogCre/+ mice are mated with NipblFlox/Flox 

mice, the resulting littermates are either entirely NipblFlox/+ or entirely NipblFIN/+, as NanogCre/+ 

mice carry a transgene that expresses Cre recombinase in the earliest cells of the developing 

embryo (145).  (B) Lateral view of LB-stage and anterior view of CC-stage embryos subjected to 

scRNAseq. A = anterior, P = posterior, AL = allantois, L = left, R = right, HF = head fold, CC = 

cardiac crescent, ML = midline. Dashed line represents where embryonic tissue was separated 

from extraembryonic tissue. Scale bar = 100 microns. (C) Workflow used to filter out low 

quality cells and doublets, cluster WT cells into optimal number of clusters at each stage, and 

project Nipbl+/- cells onto WT clusters of the same stage. Uniform manifold approximation and 

projection (UMAP) of clusters in WT and Nipbl+/- embryos at (D) LB- and (E) CC-stage. UMAP 

of clusters in each Nipbl+/- embryo at (F) LB- and (G) CC-stage. 

  



91 
 

scRNAseq captured cells from all germ layers and progenitors of major tissues 

To assign biological identities to clustered cell populations, we used WT cells as a 

reference. For each WT cell population, we performed differential gene expression analysis 

(DGEA) by comparing it to all other cells within embryos of identical stage (Mann-Whitney U 

test). We detected markers indicative of germ layer identity in every cluster (Table S3.3.2), 

enabling us to associate each cluster with a specific germ layer at each developmental stage (Fig. 

3.2A). Figure 2B displays all cells from all samples, categorizing them into germ layers at both 

LB- and CC-stages of development. Figures 2C and 2D further depict the assignment of cells 

based on the expression of germ layer markers, at LB- and CC-stages, respectively. These 

markers include those for ectoderm, such as Utf1, Sox2, and Pou3f1 (194-196), mesoderm, 

including T, Hand1, Vim, Twist1, and Prrx2 (197-201), and endoderm, Ttr (202).  

To identify cell types within germ layers, we re-applied DGEA after clustering individual 

germ layers. For the endoderm, this enabled us to identify definitive endoderm progenitors 

(DEP) (Sox4 and Foxa2) (203, 204), as well as extraembryonic endoderm (XEnd) (Hnf4a and 

Tbx3) (205, 206) at LB-stage (Fig. 3.2E and Table S3.3). In CC-stage embryos, we captured 

identical cell types in the endoderm, and additionally, visceral endoderm (VE) (Hnf4a and Esx1) 

(205, 207) (Fig. 3.2F and Table S3.3). DEPs and XEnd give rise to the gut and placenta, 

respectively. 

Within the ectoderm of LB-stage embryos, we identified early progenitor populations 

including intraembryonic ectoderm progenitors (IEPs) (Pou3f1 and Otx2) (196, 208), neural 

ectoderm progenitors (NEPs) (Cdx1 and Nkx1-2) (209, 210), and surface ectoderm (SE) (Id1, 

Msx2, and Msx1) (211) (Fig. 3.2, E and G, and Table S3.4). Additionally, we detected a small 

portion of extraembryonic ectoderm (XEct) (Elf5 and Tead4) (212, 213), which was expected, as 
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a small quantity of XEct cells was included in our dissection. By CC-stage, IEPs, NEPs, and 

XEct were no longer detectable, a phenomenon previously noted (214). Rather, we continued to 

detect surface ectoderm (SE). We also detected six distinct neural populations (Fig. 3.2, F and H, 

and Table S3.4). These neural populations included: prosencephalic neural plate (Six3 and 

Hesx1) (215, 216), mesencephalic neural plate (En1 and Pax2) (217, 218), rhombencephalic 

neural plate (Hoxa1 and Hes3) (219, 220), midline neural plate (Foxa2 and Nkx2-9) (221, 222), 

spinal neural plate (Sox2 and Ezr) (223, 224), and neural crest (Pax3 and Foxd3) (225, 226). 

Collectively, these populations constitute the nascent progenitors of the brain, spinal cord, and 

peripheral nervous system.  

Within the mesoderm of LB-stage embryos, we identified six distinct groups of cells, 

detailed in Fig. 3.2, E and G, and Table S3.5. These consisted of: 1) neuromesodermal 

progenitors (NMPs): expressing markers T, and Nkx1-2 (197, 210); 2) derivatives of NMPs: 

including Mesp1-expressing mesoderm progenitors (MMPs) (Mesp1) (227), two types of first 

heart field cells (FHF1 and FHF2) marked by Hand1 (198); cells of the second heart field (SHF) 

with Id2 and Mef2c (228, 229); and three kinds of paraxial mesoderm cells, further categorized 

into paraxial mesoderm progenitors (PMPs) (Tbx6 and Meis2) (230, 231), trunk paraxial 

mesoderm (TPM) (Foxc2 and Tcf15) (232, 233), and head paraxial mesoderm (HPM) (Alx1 and 

Tcf15) (233, 234); 3) hematopoietic cells: including hemangioblasts (HMBs) (Tal1 and Etv2) 

(235, 236) and primitive erythrocytes (PEs) (Gata1 and Tal1) (235, 237); and 4) two rare 

populations: comprising cells of the primitive node (PN) (Noto and Foxj1) (238, 239), and 

primordial germ cells (PGCs) (Tfap2c and Msx1) (240, 241). At CC-stage, we detected all 

mesodermal populations found earlier, along with several that emerge later in development. 

These comprised lateral plate mesoderm progenitors (LPMP) (Tlx2 and T) (197, 242), additional 
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populations of Mesp1-expressing mesoderm progenitors (MMP1 and MMP2) (Mesp1) (227), 

cardiomyocytes (CDMs) (Mef2c and Nkx2-5) (243, 244), and presomitic mesoderm (PSM) 

(Tcf15 and Meox1) (233, 245) (Fig. 3.2, F and H, and Table S3.5). Collectively, these 

progenitors are responsible for the formation of structures including skeletal muscle, bone, 

blood, and heart. 
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Fig. 3.2. scRNAseq captured cells from all germ layers, as well as progenitors of major 

tissues.  

(A) UMAP of clusters assigned to germ layers in LB- and CC-stage embryos. (B) UMAP of 

germ layers in LB- and CC-stage embryos. Expression of genes marking germ layers of (C) LB- 

and (D) CC-stage embryos in UMAP. UMAP of cell populations in germ layers of (E) LB- and 

(F) CC-stage embryos. Heatmap of fold change in expression of the most differentially 

expressed transcription factor genes (lowest Q-values from Mann-Whitney U Test) (246) of cell 

populations from all other cell populations in germ layers of (G) LB- and (H) CC-stage embryos. 
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Nipbl+/- mice have fewer mesoderm cells, primitive erythrocytes, and first heart field cells, 

and more paraxial mesoderm cells 

We analyzed the cellular composition of embryos at both LB- and CC-stage, quantifying 

the proportion of cells within each germ layer that contributed to the total cell count. LB-stage 

mutants exhibited 13% fewer mesoderm cells (Fig. 3.3, A and B), while concurrently displaying 

a greater proportion of endoderm and ectoderm cells. We sought to ascertain if this decrease in 

mesoderm was generalized or restricted to specific subpopulations. Focusing on LB-stage 

embryos, we merged mesodermal cell subpopulations of similar biological identity together 

(FHF1 + FHF2 into FHF, and PSM + CPM into PM) (Fig. 3.3C) and calculated the percentage of 

cells across these subpopulations, relative to the overall mesoderm.  The findings (Fig. 3.3D) 

revealed a 77% reduction in PEs Nipbl+/- embryos (P=0.06, T-Test). Additionally, differences 

were observed in two mesodermal derivatives of the neuromesoderm: 1) Mutants had 24% fewer 

first heart field cells (FHF) (Fig. 3.3D); and 2) Nipbl+/- embryos showed a contrasting pattern in 

paraxial mesoderm (PM), a 33% increase in PM cells compared to WT (Fig. 3.3D).  

Since Nipbl+/- cells were projected onto WT cell populations, we wondered whether any 

observed differences between Nipbl+/- and WT embryos might have occurred as a result of 

misprojecting cells, i.e. assigning cells to incorrect clusters. To investigate this, we 

independently clustered Nipbl+/- cells and projected WT cells onto those clusters; we refer to this 

as reverse projection (Fig. S3.6). If observed differences in the allocation of Nipbl+/- cells to 

particular clusters had been a result of misclassification due to technical limitations of projecting 

cells, then the same differences should not appear when reverse projection was done.  Indeed, if 

misclassified cells were simply distributed at random one should expect reverse projection to 

produce differences opposite to those produced by the original, forward projection. This was not 
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found to be the case, however. Cluster assignments resulting from reverse projection 

quantitatively resembled those of forward projection (Fig. S3.6, A to D). Germ layer identities, 

which were based on the expression of specific markers (Table S3.6), were generally the same in 

the reverse projection analysis as well (Fig. S3.6, E to H).  

Finally, we quantified the proportion of cells within each germ layer and mesodermal 

population following reverse projection. Consistent with the findings from forward projection 

(Fig. 3.3B), Nipbl+/- embryos showed 13% fewer mesoderm cells than WT embryos, while 

concurrently showing more endoderm and ectoderm cells (Fig. S3.6M). Likewise, the mesoderm 

of Nipbl+/- embryos showed fewer FHF cells (24% fewer) and more PM cells (22% more) than 

WT embryos (Fig. 3.3D, Fig. S3.6N). (Because very few PEs are present in Nipbl+/- embryos 

(Fig. 3.3D), it was not possible to cluster these cells into a distinct cell population during reverse 

projection (Fig. S3.6, K and L).) Altogether, these data indicate that differences in cell 

population sizes observed in Nipbl+/- embryos represent true biological changes and are not a 

consequence of technical issues, such as misprojection.  

Nipbl+/- embryos do not show changes in developmental timing 

Cellular composition changes very quickly during and after gastrulation; one possible 

explanation for differences in proportions of cell types could be a change in the overall pace of 

development, such that embryos of one genotype were slightly delayed or accelerated relative to 

the other.   To investigate whether this was the case for Nipbl+/- embryos, we employed 

pseudotemporal ordering. To ensure that pseudotime accurately mirrored real developmental 

time, we augmented our analysis with scRNAseq data from an additional two pairs of WT 

embryos at the early bud (EB) stage and two pairs of WT embryos at the early head fold (EHF) 

stage (Fig. 3.3E and Fig. S3.7). EB-stage embryos are two hours younger and EHF-stage 
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embryos are two hours older than LB-stage embryos, so these supplementary samples provided 

the temporal resolution necessary to discern even minor changes (less than 2 hours) in 

developmental timing (190). We eliminated low-quality cells and doublets (Fig. 3.3F, Fig. S3.8 

and Table S3.8) before integrating cells of the same stage (Fig. S3.9). We then clustered EB-

stage cells into 8 distinct populations and EHF-stage cells into 13 (Fig. S3.10, A and B). Each 

population was subsequently annotated as ectoderm (Ect), mesoderm (Mes), or endoderm (End) 

(Fig. 3.3G, and Fig. S3.10, C and D) based on the expression of specific germ layer markers 

(Table S3.9).  

We ordered cells from each embryo at every developmental stage (EB, LB, and EHF) 

using URD (247), which constructs a diffusion map of transition probabilities and, starting with 

an assigned group of root cells, performs a probabilistic breadth-first graph search using the 

transition probabilities. When we visualized the arrangement of cells from each stage based on 

their density in pseudotime, we found that cells from WT embryos ordered in accordance to their 

developmental stage: EB came first, followed by LB, and finally EHF (Fig. 3.3H), while 

showing partial overlap between cells of different stages. This confirmed that the pseudotime 

values we acquired were an accurate representation of actual developmental timing. When the 

pseudotime orderings of WT and Nipbl+/- LB-stage embryos were compared with each other, we 

found no statistically significant deviations (Kolmogorov-Smirnov test) (Fig. 3.3I). These 

findings argue that the observed reduction in mesoderm cells in Nipbl+/- mice at LB-stage cannot 

be attributed to overall developmental delay or acceleration. The fact that Nipbl-

haploinsufficiency does not result in global changes in developmental timing strongly suggests 

that birth defects in CdLS result from specific cellular or molecular irregularities within 

individual developmental pathways, and not a globally-altered developmental timeline.   
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Fig. 3. Nipbl+/- embryos exhibit changes in the sizes of mesodermal subpopulations that are 

not accompanied by changes in developmental timing.  

(A) UMAP of germ layers in LB-stage WT and Nipbl+/- embryos. (B) Percentage of cells in germ 

layers from all cells in LB-stage WT and Nipbl+/- embryos. Error bars show standard error of the 

mean. P-values from T-Test.  (C) UMAP of cell populations in mesoderm of LB-stage WT and 

Nipbl+/- embryos. (D) Percentage of cells in mesodermal cell populations from all cells in LB-

stage WT and Nipbl+/- embryos (bottom). Error bars show SEM. P-values from T-Test.  (E) 

Lateral view of WT EB- and EHF-stage embryos subjected to scRNAseq. A = anterior, P = 
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posterior, AL = allantois, L = left, R = right, HF = head fold. Dashed line represents where 

embryonic tissue was separated from extraembryonic tissue. Scale bar = 100 um.  (F) Workflow 

used to filter out low quality cells and doublets and cluster cells at EB- and EHF-stage into 

optimal number of clusters. (G) UMAP of clusters assigned to germ layers in EB- and EHF-stage 

embryos. (H) Density of cells from WT EB-, LB-, and EHF-stage embryos along pseudotime 

(calculated using URD). (I) Density of cells in germ layers of LB-stage WT and Nipbl+/- embryos 

along pseudotime.  
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Nipbl+/- embryos do not show changes in cell lineage trajectory 

To discern whether alterations in the sizes of cell population in Nipbl+/- embryos were 

attributable to changes in the structures of cell lineages, we used scVelo (248) to compute the 

RNA velocity for all mesoderm cells from LB-stage embryos. RNA velocity provides a 

predictive metric for a cell's future transcriptional state, gauging the equilibrium between the 

synthesis of spliced mRNA from unspliced mRNA and mRNA degradation. scVelo was used to 

build cell lineage trajectories separately for WT and Nipbl+/- embryos at LB-stage (Fig. 3.4A). In 

WT mesoderm, five distinct lineages were discernible (Fig. 3.4B), with neuromesodermal 

progenitors (NMPs) giving rise to three terminal fates via four specific pathways. These 

pathways encompassed the differentiation of NMPs into FHF, SHF, and PM. It's intriguing to 

note that Mesp1-expressing cells have the versatility to differentiate into both cardiac and 

paraxial mesoderm. While Mesp1 is typically recognized as a cardinal factor for cardiac 

specification (249), our findings suggest its influence may extend beyond this role into paraxial 

specification as well. As a result, the paraxial mesoderm (PM) has dual progenitors, PMPs and 

MMPs. We also observed a fifth lineage, independent of NMP lineages, where HMBs 

differentiate into PEs. Notably, PGCs and PN cells did not form part of any identified lineages. 

Examination of the mesoderm in Nipbl+/- embryos revealed lineage trajectories identical to those 

in WT (Fig. 3.4A). These observations suggest that variations in the overall structures of cell 

lineage pathways do not explain differences in the number of FHF and PM cells in Nipbl+/- 

embryos (Fig. 3.3, B and D). 
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Nipbl+/- embryos misdirect mesoderm cells into paraxial mesoderm at the expense of the 

first heart field 

To explore whether variations in cell fate decisions might be responsible for the observed 

differences in the numbers of FHF and PM cells in Nipbl+/- embryos, we employed CellRank 

(250) to compute the likelihood of cells from the mesoderm (excluding HMBs, PEs, PGCs, and 

PN cells) transitioning terminally into cells of SHF, FHF, or PM fate.  HMBs, PEs, PGCs, and 

PN were omitted from the calculation because our trajectories derived from RNA velocity 

indicated that these populations do not ultimately transition into SHF, FHF, or PM. In CellRank, 

the absorption probability defines the likelihood that a specific cell type will make a transition to 

a terminal state, derived using RNA velocity-directed, random walks from initial to terminal cell 

states (250). We represented these probabilities in UMAP space, with shades of blue to signify 

low probabilities and red for high probabilities. Fig. 3.4, C and D illustrates that the probabilities 

of NMPs, MMPs, and PMPs making a terminal transition solely into SHF do not vary 

significantly between Nipbl+/- and WT embryos, as quantified in the adjacent violin plots. 

However, the transition probabilities into FHF are 27-48% lower in Nipbl+/- embryos (Fig. 3.4, E 

and F), while the probabilities for transitions into PM are 9-11% higher (Fig. 3.4, G and H). 

Taken together, these results support the hypothesis that disparities in cell numbers in Nipbl+/- 

embryos stem from a misdirection of cells from FHF pathway towards a PM fate (Fig. 3.4I). 
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Fig. 3.4. Nipbl+/- mice misdirect mesoderm cells into paraxial mesoderm at the expense of 

the first heart field.  

(A) RNA velocities, calculated by scVelo of mesoderm cells from LB-stage WT and Nipbl+/- 

embryos in UMAP. (B) Cell lineage trajectories in mesoderm of LB-stage WT and Nipbl+/- 

embryos. Probability of mesoderm cells from LB-stage WT and Nipbl+/- embryos terminally 

transitioning (absorption probabilities calculated using CellRank) into (C) SHF, (E) FHF, or (G) 

PM fates in UMAP. Violin plot of probability of NMPs, MMPs, and PMPs from LB-stage WT 

and Nipbl+/- embryos terminally transitioning (absorption probabilities) into (D) SHF, (F) FHF, 

or (H) PM fates. Lines show means. P-values from T-Test. (I) Schematic illustrating how 

mesoderm cells in Nipbl+/- embryos are misdirected into PM fate at the expense of FHF fate.  
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Nipbl+/- embryos do not show evidence of altered apoptotic activity or cell proliferation 

Altered cell numbers in different mesodermal subpopulations of Nipbl+/- embryos could 

conceivably also stem from modifications in rates of cell death or proliferation. Focusing on 

apoptotic activity, we carried out differential gene expression analysis (DGEA) on WT and 

Nipbl+/- embryos at LB-stage, using genes associated with apoptosis from two well-known gene 

sets: Reactome Apoptosis and Hallmark Apoptosis (251, 252). We ranked each gene by 

minimum Q-value, arranging them from lowest to highest, and visualized their expression across 

all germ layers in Nipbl+/- embryos as heatmaps of the fold change relative to their WT 

counterparts (Fig. S3.11, A and B). For both gene sets, we saw no visible pattern of differences 

in the expression of genes with even the lowest Q-values between any of the germ layers in both 

WT and Nipbl+/- embryos. Although genes from these gene sets tend to mark cells with the 

capacity for apoptosis, their expression levels are not necessarily indicative of cells actively 

undergoing apoptosis. We therefore also turned to a gene set identified in a study that compared 

180 apoptosis-associated genes in hematopoietic cells that were either healthy or undergoing 

apoptosis (253), and identified 93 apoptosis-associated genes that were differentially expressed. 

When we examined these genes in the germ layers of Nipbl+/- embryos, we also saw no visible 

difference with WT embryos (Fig. S3.11C). These data suggest that changes in apoptotic activity 

are unlikely to be a major contributor to differences in cell type proportions.  

To examine cell proliferation, we again employed DGEA across all germ layers of both 

WT and Nipbl+/- embryos at LB-stage, focusing on the meta-PCNA gene set, an ensemble of 

genes that exhibit the strongest positive correlation with PCNA expression, a recognized 

biomarker of cell proliferation (254). When we visualized the expression of these genes in the 

same manner as the gene sets above, we found no discernible variations in the expression levels 
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of the meta-PCNA genes between the germ layers of WT and Nipbl+/- embryos (Fig. S3.12A). 

As another measure of cell proliferation, we used Seurat to assign cells from LB-stage WT and 

Nipbl+/- embryos into phases (G1, S, and G2/M) of the cell cycle (255). Seurat does this by 

calculating a cell cycle phase score based on the expression of canonical S phase and G2/M 

phase markers. Seurat considers these marker sets to be anticorrelated in their expression, so 

when cells express neither, they are considered to be in G1 phase. As expected, in all germ 

layers, cells from LB-stage WT and Nipbl+/- embryos assigned into all phases of the cell cycle 

(Fig. S3.12B). In all germ layers, there was no statistically significant difference in the 

proportions of cells in each cell cycle between WT and Nipbl+/- embryos (Fig. S3.12C). We 

therefore concluded that extensive alterations in cell proliferation are not likely responsible for 

disparities in cell subpopulations. 

Nipbl+/- mice underexpress genes predicted to drive the transition of mesoderm cells into 

first heart field 

Next, we sought to investigate whether the misdirection of mesoderm cells in Nipbl+/- 

embryos at the LB-stage could be attributed to the misexpression of genes that drive the 

transition of mesoderm cells into either FHF or PM. To answer this question, we also employed 

CellRank to identify potential driver genes of the FHF and PM fates, using those mesoderm cells 

that specifically contribute to these developmental pathways (Fig. 3.5, A and D). CellRank 

achieves this by calculating a correlation coefficient between the likelihood (absorption 

probabilities) of cells progressing towards a particular lineage fate and the expression level of 

individual genes (250). In this context, genes with positive correlation coefficients are considered 

drivers, as their expression elevates alongside an increase in absorption probabilities. 

Conversely, genes with negative correlation coefficients are deemed anti-drivers, as their 
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expression diminishes with increasing absorption probabilities. To minimize the risk of false 

discoveries, we set a threshold, accepting genes with correlation coefficients greater than 0.25 as 

drivers and those less than -0.25 as anti-drivers. 

CellRank identified 383 genes as drivers of FHF fate (Fig. 3.5B). 11% of them were 

transcription factors. Among these were Hand1 and Tbx20, transcription factors previously 

recognized for their roles in promoting FHF development (198, 256). Several transcription 

factors that have not been previously linked to FHF development were also predicted to be FHF 

drivers, including Msx1, Msx2, Foxf1, Hoxb6, and Pitx1. Of these, Hoxb6 and Pitx1 are known to 

play important roles in segmentation and patterning. Gene set over-representation analysis using 

MSigDB’s Hallmark gene sets (251), which characterize well-defined biological states and 

processes, revealed that FHF drivers were significantly enriched in genes associated with TGF-

beta signaling (Fig. 3.5C), which has been previously described as important in cardiomyocyte 

proliferation (257). Genes associated with epithelial to mesenchymal transition (EMT) were also 

significantly enriched (see below). Conversely, CellRank predicted 225 genes to be anti-drivers 

of FHF fate, with 16% being transcription factors. Among these were genes known to be 

involved in pluripotency (Pou5f1), mesoderm specification/expansion (T, Cdx1, Sp5, and Zic3), 

anterior-posterior patterning (Hoxb1 and Hoxa1), and paraxial mesoderm development (Hes7, 

Meis2, Tbx6, Gbx2, and Foxb1).  

CellRank predicted 66 genes to be drivers and 115 genes to be anti-drivers of PM fate 

(Fig. 3.5E). A substantial proportion (22%) of PM drivers were transcription factors. These 

included Tcf15 and Foxc2, transcription factors that have been previously recognized for their 

role in regulating PM development (Fig. 3.5E) (232, 258). The Irx transcription factors Irx5, 

Irx1, and Irx3 – known for their roles in segmentation during development (259) – were also 
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identified as PM drivers. PM drivers did not exhibit significant over-representation of any 

Hallmark gene sets (Fig. 3.5F). Of all PM anti-drivers, 20% were identified as transcription 

factors, including Hand1, Cdx2, Msx2, Msx1, and Cdx4. Intriguingly, Hand1, Msx2, and Msx1 

had also been predicted as drivers for FHF. This overlap prompted us to conduct a comparative 

analysis between PM anti-drivers and FHF drivers. Our examination revealed that 40% of all PM 

anti-drivers were concurrently FHF drivers (Fig. 3.5, G and H).  

The confluence of expressed genes between FHF drivers and PM anti-drivers seems to 

indicate that during normal development, increased expression of these shared genes by 

mesoderm cells predisposes them to transition into FHF, while decreased expression of these 

same genes steers them towards PM (Fig. 3.5I). This set of shared genes may thus be considered 

to be a "lineage branching signature".  

How does Nipbl-haploinsufficiency impact the expression of driver and anti-driver 

genes? Examination of Nipbl+/- embryos revealed significant misexpression in NMP, MMP, and 

PMP cells of numerous driver and anti-driver genes associated with both FHF (first heart field) 

and PM (paraxial mesoderm) (Fig. 3.5J, Fig. S3.13). Interestingly, most affected driver and anti-

driver genes were downregulated. To ascertain whether this was more than coincidental, we 

employed a Chi-square analysis, which revealed a striking pattern: Nipbl+/- embryos 

underexpressed FHF drivers at a higher frequency than they overexpressed them (166 out of 174 

differentially expressed genes) (Fig. 3.5J). Similarly, they commonly underexpressed PM anti-

drivers (40 out of 51) (Fig. S3.13), aligning with expectations since many PM anti-drivers serve 

dual roles as FHF drivers.  

Strikingly, genes associated with EMT were highly enriched among FHF drivers that 

were underexpressed in Nipbl+/- embryos (Fig. 3.5K). A total of 15 EMT genes was found to be 
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underexpressed, including the EMT transcription factors Msx1 and Snai2, and signaling genes 

such as Igfbp4, Pdgfrb, and Tgfb1 (Fig. 3.5J). These results suggest that, in the context of Nipbl-

haploinsufficiency, skewed differentiation of mesoderm cells towards the PM lineage at the 

expense of FHF lineage may be attributable to the underexpression of genes driving FHF fate. 

These results are consistent with the idea that genes associated with EMT play a role in this 

lineage misdirection.   
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Fig. 3.5. Nipbl+/- mice underexpress genes predicted to drive the transition of mesoderm 

cells into first heart field.  

UMAP of mesoderm cells in (A) FHF and (D) PM lineages of WT LB-stage embryos. Genes 

whose expression are positively correlated (drivers) or negatively correlated (anti-drivers) with 

the transition (absorption probabilities from Fig. 3.3J) of mesoderm cells from WT LB-stage 

embryos into (B) FHF or (E) PM fates. Correlation coefficients calculated using Spearman’s 

Rank Correlation. Genes with correlation coefficient greater than 0.25 or less than -0.25 were 

considered drivers and anti-drivers, respectively. Slope refers to change in gene expression along 

absorption probability. Over-representation score of MSigDB’s Hallmark gene sets among 

drivers and anti-drivers of (C) FHF and (F) PM fate. (G) Venn diagram of genes shared between 

PM anti-drivers and FHF drivers. (H) Over-representation score of MSigDB’s Hallmark gene 

sets among shared FHF drivers and PM anti-drivers. (I) Expression of lineage branching 

signature as NMPs transition into FHF or PM fates. (J) Fold change in expression of genes in 

mesoderm cells of FHF lineage of LB-stage Nipbl+/- embryos differentially expressed (Q < 0.05, 

Mann-Whitney U Test) from that of WT embryos along Spearman’s Rank Correlation 

coefficient from Fig. 3.5B. Genes associated with EMT are labeled. (K) Over-representation 

score of MSigDB’s Hallmark gene sets among shared FHF drivers downregulated in FHF 

lineage of Nipbl+/- mice.  
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Nipbl+/- mice show large changes in the expression of major developmental regulators in all 

germ layers 

Using DGEA to compare the germ layers of LB-stage WT and Nipbl+/- embryos, we 

found that Nipbl+/- embryos misexpressed hundreds of genes across all germ layers. 

Underexpression was more common than overexpression in all cases (Fig. 3.6A), supporting a 

broad role for Nipbl in enhancing gene expression. The majority of gene expression changes 

were subtle, i.e., less than 2-fold (Fig. 3.6A). This pattern of gene expression changes agrees 

with earlier studies (10). Gene set enrichment analysis (GSEA) for MSigDB’s Hallmark gene 

sets found that Nipbl+/- embryos showed enrichment, and no de-enrichment, for 4 out of 40 gene 

sets: oxidative phosphorylation in the mesoderm; Mtorc1 signaling in the ectoderm; and G2M 

checkpoint, Myc targets, and E2F targets in the endoderm (Fig. 3.6B). In these cases, however, 

enrichment was driven by a relatively small number of the genes in these sets; the vast majority 

were either not differentially expressed in Nipbl+/- embryos or showed changes much smaller 

than 1.5-fold (Fig. 3.6C).  

Genes exhibiting substantial changes in expression – greater than 2-fold upregulated or 

downregulated – were nevertheless observed across every germ layer of Nipbl+/- embryos (Fig. 

3.6A). Individual curation of these genes unveiled associations with developmental processes 

(Fig. 3.6D). Within the mesoderm, two- to six-fold upregulation of genes involved in Nodal 

signaling, including Tdgf1, Eomes, Lefty2, Lhx1, was observed (260-263) . At the same time, 

three clusters of genes were robustly downregulated: those associated with primitive 

erythropoiesis, including Gata1 and Klf1 (2-3 fold) (237, 264); Hox genes such as Hoxb8, 

Hoxb5, and Hoxa5 (2-fold); and genes associated with Notch signaling, including Hey2 and 

Nr2f2 (2-fold) (246, 265) (Fig. 3.6D).  
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In the ectoderm, five transcription factor genes tied to the hedgehog signaling pathway 

were downregulated more than 2-fold, including Pax2, Sox9, Nkx6-1, Sox1, and Irx2 (266-270) 

(Fig. 3.6D). In the endoderm, there was a distinct 2-3 fold upregulation of several adult 

hemoglobin genes such as Hbb-bt, Hba-a2, Hba-a1, and Hbb-bs (Fig. 3.6D). Intriguingly, 

consistent patterns were evident in both the ectoderm and endoderm, mirroring the mesoderm's 

trends. Genes related to Nodal signaling were upregulated, and Hox genes were noticeably 

downregulated, across all germ layers. The magnitude of changes in Nodal signaling genes and 

Hox genes, being greater than 2-fold in both directions, and their critical roles in various germ 

layers, strongly suggest that disruptions in these pathways could be major contributors to 

phenotypes observed in Nipbl+/- mice. 

  When we compared the sets of differentially expressed genes (DEGs) obtained from 

forward projection (Fig. 3.6) with those obtained from reverse projection (Fig. S3.14), we found 

greater than 94% of DEGs in mesoderm and ectoderm were identical (Fig. S3.14, A and B). For 

the endoderm, reverse projection showed more than 75% of the same DEGs (Fig. S3.14C). As 

was the case for changes in the relative sizes of cell populations, we conclude that DEGs 

observed in Nipbl+/- embryos represent true biological differences and are not a consequence of 

technical issues in cell classification.  
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Fig. 3.6. Nipbl+/- mice show large changes in the expression of major developmental 

regulators in all germ layers.  

(A) Number of differentially expressed genes (Q < 0.05, Mann-Whitney U Test) in germ layers 

of LB-stage Nipbl+/- embryos showing small (≤ 2-fold) or large (> 2-fold) changes in expression 

from that of WT embryos. (B) Normalized enrichment score of statistically significant (Q < 0.05, 

FGSEA) Hallmark genes sets in germ layers of LB-stage Nipbl+/- embryos from that of WT 
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embryos. (C) Fold change in expression of Hallmark gene sets from Fig. 3.5B in germ layers of 

LB-stage Nipbl+/- embryos from that of WT embryos along their average expression in WT 

embryos. (D) Fold change in expression of differentially expressed genes (Q < 0.05, Mann-

Whitney U Test) in germ layers of LB-stage Nipbl+/- embryos showing large changes in 

expression (> 2-fold) from that of WT embryos along their average expression in WT embryos.   
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Nipbl+/- mice overexpress Nanog during and after gastrulation 

To uncover developmental processes that might be the most broadly impacted in Nipbl+/- 

embryos, we used the large, significant, changes in gene expression (greater than 2-fold up or 

down) as input data for STRING (271), a database and algorithm that constructs a network of 

potential gene interactions, in this case limiting predictions to those informed by experiments 

demonstrating co-expression or protein-protein interactions. The outcome of this analysis (Figs. 

7, A and B) revealed that many genes with substantial expression changes in Nipbl+/- embryos 

are predicted to interact either directly or indirectly with Nanog. Indeed, Nanog itself was 

overexpressed across all three germ layers in Nipbl+/- embryos, with a more pronounced 

overexpression, exceeding 2-fold, in the mesoderm and endoderm (Fig. 3.7B).  

Nanog, which encodes a transcription factor, is notably expressed at two junctures during 

mouse embryonic development. Initially, it appears at the blastocyst stage, where it plays an 

essential role in sustaining the pluripotency of the inner cell mass cells (272). Subsequently, 

during gastrulation, Nanog expression temporarily surges, only to be silenced as cells transition 

out of the primitive streak (273). This expression pattern could be observed directly in our data: 

In Fig. 3.7C, we ordered mesodermal cell populations from LB-stage embryos by their stage in 

gastrulation, as inferred from their RNA velocity positions (Fig. 3.4A). In WT NMPs, Nanog is 

expressed at a relatively high level. As cells move through successive stages of gastrulation 

within WT embryos, Nanog's expression exhibits a consistent decline (Fig. 3.7C), reaching near 

zero in cells of the first and second heart field (FHF and SHF). An exception to this trend occurs 

in primordial germ cells, which are known to maintain elevated Nanog expression (274). In 

contrast, in Nipbl+/- embryos (Fig. 3.7C), Nanog expression remained elevated across all cell 

populations. Although expression still falls after the NMP stage in Nipbl+/- cells, Nanog never 
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falls to WT levels. This is evident even in primordial germ cells. Moreover, the overexpression 

of Nanog in Nipbl+/- embryos is sustained up to the CC-stage (Fig. 3.7D and Table S3.3.10), 

where it reaches a 10-fold increase over WT levels. These observations indicate that Nipbl-

haploinsufficiency leads to a marked failure of Nanog downregulation. 

Another transcription factor that plays a role in maintaining pluripotency is Pou5f1 

(Oct4). From studies in embryonic stem cells, it is known that Pou5f1 promotes the expression of 

Nanog, and conversely, Nanog promotes the expression of Pou5f1 (275). Given this, we were 

curious about whether Nipbl+/- embryos might also overexpress of Pou5f1. Despite the fact that 

Pou5f1 is more highly expressed than Nanog, we did not observe any statistically significant 

difference in Pou5f1 expression across mesodermal cell types or throughout LB-stage Nipbl+/- 

embryos (Fig. 3.7E, Fig. 3.7F, and Table S3.3.11). However, a more than 2-fold elevation in 

Pou5f1 expression was detected in Nipbl+/- embryos at CC-stage (Fig. 3.7F). 

We sought to determine whether elevated Nanog expression in Nipbl+/- embryos during 

gastrulation might reflect some sort of non-specific overactivity of the Nanog gene. To 

investigate this hypothesis, we looked at Nanog expression in WT and Nipbl+/- embryonic stem 

cells (ESCs), as ESCs are known to express Nanog (as do to the blastocyst inner cell mass cells 

from which ESCs are derived). We generated WT and Nipbl+/- ESCs by treating NipblFlex/+ 

(Nipbl+/-) ESCs with Flp recombinase (which inverts a gene trap in Nipbl-Flex ESCs in such a 

way that reverses gene trapping) to produce NipblFlrt/+ (WT) ESCs (Fig. 3.7G) (18). We assessed 

Nanog expression in nine independent clones from each genotype, using quantitative reverse 

transcription polymerase chain reaction (RT-qPCR). We observed no discernible difference in 

Nanog expression between Nipbl+/- and WT ESCs, a pattern that was also observed for Pou5f1 

(Fig. 3.7H). As a control, we showed that Nipbl+/- ESCs exhibit the expected reduced expression 
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of Nipbl, as also seen in Nipbl+/- embryos. Collectively, these findings support the conclusion 

that the overexpression of Nanog in Nipbl+/- LB-stage and CC-stage embryos is result of a 

specific failure to appropriately suppress Nanog following gastrulation, rather than unusually 

elevated Nanog expression persisting from early embryogenesis.  
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Fig. 3.7. Nipbl+/- mice overexpress Nanog during and after gastrulation.  

(A) Differentially expressed genes (greater than 2-fold upregulated or downregulated) between 

the germ layers of WT and Nipbl+/- embryos predicted by STRING to interact with each other. 

(B) Fold change in expression of differentially expressed genes (Q < 0.05, Mann-Whitney U 

Test) in germ layers of LB-stage Nipbl+/- embryos showing large changes in expression (> 2-

fold) from that of WT embryos along their average expression in WT embryos that are predicted 

by STRING to interact with Nanog. (C) Expression of Nanog in mesodermal cell populations of 

LB-stage WT and Nipbl+/- embryos ordered from left (earlier) to right (later) by their RNA 

velocity positions in Fig. 3.4A. Error bars show SEM. (D) Expression of Nanog in WT and 

Nipbl+/- embryos from LB- to CC-stage. Error bars show SEM. P-values from T-Test. € 

Expression of Pou5f1 in mesodermal cell populations of LB-stage WT and Nipbl+/- embryos 

ordered from left (earlier) to right (later) by their RNA velocity positions in Fig. 3.4A. Error bars 

show SEM. (F) Expression of Pou5f1 in WT and Nipbl+/- embryos from LB- to CC-stage. Error 

bars show SEM. P-values from T-Test. (G) Monoclonal generation of NipblFlrt/+ (WT) and 

NipblFlex/+ (Nipbl+/-) ESCs. (H) Expression of Nipbl, Nanog, and Pou5f1 in WT and Nipbl+/- 

embryonic stem cells as measured by RT-qPCR and normalized to the housekeeping gene, Rpl4. 

Error bars show SEM. P-values from T-Test.  
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Nanog overexpression accounts for many of the gene expression changes in Nipbl+/- mice 

As a critical regulator of pluripotency in early embryonic development, Nanog directly 

influences the expression of a multitude of other genes. This relationship prompted us to ask how 

many of the gene expression differences in Nipbl+/- embryos might be attributable to the 

overexpression of Nanog. To address this question, we took advantage of data from a recent 

study, by Tiana et al., 2022 (276), in which mice were engineered to express Nanog under 

doxycycline-inducible (Dox) control. In that study, bulk RNA sequencing was performed on 

untreated (Nanog Dox-) and Dox-treated (Nanog Dox+) embryos at stages E7.5 and E9.5, with 

E7.5 corresponding closely to the LB-stage embryos analyzed here. The E7.5 Nanog Dox+ 

embryos that were sequenced had been treated with doxycycline from E4.5 to E7.5, while E9.5 

Nanog Dox+ embryos were treated with doxycycline from E6.5 to E9.5. Differential gene 

expression analysis, performed in that study, found hundreds of gene expression changes 

between Nanog Dox- and Nanog Dox+ embryos at both stages (276). We subsequently analyzed 

the results of their analysis in four ways.  

First, we plotted the fold change in expression of genes in Nipbl+/- embryos, as a whole, 

from that of WT embryos, concentrating on LB-stage (Fig. 3.8A). (CC-stage comparisons are 

shown in Fig. S3.15A, and Fig. S3.15B.) In Fig. 3.8A, genes significantly overexpressed in 

Nipbl+/- embryos are colored pink and those significantly underexpressed, light blue. DEGs in 

Nipbl+/- embryos that are also significantly overexpressed or underexpressed in E7.5 Nanog 

Dox+ embryos, are colored red and blue, respectively. The results are summarized in Fig. 3.8B. 

At LB-stage, 68.8% of overexpressed and 61.5% of underexpressed genes in Nipbl+/- embryos 

were also overexpressed or underexpressed, respectively, in E7.5 Nanog Dox+ embryos. A 
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binomial test confirmed that Nanog Dox+ DEGs are highly over-represented in Nipbl+/- embryos 

(Fig. 3.8B).  

Second, we again plotted the fold change in expression of genes in LB-stage Nipbl+/- 

embryos from that of WT embryos, but this time separately by germ layer, rather than across 

whole embryos (Fig. 3.8C). Genes colored red and blue are DEGs in Nipbl+/- embryos that are 

also overexpressed or underexpressed in Nanog Dox+ embryos. When we manually curated 

genes that were expressed with more than 2-fold change (Fig. 3.8C), we found that all germ 

layers showed upregulation of genes involved with Nodal signaling (Tdgf1, Lefty2, Eomes, Lhx1, 

and Ffg5) (260-263, 277) and downregulation of Hox genes (Hoxb8 and Hoxb6). Additionally, 

the mesoderm of Nipbl+/- embryos underexpressed genes associated with primitive erythropoiesis 

(Hbb-bh1, Klf1, and Gata1) (237, 264) and hedgehog signaling (Pax2 and Sox9) (266, 267). 

(CC-stage gene expression changes are discussed in Fig. S3.15C.) These findings are consistent 

with the idea that many of the largest changes in gene expression that occur in Nipbl+/- embryos, 

as well as the developmental pathways they regulate, could be attributable to overexpression of 

Nanog.  

Third, we analyzed how closely Nipbl+/- embryos mirrored the gene expression 

alterations of Nanog Dox+ embryos in terms of magnitude and direction. To do this, we 

generated a plot illustrating the fold-changes in expression of individual genes in Nipbl+/- 

embryos compared to their fold change in Nanog Dox+ embryos (Fig. 3.8D). We colored genes 

that were significantly overexpressed in Nanog Dox+ embryos pink and those significantly 

underexpressed, light blue. Additionally, we calculated the regression line depicting the 

relationship between fold changes in gene expression in Nipbl+/- vs. Nanog Dox+ embryos. At 

LB-stage, the slope of the regression line between Nipbl+/- and E7.5 Nanog Dox+ embryos was 
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0.8, implying that, on average, the fold changes in gene expression in Nipbl+/- embryos are 

quantitatively similar to those in Nanog Dox+ embryos (Fig. 3.8D). Fig. 3.8D also depicts that, 

at LB-stage, Nipbl+/- embryos upregulate 46% of the same genes that were overexpressed in E7.5 

Nanog Dox+ embryos and downregulate 93% of the same genes that were underexpressed in 

E7.5 Nanog Dox+ embryos. (Similar analysis was performed at CC-stage, and is described in 

Fig. S3.15D.) These findings highlight a remarkable similarity in gene expression changes 

between Nipbl+/- and Nanog Dox+ embryos. 

Fourth, we examined the magnitudes of fold changes in individual gene expression in 

Nipbl+/- embryos and Nanog Dox+ embryos, focusing on the 50 most highly up- and down-

regulated genes in Nanog Dox+ embryos.  As shown in Fig. 3.8E, we categorized genes into two 

groups at each stage: those overexpressed in Nanog Dox+ embryos (ranked from top to middle) 

and those underexpressed in Nanog Dox+ embryos (ranked from bottom to middle), ordering 

them by ascending Q-value. Next, we constructed a heatmap that visually captures the fold 

changes in gene expression within Nanog Dox+ whole embryos, contrasting them with the 

corresponding fold changes in the individual germ layers of Nipbl+/- embryos (Fig. 3.8E). E7.5 

Nanog Dox+ embryos overexpressed genes linked with the Nodal signaling pathway (Tdgf1, 

Eomes, Fgf5, Lhx1, Foxd3, Lefty2, and Nodal) (260-263, 277-279) and those integral to 

maintaining pluripotency (Nanog and Pou5f1) (Fig. 3.8E) (275). Concurrently, they 

underexpressed genes associated with primitive erythropoiesis (Hbb-bh1, Tal1, and Lmo2) (280, 

281) and specific Hox genes (Hoxa1, Hoxb3os, and Hoxb1). Strikingly, this pattern of fold 

changes was mirrored, to a remarkable degree, in the germ layers of LB-stage Nipbl+/- embryos 

(Fig. 3.8E). (The corresponding analysis for CC-stage embryos is given in Fig. S3.15E.) 
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Differentially expressed genes from Nipbl+/- embryos are enriched for Nanog binding sites 

 Given the large overlap between the gene expression changes observed in LB-stage 

Nipbl+/- embryos and E7.5 Nanog Dox+ embryos, we wondered how many differentially 

expressed genes in Nipbl+/- embryos might be direct targets of Nanog. Although genome-wide 

patterns of Nanog binding have not been characterized for embryos at this stage, many groups 

have used chromatin immunoprecipitation sequencing (ChIP-seq) to define Nanog binding sites 

in mESCs. We turned to a recent study (282), in which Avsec et al. captured 52,456 Nanog 

binding sites in the genome of mESCs, and reported that 3,645 genes showed one or more Nanog 

binding sites located within 250 nt on either side of their transcription start sites (Fig. 3.8F). On 

comparing these genes with those up- and down-regulated in LB-stage Nipbl+/- embryos, we 

found that 25% of the overexpressed genes and 22% of the underexpressed genes match those 

genes with Nanog binding sites in mESCs (Fig. 3.8, G and H). This represented significant 

enrichment for Nanog binding sites in differentially vs. non-differentially expressed genes 

(P<1x10-12 and P<2x10-16, Fisher’s Exact Tests). These data suggest that a substantial portion of 

differentially expressed genes in LB-stage Nipbl+/- embryos could indeed be direct targets of 

Nanog.  

Nanog overexpression may account for the downregulation of FHF drivers in Nipbl+/- mice 

 As shown above in Fig. 3.3K and Fig. S3.13, FHF drivers and PM antidrivers are 

downregulated in LB-stage Nipbl+/- mice. Given the large overlap between downregulated genes 

in LB-stage Nipbl+/- embryos and downregulated genes in E7.5 Nanog Dox+ embryos (Fig. 3.8, 

B and D), we wondered how many of the downregulated FHF drivers and PM antidrivers in 

Nipbl+/- embryos could have their changes in expression attributed to the overexpression of 

Nanog. To answer this question, we compared the FHF drivers and PM antidrivers 
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downregulated in LB-stage Nipbl+/- embryos to those genes exhibiting downregulation in E7.5 

Nanog Dox+ embryos. We found that approximately 40% of the FHF drivers and 38% of the PM 

antidrivers that were downregulated in Nipbl+/- embryos were also downregulated in E7.5 Nanog 

Dox+ embryos (Fig. 3.8, I and J). This raises the possibility that overexpression of Nanog leads 

to the downregulation of FHF drivers and PM antidrivers, and that this results in the 

misallocation of mesoderm cells to a PM fate at the expense of FHF (Fig. 3.3 and Fig. 3.8K). 
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Fig. 3.8. LB-stage Nipbl+/- mice replicate the gene expression changes of Nanog 

overexpression.  

(A) Fold change in expression of DEGs in LB-stage Nipbl+/- embryos (Q < 0.05, Mann-Whitney 

U Test) that are also DEGs in E7.5 Nanog Dox+ embryos (Q < 0.05, T-Test) (276). (B) 

Percentage of DEGs in LB-stage Nipbl+/- embryos that are also DEGs in E7.5 Nanog Dox+ 

embryos (276). (C) Fold change in expression of DEGs in the germ layers of LB-stage Nipbl+/- 

embryos that are also DEGs in E7.5 Nanog Dox+ embryos (276). (D) Fold change in expression 

of genes in LB-stage Nipbl+/- embryos versus their fold change in E7.5 Nanog Dox+ embryos. 

DEGs in E7.5 Nanog Dox+ embryos (276) are colored pink and light blue. (E) Heatmap of the 

fold change in expression of DEGs from E7.5 Nanog Dox+ embryos (lowest Q-values from T-

Test) (276) in the germ layers of LB-stage Nipbl+/- embryos. (F) ChIP sequencing for Nanog in 

mESCs from (282) identified 3,646 genes with one or more Nanog binding sites within +/- 250 

nt of their TSSs. (G) Fold change in expression of DEGs in LB-stage Nipbl+/- embryos with one 

or more Nanog binding sites from (282). (H) Percentage of DEGs in LB-stage Nipbl+/- embryos 

with one or more Nanog binding sites from (282). Fold change in expression of DEGs in 

mesoderm cells of (I) FHF and (J) PM lineages of LB-stage Nipbl+/- embryos that are also DEGs 

in E7.5 Nanog Dox+ embryos (276). Transcription factor genes are labeled. (K) Reduction of 

Nipbl levels leads to the upregulation of Nanog in LB-stage Nipbl+/- embryos and 

downregulation of FHF drivers and PM antidrivers, resulting in the misallocation of mesoderm 

cells to PM at the expense of FHF.   
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Nipbl+/- mice exhibit delayed expression of anterior Hox genes 

We noticed that LB-stage Nipbl+/- embryos exhibited a significant underexpression, 

exceeding 2-fold, in Hox genes across all germ layers, especially genes within the Hoxb cluster 

(Fig. 3.6D and Fig. 3.8C). As Hox genes are integral to spatial patterning in development, we 

compared the expression of all Hox genes in Nipbl+/- embryos with their WT counterparts. The 

results, shown in Fig. 3.9, A and B, revealed extensive misexpression at both LB- and CC-stage. 

At LB-stage, any Hox gene that was significantly differentially expressed was underexpressed in 

Nipbl+/- embryos in every germ layer where expression was detectable (Fig. 3.9A). At CC-stage, 

we observed a trend of underexpression across all germ layers for the majority of misexpressed 

Hox genes (Fig. 3.9B), but exceptions were found in the mesoderm and ectoderm, where a select 

few Hox genes were overexpressed. These included Hoxb1 and Hoxb2 in the mesoderm and 

Hoxa1 in the ectoderm, all of which are characterized as anterior Hox genes. 

Hox genes are organized into chromosomal clusters that turn on expression in a wave-like 

temporal pattern, producing highly structured and sequential activation during development. 

Specifically, genes at the 5' end of the cluster, known as anterior Hox genes, are activated early 

in development, and progressively silenced as genes further forward the 3' end (posterior Hox 

genes) are turned on (149). To investigate whether our data reflected this known pattern, we 

examined the Hoxb genes, as they were the most prominently expressed Hox genes at both LB- 

and CC-stage. After ordering them according to their chromosomal positions, we plotted their 

expression within the mesoderm and ectoderm of WT embryos at the corresponding 

developmental stages. In the mesoderm of LB-stage embryos anterior Hoxb genes were actively 

expressed, while posterior Hoxb genes were only faintly detectable, if at all (Fig. 3.9C). At CC-

stage, the expression of anterior Hoxb genes decreased from their LB-stage levels, accompanied 
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by the emergence of posterior Hoxb gene expression (Fig. 3.9C). This dynamic shift in 

expression aligns closely with the established understanding of Hox gene regulation during 

development. In contrast, the ectoderm exhibited a less pronounced pattern, with both anterior 

and posterior Hoxb genes expressing at minimal levels (Fig. 3.9D). No discernible difference in 

the expression of anterior Hoxb genes was detected in the ectoderm between LB- and CC-stage 

embryos (Fig. 3.9D).  

Next we looked at the expression of Hoxb genes in the mesoderm of Nipbl+/- embryos. As 

in WT embryos, anterior Hoxb genes were actively expressed at LB-stage, while posterior Hoxb 

genes were silent (Fig. 3.9E). However, Hoxb1 and Hoxb2 were expressed at levels that were 

conspicuously lower than in WT (Fig. 3.9E). At CC-stage, Nipbl+/- embryos reflected the general 

trend found in WT embryos, with anterior Hoxb genes waning in expression as the posterior 

Hoxb genes began their ascent (Fig. 3.9F, note axis scale). Interestingly, the two most anterior 

Hox genes, Hoxb1 and Hoxb2 did not decline as much, proportionally, as they did in WT 

embryos, with the outcome being that, by CC-stage, expression of Hoxb1 and Hoxb2 in Nipbl+/- 

embryos was actually higher than in WT (Fig. 3.9F). These results collectively provide evidence 

for a temporal disruption in the Hox gene expression program in Nipbl+/- embryos. Specifically, 

Hox genes appear to be delayed in initiating expression at the LB-stage and similarly tardy in 

becoming suppressed at the CC-stage.  

  



130 
 

 

Fig. 3.9. Nipbl+/- mice show a delay in the expression of anterior Hox genes.  
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Expression of Hox genes in germ layers of WT and Nipbl+/- embryos at (A) LB- and (B) CC-

stage. Expression of Hoxb genes in mesoderm (C) and ectoderm (D) of WT embryos from LB- 

to CC-stage ordered from left (5’) to right (3’) by their chromosomal position. Expression of 

Hoxb genes in mesoderm of WT embryos at (E) LB- and (F) CC-stage ordered from left (5’) to 

right (3’) by their chromosomal position.   
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Nipbl+/- mice show anteriorization of thoracic vertebrae, with left-right asymmetry  

A previous study (283) showed that a knockout of Hoxb1-Hoxb9 in mice led to the 

anteriorization of the axial skeleton, characterized by an increased number of thoracic vertebrae 

with ribs. Since Nipbl+/- mice underexpress Hox genes and show delayed regulation of anterior 

Hox genes, we were curious if similar anteriorizations could be detected in Nipbl+/- mice (Fig. 

3.9). To explore this, we analyzed the vertebrae and ribs of 15 WT and 12 littermate Nipbl+/- 

embryos at E18.5, using alizarin red and alcian blue stains. In WT embryos, we confirmed the 

presence of the normal count of 13 ribs (Fig. 3.10A). In contrast, many Nipbl+/- embryos 

displayed 14 thoracic vertebrae, the 14th of which bore a range of rib growths, often displaying 

left-right asymmetry (Fig. 3.10A). We classified the growths of these 14th vertebrae based on 

severity, ranking them from low (ss1) to high (ss5), and documented left-right differences (Fig. 

3.7B). Three out of 7 Nipbl+/- embryos displayed partial growth of a 14th rib on the left side only 

(S1-S2). These growths were either cartilage only or disconnected formation of rib nub with 

cartilage, but never any whole ribs. Four out of 7 Nipbl+/- embryos showed bilateral growth (S3-

S5). Partial growth occurred on both the left and right sides, but complete formation a whole rib 

only ever occurred, in one instance, on the right side (S5). In total, 58% of E18.5 Nipbl+/- 

embryos demonstrated some form of rib growth from a 14th thoracic vertebra (Fig. 3.10C). 

These findings suggest that anteriorization of the axial vertebrae does occur in Nipbl+/- embryos, 

possibly as a result of delayed activation (and inactivation) of anterior Hox gene expression.  
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Fig. 3.10. Nipbl+/- mice show anteriorization of thoracic vertebrae with left-right 

asymmetry. 

(A) Dorsal view of bone (alizarin red) and cartilage (alcian blue) stained rib cage of E18.5 WT 

and Nipbl+/- embryos. WT embryos only show 13 ribs. Nipbl+/- embryos show incomplete 

asymmetric growth of 14th rib. ss1-ss5 refers to severity score in Fig. 3.10B. 13 = 13th thoracic 

vertebrae, L1 = 1st lumbar vertebrae, C = cartilage, N = rib nub, R = whole rib. (B) Table 

categorizing range of incomplete asymmetric growth of 14th rib observed in E18.5 Nipbl+/- 

embryos and ranking them by their severity (low = ss1, high = ss5). (C) Table quantifying 

numbers of WT and Nipbl+/- embryos in which incomplete asymmetric growth of 14th rib was 

observed per severity score. P-value from Chi-Squared Test. 



134 
 

Discussion 

The Nipbl+/- mouse, a model of the multisystem birth defects syndrome, Cornelia de 

Lange Syndrome (CdLS) (64), offers a distinct lens through which to explore the genetic origins 

of birth defects. Nipbl+/- mice display many of the same birth defects observed in human CdLS 

and a key feature of Nipbl-deficiency across various organisms is quantitative alterations in gene 

expression, including both upregulation and downregulation, affecting at least hundreds of genes 

in every tissue (10, 18, 284). Previous research into animal models of Nipbl-deficiency suggested 

that the root causes of birth defects in CdLS likely manifest during a period when progenitor cell 

populations are being formed for all major tissue and organ lineages (11, 18). Therefore, to 

elucidate how early, cell-type-specific changes in gene expression might contribute to the onset 

of birth defects, we used scRNAseq to conduct a comparative analysis between Nipbl+/- embryos 

and their WT littermates at key developmental stages, focusing on the conclusion of gastrulation, 

LB-stage (approximately E7.5) to early CC-stage (approximately E7.75) (136).  

Changes in the sizes of different mesodermal cell populations in Nipbl+/- embryos 

foreshadow pathological changes in tissue composition and patterning in CdLS 

In Fig. 3.1, we showed that Nipbl+/- embryos do not lack any cell populations found in 

WT embryos. However, LB-stage Nipbl+/- embryos possess fewer total mesoderm cells, and 

within the mesoderm, have fewer PEs and FHF cells, and more PM cells (Fig. 3.2). These 

changes, while not always large, are likely to be of physiological importance. For example, the 

observation that PEs are reduced in number is consistent with defects in blood formation and 

circulation observed in Nipbl-morphant zebrafish (11), and thrombocytopenia in CdLS (89).  

In addition, the reduction in FHF cell number could contribute to the presence of CHDs 

in Nipbl+/- mice and individuals with CdLS (18, 79). In a prior study in Nipbl+/- mice, the 
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majority of CHDs observed were in heart regions (right ventricle, atrial/ventricular septa) 

considered to be derivatives of the second heart field (SHF) (18). Although FHF cells are not 

thought to give rise directly to “SHF structures”, they likely exert indirect effects on the 

development of SHF derivatives. This echoes the conclusions of Santos et al., 2016 (18), who 

found that complex interactions between different cell types (even between non-cardiogenic and 

cardiogenic cell types), influence the incidence of CHDs in Nipbl+/- mice.  

The increased number of PM cells at LB-stage is intriguing, as it correlates with observed 

defects in PM derivatives, including the axial skeleton (Fig. 3.10) and limb digits in Nipbl+/- 

mice (285). Notably, both such deficits are features of CdLS (60). How an overabundance of PM 

cells could contribute to limb defects is not obvious. Nevertheless, these findings suggest that 

birth defects in Nipbl-deficient organisms arise not only from the absence of specific progenitor 

cell populations, but also from progenitor cell misallocation events that alter the relative 

proportions of cell types. 

Progenitor cell misallocation in Nipbl+/- correlates with changes in the expression of cell fate 

driver genes 

Nipbl+/- embryos at LB-stage did not exhibit global changes in apoptotic activity, cell 

proliferation, developmental timing, or overall lineage trajectories (Fig. S3.11, Fig. S3.12, Fig. 

3.3, and Fig. 3.4). However, we produced evidence that nascent mesoderm cells in Nipbl+/- 

embryos differentiated more frequently into PM than FHF, compared to WT (Fig. 3.4, C to I). 

This led us to conclude that misallocation of mesoderm cells in Nipbl+/- embryos is driven by 

alterations in early cell fate choices that occur along the main pathways of otherwise unaltered 

lineage trajectories.  These findings suggest that some types of structural birth defects, such as 
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heart defects, arise from quantitative alterations to cell fate determination, rather than a complete 

disruption of an entire lineage pathway. 

In Fig. 3.5, we presented evidence that reduced differentiation of mesoderm cells into 

FHF in Nipbl+/- embryos could be attributed to the underexpression of genes predicted to drive 

FHF differentiation. Interestingly, underexpressed FHF driver genes show strong enrichment for 

genes associated with EMT (Fig. 3.5, J and K). EMT not only occurs during the emergence of 

mesenchymal mesoderm and FHF cells during gastrulation; it also plays a role in the 

contribution of later cell lineages (SHF cells, endocardial cells, and neural crest cells) to various 

cardiac structures. SHF cells undergo EMT as they participate in the elongation of the heart tube 

and outflow tract (286), and endocardial cells undergo EMT as they form structures such as the 

cardiac cushion (160). Later in development, migratory neural crest cells, which arise from 

neural epithelium by EMT, contribute to the aorticopulmonary septum and parts of the outflow 

tract (287). Taken together, these observations suggest that dysregulation of EMT genes may 

play an important role in the development of heart defects in Nipbl+/- mice. 

Is Nanog overexpression responsible for gene expression changes in Nipbl+/- embryos? 

In contrast to our prior studies of Nipbl+/- mice, in which differences in gene expression 

were invariably found to be small (less than 2-fold) (10), the present study demonstrated that, in 

gastrulation stage embryos, some genes show much larger shifts in expression (as high as eight-

fold) (Figs. 6D and 8H). One of the largest of such changes was in Nanog, which displayed 

overexpression in LB-stage Nipbl+/- embryos, and which persisted to CC-stage (Figs. 7 and 8). 

Using data from Tiana et al., 2022 (276), we demonstrated that many of the gene expression 

changes in Nipbl+/- embryos mirror those seen in embryos with induced Nanog overexpression 

(Fig. 3.8, A to E, and Fig. S3.15, A to E). Moreover, many Nipbl+/- DEGs are likely to be direct 
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Nanog targets, as the corresponding genes display enrichment for Nanog binding sites (Fig. 3.8, 

F and H). Comparisons of our data with those of Tiana et al., 2022 (276) also suggest that 

misallocation of mesoderm cells to a PM fate at the expense of FHF, resulting from 

downregulation of FHF drivers / PM antidrivers, may be a consequence of Nanog overexpression 

(Fig. 3.3 and Fig. 3.8K).  

A question that arises from these observations is whether all gene expression alterations 

observed in Nipbl+/- embryos might be due to Nanog overexpression. For a number of reasons, 

we do not think that this is the case. First, for the largest gene expression shifts (greater than two-

fold over- or underexpressed), only 39% at LB-stage and 18% at CC-stage were misexpressed in 

the same direction as DEGs in embryos in which Nanog was overexpressed (Fig. 3.8 and Fig. 

S3.15) (276). Second, although Nanog continues to be overexpressed in Nipbl+/- embryos from 

LB- to CC-stage, the magnitude of its expression decreases substantially by CC-stage (Fig. 3.7). 

Third, Nipbl-haploinsufficiency itself causes significant, large expression changes in other genes 

not implicated as consequences of Nanog overexpression. For instance, we observed reduced 

expression of genes linked to the Notch signaling pathway in the mesoderm, and increased 

expression of adult hemoglobin genes in the endoderm (Fig. 3.6). Therefore, we conclude that 

the extensive gene expression changes in Nipbl+/- embryos are unlikely to be due to Nanog 

overexpression alone.  

Skeletal anomalies in Nipbl+/- mice reflect earlier delays in anterior Hox gene expression 

In Figs. 4D and 8G, we showed that large decreases in Hox gene expression occur across 

all germ layers of LB-stage Nipbl+/- embryos. While only a subset of Hox genes is 

underexpressed by more than two-fold, many Hox genes across all germ layers show small (less 

than two-fold) but significant decreases in expression (Fig. 3.9A). We also provide evidence for 
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a temporal disturbance in anterior Hox gene expression in Nipbl+/- embryos, whereby Nipbl-

haploinsufficiency postpones the onset of anterior Hox gene expression at LB-stage and delays 

their subsequent deactivation at CC-stage (Fig. 3.9, C to F). These shifts in Hox gene expression 

dynamics mirror those in a previous study of nipbl-morphant zebrafish, in which genome-

location-specific misexpression of hox genes was also observed (288). In Fig. 3.10, we showed 

that anteriorization of thoracic vertebrae occurs in E18.5 Nipbl+/- mice (Fig. 3.9). Such alterations 

in axial skeletal development parallel skeletal anomalies that have been identified in individuals 

with CdLS, including fused, absent, or misshapen ribs (62). Since Nipbl-deficiency is the 

dominant form of CdLS, it is interesting to speculate that these skeletal anomalies might 

originate from underexpression of and delayed anterior Hox gene activity during gastrulation.  

Overexpression of Nodal signaling pathway genes may contribute to left-right patterning 

defects in CdLS 

In Fig. 3.4D, we showed that Nipbl+/- embryos at LB-stage show large overexpression of 

genes associated with the Nodal signaling pathway across all germ layers. Nodal signaling, 

pivotal for left-right patterning (289), ensures the appropriate positioning and morphogenesis of 

the musculoskeletal system and internal organs (290). In Fig. 3.10, we showed that growth of a 

14th vertebra in E18.5 Nipbl+/- embryos displayed left-right asymmetry, with the growth of a 

whole 14th rib only occurring on the right side of the embryo. Such patterning alterations are 

consistent with the heightened incidence of right-sided skeletal anomalies in CdLS (60). Changes 

in left-right patterning are also consistently associated with intestinal malrotation and some types 

of cardiac anomalies observed in Nipbl+/- mice, nipbl-morphant zebrafish, and CdLS (10, 17, 

18). These data suggest that left-right patterning defects in CdLS might be due to overexpression 

of Nodal signaling genes as early as gastrulation.  
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Gene expression changes observed in early Nipbl+/- embryos are likely driven by Nipbl’s 

effects on chromatin topology  

The results of this study, together with prior studies of mouse and zebrafish models, 

reinforce the notion that the chromosomal location of genes is an important factor in their 

sensitivity to variations in Nipbl levels. For example, our prior studies of Nipbl+/- embryonic 

brain demonstrated that the largest expression changes among genes in the 22-gene 

protocadherin beta (Pcdhb) cluster were found in those genes situated at the 5’ and 3' ends of the 

cluster (10), where CTCF sites are located (291). In developing pectoral fins of nipbl-morphant 

zebrafish, hox genes located near the 3' end of three separate hox clusters (hoxa, hoxc, and hoxd) 

show a position-dependent pattern of overexpression (288). Similarly, in the present study, we 

showed that anterior Hoxb genes – located at the 3' end of the Hoxb cluster – are preferentially 

underexpressed in the mesoderm of Nipbl+/- embryos at gastrulation (Fig. 3.8E). Thus, we 

consistently observe a strong influence of chromosomal location on gene sensitivity to Nipbl 

levels, particularly within gene clusters, and this influence is already apparent at gastrulation.  

Recent studies suggest that changes in gene expression due to Nipbl-deficiency may be 

the result of global alterations to chromosomal structure and organization. For instance, drastic 

reduction of Nipbl expression in mouse hepatocytes resulted in genome-wide depletion of 

topologically associated domains (TADs) and Hi-C interaction peaks (292), both of which 

require chromatin looping (293). In fact, recent studies have demonstrated that both the 

formation and rate of chromatin loop extrusion were reduced in vitro when a CdLS pathogenic 

mutation was introduced into NIPBL (294). 

Chromatin looping within TADs is thought to bring distant cis-regulatory elements, such 

as enhancers, into proximity with target promoters. Interestingly, Nipbl has been reported to 
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preferentially bind to enhancers and promoters (295), and ChiP-seq studies show reduced 

enhancer-promoter interactions in Nipbl+/- mouse embryonic fibroblasts (296). Since chromatin 

looping is essential for gene activation, impaired loop extrusion as a consequence of reduced 

Nipbl levels may provide an explanation for why Nipbl-haploinsufficiency causes more genes to 

be downregulated than upregulated in gastrula-stage mouse embryos (e.g., >80% of mesodermal 

genes, Fig. 3.6A), a trend that has been observed in studies of other tissues (296).  

In light of such observations, it is interesting that overexpression of Nanog and its target 

genes emerged from the present study as particularly likely to play important roles in causing 

CdLS phenotypes.  During normal gastrulation, Nanog expression falls to very low levels in 

most cell types, so what occurs in Nipbl+/- embryos is perhaps best viewed as a failure of gene 

repression.  Although it is possible that Nipbl+/- haploinsufficiency leads to downregulation of a 

gene encoding a Nanog repressor, no obvious candidate stands out within the gene expression 

changes identified in the present study.  We speculate, instead, that Nipbl-sensitive loop 

formation is required for the silencing of Nanog gene expression during gastrulation, and thus 

that changes in chromatin architecture play a key role in timing the termination of this critical 

embryonic event.   

Materials and Methods 

Statement on Care and Use of Animals 

All animals were handled in accordance with approved procedures as defined by the 

National Institutes of Health, and all animal work was approved by the Institutional Animal Care 

and Use Committee of the University of California, Irvine. For collection of mouse tissues, 

pregnant dams were humanely killed by CO2 anesthesia followed by cervical dislocation. 
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Generation of WT and Nipbl+/- Mice 

WT and Nipbl+/- mouse littermates were generated by mating NanogCre/+ mice (145) and 

NipblFlox/Flox mice (18). NipblFlox/Flox mice have an inverted gene trap cassette encoding b-geo that 

is flanked by Cre recombinase target sites in intron 1 of Nipbl alleles (Fig. 3.1A) (18). In this 

inverted orientation, referred herein as Flox, there is no trapping of the Nipbl gene and Nipbl is 

expressed normally. However, when this cassette is exposed to Cre recombinase, the gene trap 

cassette gets inverted into a non-inverted orientation which we call FIN (Fig. 3.1A). In this non-

inverted orientation, trapping of the Nipbl gene occurs and b-geo is expressed as a reporter of 

successful gene trapping. Therefore, the Nipbl FIN allele is a null allele. NanogCre/+ mice carry a 

transgene encoding a Cre recombinase downstream of a promoter of the Nanog gene and initiate 

recombination in the earliest cells of the embryo (145). Consequently, mating NanogCre/+ mice 

with NipblFlox/Flox mice results in littermates that are either NipblFlox/+ or NipblFIN/+, entirely. 

NipblFlox/+ mice express Nipbl at wildtype levels (Fig. 3.1A) and show no defects, making them 

essentially WT (18).  NipblFIN/+ mice express Nipbl at levels ~50% lower than WT (fig. S3), and 

show defects similar to those observed in CdLS, making them essentially Nipbl+/- (18). 

Timing of Mouse Pregnancies  

 To generate female mice that were pregnant on the same day, male mice were singly 

housed and female mice were group-housed in groups of five for a minimum of one week to 

synchronize their estrous cycles, thus taking advantage of the Lee-Boot effect (297). At the 

beginning of the night cycle, the bedding from female cages were discarded and the bedding 

from at least two male cages were transferred into each of them. At the beginning of the third 

night cycle after which the females were exposed to male bedding, all females were transferred 

into male cages, resulting in two females per male, thus taking advantage of the Whitten effect 
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(298).  At the end of the third night cycle, the females were inspected for vaginal plugs. Those 

that had vaginal plugs were considered potentially pregnant. To time the dissection of embryos 

from potentially pregnant females, we considered the end of the 12-hour night cycle after which 

the vaginal plug was discovered as E0 and dissected the embryos at the following times post E0: 

E7.5 (7 days + 12 hours) for late bud stage, E7.75 (7 days + 18 hours) for cardiac crescent stage, 

E7.41 (7 days + 10 hours) for early bud stage, E7.58 (7 days + 14 hours) for early head fold stage 

embryos, and at E18.5 (18 days + 12 hours). 

Dissection of Mouse Embryos 

Pregnant female mice were euthanized by CO2 inhalation followed by cervical 

dislocation. The uterine horns were dissected out of their abdomens with dissection forceps and 

scissors and placed in a petri dish with 1X DEPC PBS on ice. Individual deciduae were 

separated from one another and transferred into their own petri dishes with 1X DEPC PBS on 

ice. Embryos were dissected out of each deciduae under a dissection microscope as described in 

(299). The Reichert’s membrane was removed from each embryo. The ectoplacental cone was 

separated from embryos collected for scRNAseq, and transferred by forcep into microcentrifuge 

tubes, where they were kept on ice or stored at 20°C as tissue for polymerase chain reaction 

(PCR) genotyping. The exocoelom was separated from embryos collected for scRNAseq and 

transferred into a welled plate by wide bore pipette tip with fixative on ice as tissue for 

genotyping by X-gal stain. Embryos for scRNAseq were transferred by wide bore pipette tip 

with 1X DEPC PBS into microcentrifuge tubes and kept on ice until dissociation. Tails were 

separated from E18.5 embryos collected for Alcian Blue – Alizarin Red staining. Embryos for 

Alcian Blue – Alizarin Red staining were transferred by forcep into 10% neutral buffered 

formalin in scintillation vials and kept at 4°C for 24 hours.  
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Genotyping of Mouse Embryos and ES Cells 

X-gal Stain 

 Since NipblFIN/+ (Nipbl+/-) mouse embryos express b-geo (beta-galactosidase), their tissues 

will turn blue when they are treated with X-gal, a substrate that releases a blue chromophore 

when enzymatically acted on by beta-galactosidase. The exocoeloms from embryos were 

transferred into welled plates containing fixative (0.2% Glutaraldehyde, 5mM EGTA, and 2mM 

MgCl2 in 0.1M phosphate buffer, pH 7.5) and kept on ice for a minimum of 15 min. After 

fixation, the exocoeloms were rinsed with a detergent rinse (0.02% Igepal, 0.01% Sodium 

Deoxycholate, and 2mM MgCl2 in 0.1M phosphate buffer, pH 7.5) before they were treated with 

X-gal stain (0.02% Igepal, 0.01% Sodium Deoxycholate, 5mM Potassium Ferricyanide, 5mM 

Potassium Ferrocyanide, and 2mM MgCl2 in 0.1M phosphate buffer, pH 7.5). The exocoeloms 

were incubated in X-gal stain at 37°C in the dark for a minimum of 1 hour after which they were 

inspected for coloration under a dissection microscope. Those that turned blue were considered 

Nipbl+/- (NipblFIN/+) and those that did not were considered WT. 

Polymerase Chain Reaction 

Ectoplacental cones were treated with 50 ul 60 ug/ml proteinase K in PBND (50 mM 

KCl, 10 mM Tris-HCl, 2.5 mM MgCl2, 0.1 mg/ml gelatin, 0.45% Nonident P40, and 0.45% 

Tween 20), for 1 hour at 55℃ to extract DNA for PCR. To deactivate proteinase K so that it 

does not interfere with DNA amplification, they were then incubated at 95℃ for 10 min. To 

genotype mouse embryos as either NipblFlox/+ (WT) or NipblFIN/+ (Nipbl+/-) and ES cells as either 

NipblFlrt/+ (WT) or NipblFLEX/+ (Nipbl+/-), standard Taq PCR was performed on the extracted DNA 

using the primers and thermocyling protocol previously described in (18). Primer 1: 5’-CTCCGC 

CTCCTCTTCCTCCATC-3’. Primer 2: 5’-CCTCCCCCGTGCCTTCCTTGAC-3’. Primer 3: 5’-
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TTTGAGGGGACGACGACAGTCT-3’. Thermocycling conditions: 1 cycle a 95°C for 30 sec, 

30 cycles of 95°C for 1 min, 59°C for 30 sec, and 68°C for 1 min, 1 cycle at 68°C for 5 min, and 

hold at 4°C. PCR products were treated with loading dye and electrophoresed in agarose gel 

stained with SYBER Safe DNA Gel Stain (Invitrogen: S33102) without cleanup and visualized 

under UV light. Flox conformation: 782 base pairs (bp). FIN conformation 518 bp. Flrt 

conformation: 735 bp. FLEX conformation: 652 bp. 

Single Cell RNA Sequencing 

 Embryos were transferred by wide bore pipette tip in 20 ul 1X DEPC PBS into 

microcentrifuge tubes. 200 ul of 1X TrypLE Express Enzyme with phenol red (Gibco: 

12605010) prewarmed to 37°C was added to each embryo. Embryos were triturated 4x with a 

wide bore pipette tip. Embryos were incubated at 37°C and triturated 4x with a wide bore pipette 

tip every minute (4-8 min) until no tissue aggregates were visible under a dissection microscope. 

TrypLE Expres Enzyme activity was inactivated with the addition of pre-ice-chilled 200 ul 

0.04% (m/v) non-acetylated BSA in DPBS (Sigma-Aldrich: B6917-100MG, Gibco: 14190144). 

The resulting cell suspension was underlayed with 200 ul of 1% non-acetylated BSA in HBSS 

(Sigma: 55021C-1000ML) using a gel loading pipette tip. The suspension was centrifuged in a 

swing bucket centrifuge at 300 rcf for 5 min at 4°C. 600 ul of supernatant was removed without 

disturbing the cell pellet. 600 ul of HBSS was added to the cell pellet and the cell pellet was 

resuspended in it using a wide bore pipette tip. The resulting cell suspension was centrifuged in a 

swing bucket centrifuge at 300 rcf for 5 min at 4°C. 600 ul of supernatant was removed without 

disturbing the cell pellet. The cell pellet was resuspending in the remaining 20 ul of supernatant 

using a wide bore pipette tip. 
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 20 ul single cell suspensions were submitted to the Genomics High Throughput Facility 

(GHTF) at the University of California, Irvine (300) for scRNAseq using 10X Genomics’ 

Chromium Next GEM Single Cell 3’ Kit v3.1 (10x Genomics: 1000268), Chromium Next GEM 

Chip G Single Cell Kit (10x Genomics: 1000120), and Chromium Controller. Passage through 

the Chromium Controller resulted in sample, cell, and transcript barcoded cDNA, which GHTF 

amplified by PCR. GHTF assessed the quality and quantity of the amplified cDNA by 

electrophoresis using Agilent’s Agilent High Sensitivity DNA Kit (Agilent: 5067-4626) and 

Bioanalyzer before library construction. Constructed libraries, representing embryonic samples, 

were multiplexed and sequenced by GHTF on the Illumina HiSeq 4000 to a minimum depth of 

20 million read pairs per cell. GHTF demultiplexed Illumina’s raw base call (BCL) files and 

returned FASTQ files as deliverables.   

Read Mapping and Cell Calling 

  Cell Ranger v3.0 was used to map reads onto the GRCm38/mm10 C57BL/6J Mus 

musculus genome/transcriptome assembly and call cells. Cell Ranger does this by using a read 

mapper called STAR (301), which performs splicing-aware mapping of reads to the genome. 

Reads are considered confidentially mapped to the genome with a MAPQ of 255. Exonic reads 

are further mapped to annotated transcripts. A read that is compatible with the exons of an 

annotated transcript, and aligned to the same strand, is considered mapped to the transcriptome. 

CellRanger called cells using the EmptyDrops method described in (302).  

Normalization of Library Depth 

Cell Ranger v3.0 was used to normalize the read depth between libraries of the same 

stage. Cell Ranger does this by subsampling reads from higher-depth libraries until all libraries 

of the same stage had an equal number of reads.   
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Removal of Low-Quality Cells and Doublets 

Cells exceeding three median absolute deviations in any one of the following criteria 

among cells of the same stage were considered either low-quality cells or doublets (303) and 

removed: 1) percentage of mitochondrial genes expressed, 2) number of genes expressed, and/or 

3) number of transcripts detected (Fig. S3.2 and Fig. S3.8). 

Normalization of Cell Depth 

 Seurat v3.0 was used to normalize the read depth between cells of the same stage using 

the SCtransform method, which is described in (304). SCtransform does this by modeling the 

read counts in a regularized negative binomial model to determine the variation due to read depth 

and then adjusting that variance according to genes of similar abundances.  SCtransform was 

also used to normalize the read depth between cells when cells were subset from the whole 

embryo into germ layers and clusters.  

Batch Effect Correction 

 Seurat v3.0 was used to correct for batch effects among libraries of the same stage and 

genotype. Seurat does this by identifying a set of shared variable genes among the libraries being 

considered, and using these genes, identifies pairs of cells between any two libraries whose 

expression of these genes are similar to other. These pairs of cells act as anchors between 

libraries for batch effect correction and integration (193). 

Clustering of WT Cells 

 Seurat v3.0 was used to cluster WT cells. Seurat does this by first performing principal 

component analysis on the shared variable genes identified during batch effect correction and 

integration. Principal components whose explained variances exceeded 2 median absolute 

deviations were used to calculate k-nearest neighbors and construct a shared nearest-neighbor 
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graph. Clusters were determined by optimization of the modularity function using the Louvain 

algorithm. The number of clusters was controlled by modulating the resolution function.  

 The optimal number of clusters was determined by clustering cells at increasing 

consecutive numbers of clusters and generating a clustering tree (Fig. S3.5) visualizing how cell 

cluster identities change as the number of clusters consecutively increase. Clusters are stable 

when a large proportion of cells are derived from a single preceding cluster rather than multiple 

preceding clusters. We adopted Shannon Entropy as a measure of these proportions as a measure 

of intra-cluster stability. A low Shannon Entropy represents high intra-cluster stability. We 

visually inspected the clustering tree to determine which number of clusters maximized the 

number of clusters while at the same time minimizing the total Shannon Entropy across all 

clusters at that number of clusters.  

 We further performed differential gene expression analysis between clusters and 

visualized the expression of the top differentially expressed genes in a heatmap.  We visually 

inspected the heatmap to confirm that the number of clusters that was selected for intra-cluster 

stability also displayed inter-cluster differences in gene expression. 

Differential Gene Expression Analysis Between Clusters 

 Seurat v3.0 was used to perform differential gene expression analysis between clusters. 

For each cluster, Seurat performs the Mann-Whitney U Test (a non-parametric test) between 

cells in that cluster and all other cells using normalized read counts. P-values were corrected for 

false discovery using the Bonferroni correction method. Genes with Q-values less than 0.05 were 

considered statistically significant and differentially expressed.  
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Projection of Nipbl+/- Cells onto WT Clusters 

 Seurat v3.0 was used to project Nipbl+/- cells onto WT clusters. Seurat does this by 

identifying a set of shared variable genes among WT samples, and using these genes, identifies 

pairs of cells between WT cells and Nipbl+/- cells whose expression of these genes are similar to 

other. These pairs of cells act as anchors between WT cells and Nipbl+/- cells for projecting and 

sorting Nipbl+/- cells into WT clusters (193). 

Reverse Projection 

 Using the same method that was used to cluster WT cells (see Clustering of WT Cells), 

cells from LB-stage Nipbl+/- embryos were first clustered and annotated (Fig. S3.6A). Cells from 

LB-stage WT embryos were then projected onto the Nipbl+/- clusters (Fig. S3.6, B to D) (see 

Projection of Nipbl+/- Cells onto WT Clusters). 

Differential Gene Expression Analysis Between Genotypes 

Seurat v3.0 was used to perform differential gene expression analysis between WT and 

Nipbl+/- cells. For each cluster, Seurat performs the Mann-Whitney U Test between WT and 

Nipbl+/- cells using normalized read counts. P-values were corrected for false discovery using the 

Bonferroni correction method. Genes with Q-values less than 0.05 were considered statistically 

significant and differentially expressed.  

Pseudotime 

 URD was used to calculate the pseudotime of cells from EB-, LB-, and EHF-stage 

embryos (247). URD does this by constructing a diffusion map of transition probabilities and 

starting with an assigned group of root cells, performs a probabilistic breadth-first graph search 

using the transition probabilities. This moves step-wise outward from the root cells, until the 
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entire graph is visited. Several simulations are run, and then pseudotime is calculated as the 

average iteration that visited each cell. 

Construction of Lineage Trajectories 

 Velocyto (305) was used to count the numbers of spliced and unspliced transcripts per 

gene, using default parameters. Reads aligning to exonic regions were counted as spliced. Reads 

aligning to intronic regions were counted as unspliced. Reads aligning to exon-intron boundaries 

were considered ambiguous and excluded from downstream analyses. scVelo (248) was used 

estimate RNA velocities. Counts were normalized using the pp.filter_and_normalize() function, 

moments of unspliced vs spliced abundances were computed using the pp.moments() function, 

and velocities were computed using the tl.velocity() function, all using default parameters.  

Lineage trajectories were visually inferred from stream plots of computed RNA velocities. 

Calculating Fate Probabilities  

 CellRank was used to calculate the fate probabilities of mesoderm cells (250). CellRank 

does this by performing RNA velocity-directed random walks from initial cell states to terminal 

cell states. Fate probabilities correspond to the fraction of walks in which a cell was a part of that 

that terminated in a particular terminal cell state. Terminal states were set with the 

set_terminal_states() function, absorption probabilities were computed with the 

compute_absorption_probabilities() function, and driver genes were computed with the 

compute_lineage_drivers() function, all with default parameters. 

Cell Cycle Phase Assignment 

 Seurat was used to assign cells into G1, S, or G2/M phase based on the expression of 

markers of S phase and G2/M phase provided by Seurat. Using the CellCycleScoring() function, 

Seurat calculated scores for the expression of S phase and G2/M phase markers, while 
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considering the expression of these marker genes to be anticorrelated to one another. When cells 

express neither, they are considered to be in G1 phase.  

Identification of Drivers and Anti-drivers 

CellRank was used to identify the drivers and anti-drivers of FHF and PM fates. 

CellRank does this by calculating a correlation coefficient between the fate probabilities of cells 

towards their lineage fate and the expression of their genes. Those genes with positive 

correlation coefficients are considered drivers, since their expression increases as absorption 

probabilities increase and those with negative correlation coefficients are considered anti-drivers, 

since their expression decreases as absorption probabilities decrease. To reduce the likelihood of 

false discovery, we considered those genes with correlation coefficients greater than 0.25 as 

drivers and those less than -0.25 as anti-drivers. 

Gene Set Over-Representation Analysis 

clusterProfiler (306) was used to perform gene set over-representation analysis. It does 

this by performing a Fisher’s Exact Test on a contingency table of the genes in a gene set that 

match or do not match the genes of interest. P-values were corrected for false discovery using the 

Bonferroni correction method. Gene sets with Q-values less than 0.05 were considered 

statistically significant and over represented by the genes of interest.   

Gene Set Enrichment Analysis 

 FGSEA (307) was used to perform gene set enrichment analysis.  

Generation of NipblFLEX/+ and NipblFlrt/+ ESCs 

ES cells were grown in Glasgow’s MEM, 15% heat-inactivated FBS (ES cell qualified, 

Hyclone SH30071.03E), 1X Glutamine, 1X Pen-Strep, 5mM mercaptoethanol, and 1000 U/ml 

leukemia inhibitory factor (LIF: ESGRO Millipore). Following limited dilution single cell 
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cloning, a clone of EUC313f02 NipblFLEX/+ ES cells (European Conditional Mouse Mutagenesis 

Program) was transfected with pCAG-Cre:GFP (Addgene #13776) using Lipofectamine 2000 

(Invitrogen) to convert the NipblFLEX allele to the NipblFlrt conformation in vitro. 48 hours post-

transfection, cells were plated at 1 cell/well into several 96 well plates.  Clonal colonies were 

isolated, and the clones were stained for β-galactosidase (lacZ) activity using X-gal. For LacZ 

staining, the ES cells were fixed for 5 minutes in 2 mM MgCl2, 0.5% glutaraldehyde in 1X PBS, 

followed by 3 washes with 1xPBS at room temperature. X-gal staining (5 mM K3Fe(CN)6, 5 

mM K4Fe(CN)6, 2 mM MgCl2, 1 mg/mL X-gal in 1X PBS) was performed at 37°C until the 

blue precipitate was detected. Colonies positive for X-gal staining, NipblFLEX/+ ES cells, and 

negative for X-gal staining, NipblFlrt/+, were verified by PCR genotyping, described above. 

Reverse Transcription-Quantitative Polymerase Chain Reaction 

Clones for both NipblFLEX/+ and NipblFlrt/+ were expanded, 9 each, and RNA was extracted 

using the Monarch Total RNA Miniprep Kit (New England Biolabs).  cDNA was made using 

iSCRIPT reverse transcriptase (BioRad). qRT-PCR for Nipbl, Nanog, and Pouf5f1 was 

performed using iTaq SYBR green (BioRad) as per manufacturer’s instructions, Rpl4 was used 

as the housekeeping gene. Rpl4 primer 1: 5’-ATCTGGACGGAGAGTGCTTT-3’. Rpl4 primer 

2: 5’-GGTCGGTGTTCATCATCTTG-3’. Nipbl primer 1: 5’-AGTCCATATGCCCCACAGAG-

3’. Nipbl primer 2: 5’-ACCGGCAACAATAGGACTTG-3’. Nanog primer 1: 5’-

AAATCCCTTCCCTCGCCATC-3’. Nanog primer 2: 5’-GCCCTGACTTTAAGCCCAGA-3’. 

Pou5f1 primer 1: 5’-CACCCTGGGCGTTCTCTTT-3’. Pou5f1 primer 2: 5’-

GTCTCCGATTTGCATATCTCCTG-3’. 

  



152 
 

Identification of Genes with Nanog Binding Sites 

 In Avsec et al., 2021 (282), ChIP-seq was performed for Nanog in mESCs and 56,459 

peaks were called (Fig. 3.8F). We considered the called peaks from that study as representing 

Nanog binding sites. Using the narrowPeak file from that study (which contains the called 

peaks), the GRCm38/mm10 C57BL/6J Mus musculus genome annotation, and ChIPseeker v3, 

we identified which genes had a peak +/- 250 nt of their TSS. We identified a total of 3,646 

genes with a Nanog binding site at their TSS (Fig. 3.8F). 

Alcian Blue – Alizarin Red Staining 

 E18.5 embryos were fixed in 10% neutral buffered formalin in scintillation vials at 4°C 

overnight. Embryos were washed with H2O twice over 2 days at room temperature. Embryos 

were immersed in 95% EtOH for 1 week. Skin was removed from embryos with forceps under 

dissection microscope. Embryos were stained with 0.02% Alcian Blue (10 mg Alcian Blue + 80 

ml EtOH + 20 ml glacial acetic acid) over three days. Embryos were washed with 70% EtOH 

twice in 1 day, 40% EtOH overnight, 15% EtOH in 1 day, and H2O overnight. Embryos were 

washed with 1% KOH twice over 3 days until they became translucent. Embryos were stained 

with 0.015% Alizarin Red (15 mg Alizarin Red + 100 ml 1% KOH) over 3 days. Embryos were 

washed with 1% KOH three times in 1 day. Fat pads and internal organs were removed from 

embryos with forceps under dissection microscope. Embryos were washed with 20% glycerol + 

1% KOH overnight, 50% glycerol + 1% KOH overnight, and 80% glycerol + 1% KOH 

overnight. Embryos were stored in 100% glycerol at room temperature. 
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CHAPTER 4 

Conclusions 

 

A need for understanding the origins of birth defects 

Approximately 3% of newborns worldwide are affected by birth defects (1). While these 

conditions are relatively uncommon, they represent the primary cause of infant mortality in 

developed nations (21) and can lead to enduring health challenges for those who survive beyond 

infancy. This underscores the urgent need to develop interventions that not only alleviate the 

clinical severity of birth defects but also prevent their onset. Various factors, including 

environmental exposures, infections during pregnancy, nutritional deficiencies, and genetic 

influences – as well as their interactions – have been shown to contribute to the development of 

birth defects. Despite identifying multiple causes, these factors explain only about 20-30% of 

birth defects, leaving the origins of the majority (70-80%) unknown (2). 

Birth defect syndromes often present multiple, concurrent birth defects that resemble the 

characteristics of more common, isolated birth defects. These syndromes usually stem from a 

single genetic origin, which facilitates their replication in animal models (31, 32). Creating an 

animal model of a birth defect syndrome would enable investigation of the causal mechanisms 

behind several types of birth defects, even in cases where the causes of many isolated defects 

remain unknown. This method offers a more efficient approach than creating animal models for 

studying each defect individually and could yield significant insights into the common 

underlying mechanisms of various birth defects. 
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Using the Nipbl-haploinsufficient mouse model to study birth defects 

Cornelia de Lange Syndrome (CdLS) is a well-studied birth defect syndrome for which 

an animal model has been developed. This syndrome arises from mutations in proteins that are 

part of or associated with the cohesin complex. Key proteins involved include NIPBL (5), 

SMC1A (4), SMC3 (4), HDAC8 (96), and RAD21 (97). SMC1A, SMC3, and RAD21 are 

components of the cohesin complex itself (7, 97), while NIPBL and HDAC8 interact with the 

complex (6, 98). The majority and the severest CdLS cases are caused by mutations in NIPBL 

(5), which encodes a protein that plays a role in loading the cohesin complex onto DNA (6). This 

process allows the cohesin complex to encircle chromatin, through which it plays a pivotal role 

in regulating gene expression. 

Nipbl+/- mice have demonstrated numerous similarities with human CdLS, displaying a 

range of symptoms that include prenatal and postnatal growth retardation, cardiac septal defects, 

delayed bone development, a lean body phenotype, and microbrachycephaly with distinct 

craniofacial alterations. These mice also exhibit behavioral anomalies, ophthalmological 

irregularities, cerebellar hypoplasia, and hearing impairments. In certain aspects, the Nipbl+/- 

mouse shows remarkable parallels with human CdLS, such as variable growth rates in early 

postnatal life (122) and a characteristic upturned nose (123). However, some typical CdLS 

features like upper limb reduction, fusion abnormalities (57, 60), and ventricular septal defects 

are not present in the Nipbl+/- mouse (81). Despite these differences, the Nipbl+/- mouse serves as 

a strong animal model that effectively represents many facets of CdLS. 

Research using cell lines from individuals with CdLS and animal models lacking cohesin 

complex proteins has provided strong evidence of their crucial role in gene regulation. In cases 

of Nipbl-haploinsufficiency, the most prevalent form of CdLS, there are changes in the 
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expression of hundreds to thousands of genes (9-12). Although the alterations in gene expression 

in Nipbl-deficient animals are typically subtle, often less than 2-fold, these minor changes 

collectively contribute to significant structural and functional defects. Thus, studies of CdLS and 

corresponding animal models have shed light on a critical aspect regarding the origins of birth 

defects: the cumulative or synergistic effects of slight disturbances in gene expression can lead to 

developmental abnormalities. 

The role of Isl1-haploinsufficiency in the development of CHDs 

Approximately 30% of Nipbl+/- mice exhibit congenital heart defects (CHDs) (10, 18), a 

prevalence similar to that observed in individuals with CdLS; however, these defects in mice are 

primarily atrial septal defects. Additionally, Nipbl+/- mice demonstrate other cardiac 

abnormalities at earlier developmental stages. For instance, at embryonic day 13.5 (E13.5), 70% 

of Nipbl+/- mice show delays in ventricular septal fusion. Even earlier, at embryonic day 10.5 

(E10.5), a striking 100% of Nipbl+/- mice display right ventricle hypoplasia. 

A previous study investigated which specific cell lineages are necessary and sufficient for 

the development of CHDs in Nipbl-haploinsufficient mice, similar to those seen in mice 

completely deficient in Nipbl (18). The study utilized a Nipbl allelic series featuring a 

conditional/invertible gene trap and mouse lines expressing Cre recombinase, to create Nipbl-

haploinsufficiency in neural crest cells (via Wnt-Cre) and in the cells of the cardiac crescent (via 

Nkx2-5-Cre). The results indicated that Nipbl-haploinsufficiency in neural crest cells alone did 

not lead to CHDs. However, inducing Nipbl-haploinsufficiency in the cardiac crescent cells 

resulted in CHDs. These cardiac crescent cells comprise both first heart field and second heart 

field (SHF) cells. Interestingly, the heart abnormalities observed in Nipbl+/- mice, which include 

atrial septal defects (ASDs), incomplete fusion of the ventricular septum, and right ventricle 
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hypoplasia, occur in tissues derived from the SHF. These findings collectively suggest that the 

SHF may be a source of CHDs in Nipbl+/- mice. 

Since prior research suggested the SHF as a potential source of CHDs in Nipbl+/- mice, 

we used light sheet fluorescence microscopy (LSFM) to explore this hypothesis. We created 

Nipbl-haploinsufficiency in the SHF using two Cre recombinase-expressing mouse lines: Mef2c-

Cre and Isl1Cre/+. Interestingly, while Mef2c-Cre-mediated Nipbl-haploinsufficiency in the SHF 

did not lead to CHDs (Fig. 2.2, A and B), Isl1Cre/+ did, resulting in a range of CHDs remarkably 

similar to those observed in Nipbl+/- hearts (Fig. 2.2, D and E). We attributed this difference to a 

significant reduction in Isl1 expression in Isl1Cre/+ hearts, which was over 60% lower compared 

to wild type (Fig. 2.4D). Furthermore, our results demonstrate that reduced Isl1 expression alone 

can lead to the development of CHDs, particularly atrial septal defects (ASDs) (Fig. 2.4, A and 

B). 

Given that Isl1-haploinsufficiency alone resulted in CHDs, we explored its impact on 

heart development within the context of global Nipbl-haploinsufficiency. To this end, we 

engineered mice doubly haploinsufficient for both genes (Nipbl+/-; Isl1+/-) (Fig. 2.5A). Double 

haploinsufficiency for Isl1 and Nipbl led to more frequent and severe CHDs compared to mice 

haploinsufficient for either gene alone (Fig. 2.6B). These results underscore the notion that Isl1-

haploinsufficiency exacerbates the frequency and severity of CHDs in the presence of global 

Nipbl-haploinsufficiency, highlighting a synergistic effect between these genetic factors in heart 

development. 

In Figure 2.8, RNA sequencing of E10.5 hearts indicated that Isl1 expression is 

downregulated in Isl1+/- hearts and upregulated in Nipbl+/- hearts. Intriguingly, in Nipbl+/-; Isl1+/- 

hearts, where both genes are hemizygous, Isl1 expression reverted to WT levels (Fig. 2.8, D & 
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G). This suggests a regulatory adjustment in Isl1 expression across different genetic 

backgrounds: it is increased in Nipbl+/- hearts above WT levels and adjusted to WT levels in 

Nipbl+/-; Isl1+/- hearts. These findings imply that the upregulation of Isl1 in the heart may serve 

as a compensatory mechanism in response to Nipbl-haploinsufficiency. Additionally, the relative 

overexpression of Isl1 in Nipbl+/- mice might be protective, preventing the development of CHDs 

to the extent seen in Nipbl+/-; Isl1+/- mice, in which the incidence and severity of CHDs are 

greater. 

In Nipbl+/-; Isl1+/- hearts, the expression levels of the genes Pitx1, Pax6, and Hoxc4 were 

not upregulated to the same extent as in Nipbl+/- hearts. This difference in gene expression may 

contribute to the enhanced severity and frequency of CHDs observed in Nipbl+/-; Isl1+/- mice 

compared to Nipbl+/- mice. Since Isl1 is upregulated above WT levels in Nipbl+/- hearts but not in 

Nipbl+/-; Isl1+/- hearts, the inability of Nipbl+/-; Isl1+/- hearts to similarly upregulate Isl1 (Fig. 

2.8) may impede the upregulation of Pitx1, Hoxc4, and Pax6. This suggests a link between the 

level of Isl1 expression and the regulatory control of these genes.  

Isl1, Pitx1, Hoxc4, and Pax6 are intriguing because they all encode homeodomain 

transcription factors that play integral roles in a variety of developmental processes. Isl1 

specifically plays a role in heart development (308). It is expressed in SHF cells that contribute 

to forming several cardiac structures, including parts of the right ventricle, outflow tract, and 

atria. Although Pitx1, Hoxc4, and Pax6 are not typically associated with heart development, their 

roles in other tissues and organs are developmentally significant and similarly dosage-sensitive. 

Pitx1 distinguishes hindlimb features from forelimbs (309) and plays a role in defining the left-

right asymmetry of internal organs like the liver, lungs, and gut (310). Hoxc4, part of the Hox 

gene family, may define vertebral segments during embryonic development and influence the 
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development of the spinal cord and thoracic structures (149). Pax6 is required for the 

development of various eye structures such as the lens, retina, and cornea (162), and it also helps 

define the regional identity of specific brain structures (163). These roles suggest that alterations 

in the expression of these genes could potentially influence heart development in a dosage-

sensitive manner. 

Progenitor cell misallocation in Nipbl+/- embryos foreshadows birth defects in CdLS 

As stated earlier, 30% of Nipbl+/- mice display CHDs. These mice also demonstrate heart 

abnormalities at early stages of development: At embryonic day 13.5 (E13.5), 70% of Nipbl+/- 

mice exhibit delays in ventricular septal fusion, and even earlier, at E10.5, 100% showed right 

ventricle hypoplasia (18). In situ hybridization experiments revealed reduced expression of two 

transcription factors, Nkx2-5 and Mesp1, which are essential for the growth and differentiation of 

early heart progenitor cells (18). These findings indicate that the causal events for CHDs in these 

mice might occur as early as gastrulation, the stage when the three primary germ layers form and 

the earliest progenitor cells of major tissues and organs begin to differentiate (136). 

To elucidate developmental changes during gastrulation that could lead to birth defects in 

Nipbl+/- mice, we employed single-cell RNA sequencing (scRNAseq). This technique allowed us 

to analyze and compare the cellular compositions, lineage trajectories, and transcriptional 

landscapes of Nipbl+/- mouse embryos with their WT counterparts. We focused our analysis on 

two critical stages spanning the end of gastrulation: the late bud (LB) stage at embryonic day 7.5 

(E7.5) and the cardiac crescent (CC) stage at embryonic day 7.75 (E7.75). This approach enabled 

a detailed examination of the early developmental differences potentially responsible for 

observed congenital heart defects. 
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In Figure 3.1, we demonstrated that Nipbl+/- embryos contain all the same cell 

populations as WT embryos. However, at LB-stage, Nipbl+/- embryos have a reduced total 

number of mesoderm cells. Specifically, within the mesoderm, there is a decrease in the number 

of primitive erythrocytes (PE) and first heart field (FHF) cells, coupled with an increase in 

paraxial mesoderm (PM) cells, as shown in Figure 3.2. Although these changes are not always 

substantial, they are likely significant in terms of physiological impact. 

The reduction in the number of FHF cells may contribute to the occurrence of CHDs in 

Nipbl+/- mice and individuals with CdLS (18, 79). The majority of CHDs in Nipbl+/- mice, 

particularly those affecting the right ventricle and atrial/ventricular septa, are associated with 

regions typically derived from the SHF (18). While FHF cells do not directly give rise to SHF 

structures, they likely have indirect effects on the development of these areas. This idea supports 

the findings of Santos et al., 2016, who noted that complex interactions between various cell 

types – including those not typically involved in cardiac development – can significantly 

influence the incidence of CHDs in Nipbl+/- mice (18). This suggests a broader, systemic 

interaction in heart development, where changes in one cell population can impact the formation 

of critical cardiac structures. 

The observed increase in PM cells at LB-stage is particularly noteworthy, as it 

corresponds with defects in PM derivatives, such as the axial skeleton and limb digits in Nipbl+/- 

mice, as illustrated in Figure 3.10 (285). These specific abnormalities are also characteristic 

features of CdLS (60). The mechanism by which an excess of PM cells contributes to limb 

defects is not immediately clear. However, these findings indicate that birth defects in Nipbl-

deficient organisms may result not only from the absence of specific progenitor cell populations 

but also from the misallocation of progenitor cells, in such a way that disrupts the normal 
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balance of cell types. This alteration in cellular proportions could lead to developmental 

anomalies in structures derived from these cells. 

Nipbl+/- embryos at the LB-stage did not exhibit significant changes in apoptotic activity, 

cell proliferation, developmental timing, or overall lineage trajectories, as shown in Figures 

S3.11, S3.12, 3.3, and 3.4. This observation suggests that these factors are not responsible for the 

observed disparities in the numbers of FHF and PM cells. Instead, our data indicate that in 

Nipbl+/- embryos, nascent mesoderm cells differentiated more frequently into PM rather than 

FHF cells, compared to WT counterparts (Figure 3.4, C to I). This shift suggests that 

misallocation of mesoderm cells in Nipbl+/- embryos results from changes in early cell fate 

decisions within the main pathways of lineage trajectories that are otherwise normal. These 

findings imply that certain types of structural birth defects, such as heart defects, may stem from 

subtle quantitative shifts in cell fate determination, rather than drastic disruptions of entire 

lineage pathways. 

Nanog overexpression precedes birth defects in Nipbl+/- mice 

In contrast to earlier studies on Nipbl+/- mice, where we typically observed modest 

changes in gene expression (less than 2-fold), our current research reveals that some genes in 

gastrulation stage embryos exhibit much larger shifts in expression, with increases as high as 

eight-fold, as shown in Figures 3.6D and 3.8H. Specifically, the gene Nanog was significantly 

overexpressed in LB-stage Nipbl+/- embryos, a trend that continued into CC-stage (Figs. 3.7 and 

3.8). Utilizing data from Tiana et al., 2022, we found that many gene expression changes in 

Nipbl+/- embryos are similar to those observed in embryos with induced overexpression of Nanog 

(Fig. 3.8, A to E, and Fig. S3.15, A to E). Furthermore, many differentially expressed genes 

(DEGs) in Nipbl+/- embryos are likely direct targets of Nanog, given the enrichment of Nanog 
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binding sites in these genes (Figures 3.8, F and H). This suggests a significant regulatory 

influence of Nanog overexpression on developmental processes in Nipbl+/- embryos. 

Impact of Nanog overexpression on developmental pathways in Nipbl+/- mice 

Comparisons of our data with those of Tiana et al., 2022, indicate that Nanog 

overexpression leads to the downregulation of FHF drivers and upregulation of PM antidrivers 

(Figs. 3.3 and 3.8K). This dysregulation likely contributes to the misallocation of mesoderm cells 

in such a way that favors a PM fate at the expense of FHF. Furthermore, Nanog overexpression 

results in the underexpression of Hox genes, which are crucial for anterior-posterior patterning 

and axial skeleton development. In Figure 3.10, we documented the anteriorization of thoracic 

vertebrae in E18.5 Nipbl+/- mice, mirroring skeletal anomalies observed in individuals with 

CdLS, such as fused, absent, or misshapen ribs (62). Additionally, Nanog overexpression leads 

to a significant upregulation of genes in the Nodal signaling pathway across all germ layers. 

Nodal signaling is essential for left-right patterning and the proper positioning and 

morphogenesis of the musculoskeletal system and internal organs (289). In Figure 3.10, we 

reported abnormal growth of a 14th vertebra exhibiting left-right asymmetry in E18.5 Nipbl+/- 

embryos, with a complete 14th rib forming only on the right side. This pattern aligns with the 

increased occurrence of right-sided skeletal anomalies in CdLS (60). Taken together, these 

findings suggest that overexpression of Nanog and its downstream effects – downregulation of 

FHF drivers and PM antidrivers, underexpression of Hox genes, and upregulation of Nodal 

signaling genes – are precursor events leading to the birth defects observed in Nipbl+/- mice. 

Can reduction of Nanog rescue the phenotypes observed in Nipbl+/- mice? 

Since gene expression changes in LB-stage Nipbl+/- mice are associated with Nanog 

binding sites at their promoters and linked to Nanog overexpression, this prompted us to explore 
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whether reducing Nanog could mitigate the transcriptional and structural abnormalities observed 

in these mice. To this end, we utilized a mouse model where one Nanog allele was replaced with 

a GFP reporter (Nanog GFP/+) (Fig. 4.1A), rendering these mice haploinsufficient for Nanog with 

reduced expression levels compared to WT mice. We additionally employed Stra8-iCre; 

NipblFlox/+ male mice, which produce sperm that are either Nipbl + or Nipbl -. Crossing these mice 

generates offspring that are either: WT (Nipbl+/+; Nanog+/+), Nanog-haploinsufficient (Nanog+/-

), Nipbl-haploinsufficient (Nipbl+/-), or doubly- haploinsufficiency for both genes (Nipbl+/-; 

Nanog+/-). The latter genotype should not exhibit elevated Nanog levels as seen in mice only 

haploinsufficient for Nipbl. 

We crossed Stra8-iCre; NipblFlox/+ males with Nanog GFP/+ females, and analyzed 29 

offspring across 8 litters and three embryonic stages (E18.5, E15.5, and E8.5) (Fig. 4.1B). 

Contrary to expectations, the resulting genotypic distribution did not follow Mendelian ratios: 

approximately 41% were WT, Nanog+/-, 7% Nipbl+/-, and only 3% were doubly haploinsufficient 

(Nipbl+/-; Nanog+/-). This presents a challenge in generating sufficient numbers of Nipbl+/- and 

Nipbl+/-; Nanog+/- mice for a thorough rescue study, as only two Nipbl+/- and one Nipbl+/-; 

Nanog+/- littermates were obtained out of 29 littermates. 

The rarity of progeny carrying the mutant Nipbl alelle, despite successful generation in 

other crosses like Stra8-iCre; NipblFlox/+ by Isl1Cre/+ or Nanog-Cre by NipblFlox/Flox raises 

questions. One possibility is the impact of genetic background. Crosses like Stra8-iCre; 

NipblFlox/+ by Isl1Cre/+ or Nanog-Cre by NipblFlox/Flox only involved mice on a C57BL/6J 

background, whereas the Stra8-iCre; NipblFlox/+ by Nanog GFP/+ cross involves a Nanog GFP/+ 

mouse that is on a 129S4/SvJae background. Therefore, the mutant Nipbl allele may have trouble 

surviving on a mixed C57BL/6J 129S4/SvJae background. To address this, transitioning the 
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Nanog GFP/+ mice onto a C57BL/6J background could potentially improve the outcomes of this 

cross. 

Another hypothesis for the low yield of Nipbl+/- and Nipbl+/-; Nanog+/- mice might 

involve the interaction between sperm and eggs. If sperm carrying the mutant Nipbl alelle 

struggle to fertilize eggs carrying the mutant Nanog allele, an alternative approach could involve 

using male Nanog GFP/+ mice to produce sperm carrying the mutant Nanog allele and female 

mice to produce eggs carrying the mutant Nipbl allele. This arrangement might enhance the 

likelihood of successful fertilization. Maybe sperm carrying the mutant Nipbl allele can fertilize 

eggs carrying the Nipbl mutant allele, but not the other way around.  
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Fig. 4.1. Mating Stra8-iCre; NipblFlox/+ male mice with Nanog GFP/+ female mice does not 

produce Mendelian genotypic frequencies. (A) Stra8-iCre; NipblFlox/+ male mice make sperm 

that are either Nipbl + or Nipbl –. Mating Stra8-iCre; NipblFlox/+ male mice with NanogGFP/+ 

female mice produces littermates that are either WT (Nipbl+/+; Nanog+/+), Nanog-

haploinsufficient (Nanog+/-), Nipbl-haploinsufficient (Nipbl+/-), or doubly- haploinsufficiency for 

both genes (Nipbl+/-; Nanog+/-). (B) Table of frequencies of genotypes obtained across different 

embryonic stages after crossing Stra8-iCre; NipblFlox/+ male mice with NanogGFP/+ female mice. 

We did not detect Nipbl+/- or Nipbl+/-; Nanog+/- embryos at Mendelian frequencies.   
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Nipbl’s effects on chromatin topology and gene expression in Nipbl+/- embryos 

The findings reported in Chapter 3, alongside previous research using mouse and 

zebrafish models, underscore the significance of chromosomal gene location in determining their 

sensitivity to fluctuations in Nipbl levels. For instance, in earlier work on Nipbl+/- embryonic 

brains, it was noted that the most pronounced gene expression changes within the 22-gene 

protocadherin beta (Pcdhb) cluster occurred at the genes located at the 5’ and 3' ends (10), which 

are sites of CTCF binding (291). Similarly, in zebrafish with reduced nipbl expression, hox genes 

situated near the 3' end of the hoxa, hoxc, and hoxd clusters exhibited a position-dependent 

overexpression pattern in developing pectoral fins (288). In the current study, we observed that 

the anterior Hoxb genes, located at the 3' end of the Hoxb cluster, are consistently 

underexpressed in the mesoderm of Nipbl+/- embryos during gastrulation (Fig. 3.8E). These 

observations reinforce the strong impact of chromosomal positioning on gene sensitivity to Nipbl 

levels, an effect that is particularly pronounced within gene clusters and manifests as early as 

gastrulation. 

Recent research indicates that the gene expression changes associated with Nipbl 

deficiency might stem from broad alterations in chromosomal structure and organization. For 

example, a significant reduction in Nipbl expression in mouse hepatocytes leads to a genome-

wide decrease in topologically associated domains (TADs) and Hi-C interaction peaks (292), 

which are both dependent on chromatin looping mechanisms (293). In vitro experiments have 

shown that the formation and pace of chromatin loop extrusion are diminished when a CdLS 

pathogenic mutation is introduced into NIPBL (294). Chromatin looping within TADs is critical 

for bringing distant cis-regulatory elements like enhancers close to their target promoters. 

Intriguingly, Nipbl is known to bind preferentially to enhancers and promoters (295), and ChiP-
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seq studies have revealed diminished enhancer-promoter interactions in Nipbl+/- mouse 

embryonic fibroblasts (296). Given that chromatin looping is crucial for gene activation, 

impaired loop extrusion due to reduced Nipbl levels could explain the predominance of gene 

expression downregulation observed in gastrula-stage mouse embryos (Fig. 3.6A). 

Nipbl-haploinsufficiency results in reduced chromatin accessibility at enhancers and CTCF 

sites 

To investigate the influence of Nipbl on chromatin topology, we performed single-

nucleus RNA and ATAC sequencing (10X Genomics Single Cell Multiome ATAC + Gene 

Expression) on two WT and two Nipbl+/- mouse embryos at the late bud stage. ATAC 

sequencing assesses chromatin accessibility throughout the genome, facilitating the identification 

of DNA regions more open to transcription factors and regulatory proteins. By conducting 

ATAC sequencing alongside RNA sequencing, we can use the RNA libraries to categorize nuclei 

into biological groups corresponding to different germ layers. This would allow us to associate 

specific chromatin accessibility measures with particular germ layers. Although we initially 

performed multiome sequencing on two WT embryos, only one met our stringent quality control 

criteria for both their RNA and ATAC libraries. Therefore, we included only this one WT 

sample in the analyses discussed below. 

From the single WT sample that met our quality control standards, we isolated 1,957 

nuclei. In contrast, we captured a total of 7,280 nuclei from the two Nipbl+/- embryos. Across 

both WT and Nipbl+/- samples, the RNA libraries showed a median of 4,006 unique molecular 

identifiers (UMIs) per nucleus, which corresponded to a median of 2,367 genes per nucleus. For 

the ATAC libraries, the median capture was 863 fragments per nucleus, equating to 476 peaks 

per nucleus. We verified that nuclei from the Nipbl+/- embryos expressed Cre recombinase and 
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Bgeo, although these data are not shown here. Additionally, our analysis confirmed that the 

Nipbl+/- embryos exhibited a 50% reduction in Nipbl expression compared to the WT embryo 

(data not shown). 

Initially, we clustered nuclei from the WT embryo using Signac (311), using genes with a 

residual variance in UMI count greater than 1 and peaks with a fragment count above the 75th 

percentile. This approach resulted in the WT nuclei forming only eight clusters (data not shown), 

which is significantly fewer than the number previously observed in LB-stage embryos necessary 

for accurate annotation into germ layers (Fig. 3.1 and Fig. 3.2). We speculate that Signac's 

limited ability to segregate nuclei into more defined clusters, as achieved using Seurat, may stem 

from the inclusion of peaks that lack high variability. To determine the germ layer identities of 

each nucleus, we projected the RNA libraries of the nuclei onto the single-cell RNA libraries of 

LB-stage WT embryos previously obtained in Fig. 3.1. Projection revealed that nuclei from both 

WT and Nipbl+/- embryos were represented in all germ layers (Fig. 4.2). Consequently, our 

multiome sequencing of LB-stage WT and Nipbl+/- embryos effectively captured nuclei from 

every germ layer, mirroring the results from single-cell RNA sequencing of embryos of the same 

stage and genotypes. 
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Fig. 4.2. Single cell multiome (RNA + ATAC) sequencing of LB-stage WT and Nipbl+/- 

embryos captured nuclei from all germ layers. (A) UMAP of germ layers detected in single 

cell RNA sequencing of LB-stage WT embryos. UMAP of germ layers detected in (B) one LB-

stage WT embryo and (C) two LB-stage Nipbl+/- embryos.  
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In our analysis, we detected 69,553 chromatin accessibility peaks in the mesoderm of 

both WT and Nipbl+/- embryos, 60,486 in the ectoderm, and 47,056 in the endoderm. The smaller 

number of peaks in the endoderm likely reflects its smaller size in LB-stage embryos, as depicted 

in Fig. 4.1. Using ENCODE’s Registry of Candidate cis-Regulatory Elements (cCREs) (312), we 

categorized these peaks as either intragenic or intergenic, and further annotated them as 

enhancers or CTCF sites. Across all germ layers, intragenic peaks comprised approximately 67-

70% of the total, while intergenic peaks accounted for 30-33% (Table 4.1). Among these, 44-

52% of all peaks were identified as intragenic enhancers, and 16% as intergenic enhancers. 

Intragenic CTCF sites represented 5-6% of all peaks, with intergenic CTCF sites making up 4-

5%. These data suggest that the majority of accessible chromatin in LB-stage embryos 

corresponds to regions encoding genes and enhancers, with a relatively small proportion 

representing CTCF sites. 
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Table 4.1. Genes and enhancers make up the majority of accessible chromatin in LB-stage 

WT and Nipbl+/- embryos, with CTCF sites making up the minority. Frequency and 

percentage of peaks detected in germ layers of LB-stage WT and Nipbl+/- embryos following 

annotation using ENCODE’s Registry of Candidate cis-Regulatory Elements (cCREs). 

Germ Layer Intragenic Intergenic Intragenic 
Enhancer 

Intergenic 
Enhancer 

Intragenic 
CTCF Site 

Intergenic 
CTCF Site 

Mesoderm 
69,553 

46,290 
(67%) 

23,263 
(33%) 

30,939 
(44%) 

10,909 
(16%) 

3,960 
(6%) 

3,376 
(5%) 

Ectoderm 
60,486 

40,787 
(67%) 

19,699 
(33%) 

28,396 
(47%) 

9,565 
(16%) 

3,398 
(6%) 

2,934 
(5%) 

Endoderm 
47,056 

33,149 
(70%) 

13,907 
(30%) 

24,660 
(52%) 

7,319 
(16%) 

2,150 
(5%) 

1,830 
(4%) 
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To assess the differential accessibility of chromatin between WT and Nipbl+/- embryos, 

we plotted the average accessibility of each annotated peak across pseudobulked embryos 

(Nipbl+/- on the Y-axis and WT on the X-axis) and calculated the slope of the line of best fit. For 

peaks overlapping genes, the slope was close to 1 across all germ layers (Fig. 4.3A), indicating 

nearly identical accessibility between the two genotypes. Conversely, for peaks not overlapping 

genes, the slopes were lower: 0.61 in the mesoderm and 0.66 in the ectoderm (Fig. 4.3B), with a 

slope of 0.81 in the endoderm, where the y-intercept was below zero. This suggests that the 

average accessibility of non-gene-overlapping peaks is reduced in Nipbl+/- embryos. 
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Fig. 4.3. LB-stage Nipbl+/- embryos show reduced accessibility of intergenic chromatin. (A) 

Average accessibility of peaks overlapping in germ layers of LB-stage Nipbl+/- embryos vs. one 

WT embryo. Peaks with a Z score less than 1 are colored grey and were considered to not be 

accessibly different between WT and Nipbl+/- embryos. Those colored shades of red or blue had 

a Z score greater than 1 and were considered to be accessibly different. Peaks colored pink or 

blue showed a less than 2-fold difference in increased or decreased accessibility among Nipbl+/- 

embryos. Peaks colored red or blue showed a more than 2-fold difference in increased or 

decreased accessibility among Nipbl+/- embryos. The black line represents a line with a slope of 
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1 and a y-intercept of zero. The blue line represents the line of best fit and the slope and R2 

values correspond to that line. (B) Average accessibility of peaks NOT overlapping in germ 

layers of LB-stage Nipbl+/- embryos vs. one WT embryo. 
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In the case of enhancers overlapping genes, no significant differences in accessibility 

were observed between WT and Nipbl+/- embryos (Fig. 4.4A). However, enhancers not 

overlapping genes showed reduced accessibility with slopes ranging from 0.5 to 0.76 across all 

germ layers (Fig. 4.4B). For CTCF sites, reduction in accessibility was the most pronounced: 

slopes ranged from 0.13 to 0.18 in the mesoderm and 0.24 in the ectoderm (Fig. 4.5), indicating 

the lowest accessibility among the categories discussed so far. In the endoderm, slopes ranged 

from 0.82 to 0.88, but with a y-intercept also less than zero. These findings highlight a 

substantial decrease in accessibility at intergenic enhancers and CTCF sites (whether intragenic 

or intergenic) in Nipbl+/- embryos, compared to other genomic regions. 
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Fig. 4.4. LB-stage Nipbl+/- embryos show reduced accessibility of intergenic enhancers. (A) 

Average accessibility of peaks overlapping enhancers that overlap genes in germ layers of LB-

stage Nipbl+/- embryos vs. one WT embryo. Peaks with a Z score less than 1 are colored grey and 

were considered to not be accessibly different between WT and Nipbl+/- embryos. Those colored 

shades of red or blue had a Z score greater than 1 and were considered to be accessibly different. 

Peaks colored pink or blue showed a less than 2-fold difference in increased or decreased 

accessibility among Nipbl+/- embryos. Peaks colored red or blue showed a more than 2-fold 

difference in increased or decreased accessibility among Nipbl+/- embryos. The black line 
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represents a line with a slope of 1 and a y-intercept of zero. The blue line represents the line of 

best fit and the slope and R2 values correspond to that line. (B) Average accessibility of peaks 

overlapping enhancers that do NOT overlap genes in germ layers of LB-stage Nipbl+/- embryos 

vs. one WT embryo. 
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Fig. 4.5. LB-stage Nipbl+/- embryos show reduced accessibility of intragenic and intergenic 

CTCF sites. (A) Average accessibility of peaks overlapping CTCF sites that overlap genes in 

germ layers of LB-stage Nipbl+/- embryos vs. one WT embryo. Peaks with a Z score less than 1 

are colored grey and were considered to not be accessibly different between WT and Nipbl+/- 

embryos. Those colored shades of red or blue had a Z score greater than 1 and were considered 

to be accessibly different. Peaks colored pink or blue showed a less than 2-fold difference in 

increased or decreased accessibility among Nipbl+/- embryos. Peaks colored red or blue showed a 

more than 2-fold difference in increased or decreased accessibility among Nipbl+/- embryos. The 
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black line represents a line with a slope of 1 and a y-intercept of zero. The blue line represents 

the line of best fit and the slope and R2 values correspond to that line. (B) Average accessibility 

of peaks overlapping CTCF sites that do NOT overlap genes in germ layers of LB-stage Nipbl+/- 

embryos vs. one WT embryo. 
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Unchanged chromatin accessibility at gene loci in Nipbl+/- embryos suggests that the 

previously observed downregulation of gene expression in Nipbl+/- tissues is not due to decreased 

accessibility at the genes themselves. Instead, the diminished accessibility at intergenic 

enhancers and CTCF sites, both intragenic and intergenic, implies that the dysregulation of gene 

expression in Nipbl+/- mice likely stems from altered accessibility at these regulatory elements. 

The reduction in accessibility at enhancers is particularly noteworthy because Nipbl is known to 

bind preferentially to enhancers (291). Similarly, reduced accessibility at CTCF sites is 

significant because Nipbl haploinsufficiency has been shown to disproportionately affect the 

expression of genes proximal to CTCF sites compared to those more distal (295). Since CTCF 

sites generally function as insulators, restricting interactions between chromosomal elements 

within their bounds and external elements, decreased accessibility at these sites could lead to a 

breakdown in this insulation. This disruption may allow cis-regulatory elements, such as 

enhancers, to influence promoters outside their usual range of effect. Additionally, observed 

reduction in chromatin accessibility at enhancers and CTCF sites due to Nipbl-haploinsufficiency 

suggests that Nipbl plays a critical role in maintaining chromatin in an open state at these key 

regulatory sites. 

Interestingly, the Nanog gene is situated between two CTCF sites (Fig. 4.6), one 12 kb 

downstream of Nanog and the other 47kb upstream of Nanog. Interestingly, Nanog is the only 

gene between these two CTCF sites and it is closer to the downstream CTCF site than the 

upstream site. Additionally, there is a distant upstream enhancer located near the upstream CTCF 

site of Nanog, which exhibits greater accessibility in Nipbl+/- embryos compared to the WT 

embryo. These findings suggest that the overexpression of Nanog observed in LB-stage Nipbl+/- 

embryos might be due to increased accessibility of this distal upstream enhancer and/or 
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decreased accessibility at the CTCF sites flanking the Nanog locus. The former scenario is 

straightforward: enhanced accessibility at an enhancer typically leads to increased gene 

expression. The latter scenario, however, is less straightfoward. Reduced accessibility at Nanog’s 

CTCF sites could potentially disrupt their insulatory function, allowing cis-regulatory elements 

outside these boundaries to influence Nanog expression, thereby contributing to its 

overexpression. 
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Fig. 4.6. The Nanog gene is located between two CTCF sites, with a predicted distal 

enhancer element that shows increased accessibility in LB-stage Nipbl+/- embryos. From top 

to bottom, this figure shows three tracks: at the top, DNA accessibility in the one WT embryo 

and the two Nipbl+/- embryos used in single nucleus multiome sequencing; in the middle, the 

location of the Nanog gene; and at the bottom, the locations chromatin accessibility peaks. CTCF 

sites and predicted enhancers as annotated by ENCODE’s Registry of Candidate cis-Regulatory 

Elements (cCREs).   
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Given that our analysis included only one WT sample and two Nipbl+/- samples, 

determining the statistical significance of the observed reduced accessibility at enhancers and 

CTCF sites in Nipbl+/- embryos remains challenging. Nonetheless, the consistent reduction across 

all germ layers (Fig. 4.3 and Fig. 4.4) suggests that we may not need to conduct further multiome 

sequencing of WT and Nipbl+/- embryos to establish these differences, which is fortunate as 

multiome sequencing is costly. Instead, a more economical approach could involve conducting 

ATAC sequencing on whole embryos. The differences noted across the germ layers are likely to 

be detectable even when averaged across the entire embryo. To this end, we have recently 

carried out ATAC sequencing on 7 WT embryos and 7 Nipbl+/- embryos at LB-stage, and we are 

currently awaiting the return of the FASTQ files. The increased number of biological replicates 

for each genotype will help confirm whether there is a global reduction in chromatin accessibility 

at enhancers and CTCF sites in Nipbl+/- embryos and how these phenomena relate to the 

overexpression of Nanog. 

Why do birth defects develop? 

Globally, around 3% of newborns are affected by birth defects (1). These anomalies can 

impact various body parts and systems and are the leading cause of infant mortality in developed 

countries (21). Beyond the immediate health implications, birth defects pose enduring challenges 

for those who survive past infancy, often necessitating continuous medical care to address 

physical, developmental, or cognitive disabilities. The repercussions of birth defects extend 

beyond individual health, exerting substantial emotional and financial strains on families and 

placing significant demands on healthcare systems. This underscores the urgent need to develop 

therapies not only to alleviate the clinical severity of birth defects but also to prevent them from 

occurring. 
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Birth defects can arise from environmental exposures, infections during pregnancy, 

nutritional deficiencies, genetic factors, and combinations thereof. Although these identified 

causes account for only about 20-30% of all birth defects, leaving the origins of the majority (70-

80%) unknown (2), ongoing research into syndromic birth defects has provided valuable 

insights. For instance, individuals with Cornelia de Lange Syndrome (CdLS) show multiple 

concurrent defects, often reflecting those seen in more common, isolated birth defects. 

Individuals with CdLS typically exhibit noticeable abnormalities in various body parts, 

especially the face and limbs, accompanied by intellectual disability. Most cases of CdLS are 

linked to mutations in genes that affect the cohesin complex, essential for the maintenance of 

chromatin structure. More specifically, however, most cases of CdLS are caused by 

haploinsufficiency of the NIPBL gene, which plays a role in loading the cohesin complex onto 

chromatin. 

Birth defects can be caused by small changes in gene expression 

Initially recognized for its role in sister chromatid cohesion, the cohesin complex is now 

also known to play a crucial role in chromatin looping, facilitating the interaction between 

distant enhancers and promoters to regulate global gene expression. Studies of cell lines from 

patients with the Nipbl-haploinsufficient form of CdLS have revealed that Nipbl-

haploinsufficiency results in alterations in the expression of hundreds of genes. Similar patterns 

have been observed in animal models of Nipbl-haploinsufficiency, including nipbl-morphant 

zebrafish and Nipbl+/- mice. Although these changes in gene expression are statistically 

significant, they are generally small in magnitude. Consequently, it is unlikely that the alteration 

in any single gene's expression is responsible for the development of defects. Instead, it appears 

more probable that the cumulative effect of these minor changes contributes to the birth defects 
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seen in these models. These findings highlight a critical insight from studies of Nipbl-

haploinsufficiency in CdLS and its animal models: birth defects can arise from the collective 

effect of small, yet statistically significant, alterations in gene expression. 

Birth defects can be caused by deficiencies in tissues outside of the tissues of interest 

The second insight from studies of animal models with Nipbl-haploinsufficiency in CdLS 

concerns the contribution of non-target tissues to birth defects. As shown in Fig. 2.2, using the 

Isl1Cre/+ mouse line (but not the Mef2c-Cre line) to create Nipbl-haploinsufficiency in the second 

heart field (SHF) led to heart defects similar to those observed in mice with global Nipbl-

haploinsufficiency. Further analysis, shown in Fig. 2.4, suggests that these heart defects could 

partly be due to reduced Isl1 expression in Isl1Cre/+ mice, which also exhibit heart defects 

without concurrent Nipbl-haploinsufficiency. However, we showed in Fig. 2.3 that Isl1-Cre l 

recombine extensively in non-cardiac tissues such as the hindlimbs, dorsal root ganglia, 

pharyngeal arches, trigeminal ganglia, and diencephalon. This widespread recombination 

suggests that the heart defects observed in Isl1Cre/+ mice may not solely be due to changes within 

the SHF but could also result from deficiencies in other tissues affected by the Isl1-Cre-driven 

Nipbl-haploinsufficiency. These findings indicate that the origins of heart and other birth defects 

may involve multiple tissues that do not directly form the affected organ systems, highlighting a 

complex interdependence between different body tissues during development. 

The causes of birth defects may occur earlier in development than expected 

The third insight from studies using animal models of Nipbl-haploinsufficient CdLS is 

that birth defects may originate very early in development, possibly as early as during 

gastrulation. This crucial phase marks the establishment of germ layers and the emergence of the 

earliest progenitor cell populations, which eventually form the various structures of the body. 
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Supporting evidence from studies of congenital heart defects in Nipbl+/- mice shows that 30% 

exhibit congenital heart defects (CHDs), primarily atrial septal defects (18). Notably, at 

embryonic day 13.5 (E13.5), 70% of Nipbl+/- mice demonstrate delays in ventricular septal 

fusion, and by embryonic day 10.5 (E10.5), all Nipbl+/- mice exhibit right ventricle hypoplasia 

(18). Earlier still, Nipbl+/- mice show reduced levels of crucial transcription factors, namely 

Nkx2-5 in the second heart field by embryonic day 7.75 (E7.75), and Mesp1 in mesoderm 

progenitors by E7.5 (18). Similar early developmental disruptions are evident in nipbl-morphant 

zebrafish, where defects in cardiogenic mesoderm migration are detectable just 18 hours post-

fertilization (11). These findings underscore that birth defects can arise during the formative 

stages of tissue lineage establishment, highlighting the importance of early developmental 

processes in congenital anomalies. 

Developmental delay may not significantly contribute to the development of birth defects 

Because the anomalies observed in CdLS and animal models of CdLS often resemble 

premature forms of the final bodily structures, it has been hypothesized that overall 

developmental delay might significantly contribute to birth defects in such genetic syndromes. 

However, recent studies of Nipbl+/- mice offer a new perspective, suggesting that developmental 

delay may not be a primary factor in birth defects. Single cell RNA sequencing and 

pseudotemporal ordering of early Nipbl+/- mouse embryos during the early bud, late bud, and 

early head fold stages, as shown in Fig. 3.3, reveal that the developmental timing of Nipbl+/- 

germ layers aligns with that of their wildtype counterparts. This consistency suggests that 

developmental delays are unlikely to significantly influence the onset of birth defects, even 

during gastrulation, a critical period in embryonic development. Consequently, these findings 
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prompt a reevaluation of other potential mechanisms that could explain the origins of birth 

defects. 

Birth defects can be caused by misallocation of progenitor cell populations 

The fifth insight from studies on Nipbl+/- mice underscores that birth defects may arise 

from the misallocation of early progenitor cell populations. Single-cell RNA sequencing of the 

mesoderm in gastrulation-stage Nipbl+/- mice has provided compelling evidence for this. The 

mesoderm predominantly forms the developing heart in mice. Two of the earliest cell 

populations to give rise to the heart include the first heart field and second heart field. As 

depicted in Fig. 3.3, LB-stage Nipbl+/- embryos show a reduced total number of mesoderm cells, 

specifically fewer primitive erythrocytes and first heart field cells, with a concomitant increase in 

paraxial mesoderm cells.  

Reduction in primitive erythrocytes aligns with the blood formation and circulation 

defects observed in nipbl-morphant zebrafish (11) and the thrombocytopenia seen in CdLS (89). 

Similarly, the decreased number of first heart field cells may also underlie heart defects in these 

mice, given their role in early heart development. The increase in paraxial mesoderm cells at the 

LB-stage is also particularly noteworthy, as it correlates with defects in derivatives of this cell 

type, such as the axial skeleton and limb digits, as shown in Fig. 3.10. The mechanisms, 

however, behind how an excess of paraxial mesoderm cells leads to limb defects remain unclear.  

Further analysis revealed that these misallocations are not attributable to changes in 

apoptotic activity, cell proliferation, developmental timing, or overall lineage trajectories. 

Instead, as shown in Fig. 3.4, the misallocation is driven by shifts in early cell fate decisions, 

with nascent mesoderm cells in Nipbl+/- embryos more frequently differentiating into paraxial 

mesoderm rather than first heart field, compared to wild-type. This alteration is further supported 
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by the underexpression of genes essential for first heart field differentiation, detailed in Fig. 3.5. 

These findings suggest that birth defects in Nipbl+/- mice might stem from the dysregulation of 

key genes governing cell fate, leading to an abnormal distribution of cells that ultimately impacts 

the development of specific tissues and organs. 

Birth defects can be caused by large changes in gene expression  

Sixth, our recent findings from studies of Nipbl+/- mice at the gastrulation stage, as shown 

in Figures 6 and 8, contrast with previous studies where gene expression differences were 

typically minimal (less than 2-fold) (10). Here, we observed large shifts in gene expression, with 

changes reaching up to eight-fold. Notably, these changes included the overexpression of Nodal 

signaling genes and a pluripotency transcription factor, Nanog, alongside the underexpression of 

Hox genes. The overexpression of Nodal signaling is particularly significant due to its critical 

role in left-right body patterning (289), which influences the proper positioning and 

morphogenesis of the musculoskeletal system and internal organs (290). This overexpression 

correlates with the right ventricle hypoplasia seen in Nipbl+/- mice, intestinal malrotation in 

nipbl-morphant zebrafish, and CdLS (10, 17, 18), as well as with a higher incidence of more 

severe right-sided skeletal anomalies in CdLS (60). Conversely, the underexpression of Hox 

genes, which are essential for anterior-posterior patterning, is linked to the anteriorization of the 

thoracic vertebrae in these embryos, observed at a frequency of about 58% by E18.5. Meanwhile, 

the overexpression of Nanog, which typically ceases after gastrulation, further complicates the 

gene expression profile because, as we demonstrated in Fig. 8, overexpression of Nodal signaling 

and underexpression of Hox genes may be due to the overexpression of Nanog. Collectively, 

these substantial changes in the expression of key developmental genes suggest that birth defects 
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in Nipbl+/- mice can be precipitated by significant alterations in the expression of genes that 

govern crucial developmental processes. 

Birth defects can be caused by changes in chromatin topology 

Finally, the seventh insight from studies of Nipbl+/- mice highlights that birth defects may 

result from global changes in chromatin topology. Multiome sequencing of late bud stage WT 

and Nipbl+/- embryos has brought some illumination to this phenomenon. In Figures 4.3 and 4.4, 

we demonstrate that Nipbl+/- embryos exhibit reduced chromatin accessibility, particularly at 

intergenic chromatin, including intergenic enhancer sites. Furthermore, in Figure 4.5, we show 

that Nipbl+/- embryos exhibit diminished accessibility at CTCF binding sites, regardless of 

whether they are intragenic or intergenic, which play roles in organizing chromatin into 

topologically associating domains (TADs). These TADs facilitate interactions between 

enhancers and promoters within the same domain while preventing interactions with elements 

outside the domain, primarily through chromatin looping mediated by the cohesin complex and 

Nipbl. 

The most significant reductions in accessibility were observed at CTCF sites, suggesting 

a disruption of TAD structures in Nipbl+/- embryos. Such disruption has been correlated with 

global reductions in TADs, as evidenced by Hi-C studies in mouse hepatocytes exhibiting Nipbl-

haploinsufficiency (292). This disruption likely leads to aberrant interactions between promoters 

and distant cis-regulatory elements, which could explain the extensive gene expression changes 

observed in these models, particularly affecting genes associated with Nodal signaling, Hox 

genes, and Nanog. These genes are typically tightly regulated by enhancers and silencers 

confined within specific TADs, and their misregulation may directly contribute to the 

developmental anomalies seen in Nipbl+/- mice. 
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Why do birth defects develop? Drawing on evidence from studies of Nipbl-deficient 

animal models of Cornelia de Lange Syndrome (CdLS), particularly the Nipbl+/- mouse, we have 

identified several key insights into the causal origins of birth defects. Firstly, birth defects can 

result from small but statistically significant changes in the expression of multiple genes. 

Secondly, they can arise from deficiencies in tissues not directly involved in the affected 

structures. Thirdly, the underlying causes of birth defects may manifest very early in 

development, sooner than previously recognized. Fourthly, developmental delay may not 

significantly contribute to the development of birth defects. Fifthly, misallocation of progenitor 

cell populations can lead to structural anomalies. Sixthly, large shifts in gene expression (greater 

than two-fold) precede and likely cause birth defects. Seventhly, and perhaps most critically, 

changes in chromatin topology may underpin these gene expression differences, suggesting a 

fundamental genomic disorganization in Nipbl+/- tissues. 

This last point is particularly important as it potentially explains the mechanism behind 

the diverse gene expression anomalies observed in these models. Future research should 

therefore concentrate on the impact of Nipbl haploinsufficiency on chromatin topology. While 

preliminary data from chromatin accessibility studies reported here have been informative, 

advancing our understanding will require employing techniques such as chromatin conformation 

capture to more precisely delineate the differences in topologically associating domains and the 

interactions between enhancers and promoters. This will further clarify how chromatin structure 

contributes the gene expression changes observed Nipbl+/- mice and the development of birth 

defects in CdLS. 
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APPENDIX A 

Supplementary Materials for Chapter 2 

 

Fig. S2.1. Nipbl+/-; Isl1+/- hearts have smaller hearts than WT hearts. (A) Representative 

darkfield images of E15.5 WT, Isl1+/-, Nipbl+/-, and Nipbl+/-; Isl1+/- hearts. Isl1+/-, Nipbl+/-, and 

Nipbl+/-; Isl1+/- hearts appear smaller than WT. Scale bar = 500 uM. (B) Ventricular volumes of 

E15.5 WT (Nipbl+/+; Isl1+/+) (N=19), Nipbl+/- (N=21), Isl1+/- (N=14), and Nipbl+/-; Isl1+/- (N=19) 

hearts. Ventricular volumes were measured in ImageJ using LSFM images of hearts. Bars show 

means. *** represents P ≤ 0.001. P-values from Tukey-Kramer Test.  
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APPENDIX B 

Supplementary Materials for Chapter 3 

These supplementary materials were published in Science Advances (180). 

 
 
Fig. S3.1. Images of LB- and CC-stage WT and Nipbl+/- mouse embryos used for scRNAseq.  

Lateral view of (A) LB-stage and (B) anterior view of CC-stage WT and Nipbl+/-  mouse 

embryos. A = anterior, P = posterior, L = left, R = right, and scale bar = 100 um.  
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Fig. S3.2. Metrics used to identify low-quality cells and doublets among LB- and CC-stage 

embryos.  

At each stage, we considered cells that exceeded three median absolute deviations from percent 

mitochondrial genes expressed, number of genes expressed, and number of transcripts detected 

per cell, low-quality cells and/or doublets and removed them. Histograms of (A) percent 

mitochondrial genes expressed, (B) number of genes expressed, and (C) number of transcripts 
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detected per cell at LB- and CC-stage colored by whether cells were less than or equal to 3 

median absolute deviations (red) or greater than 3 median absolute deviations (blue).  

 

Fig. S3.3. Expression of Cre, Bgeo, and Nipbl in LB- and CC-stage WT and Nipbl+/- 

embryos.  

Nipbl+/- embryos at LB- and CC-stage express Cre and Bgeo, while WT embryos do not. Nipbl+/- 

embryos also express Nipbl at levels lower than that of WT embryos. Normalized transcripts of 
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(A) Cre, (B) Bgeo, and (C) Nipbl in LB- and CC-stage embryos. Each dot indicates an individual 

sample. Error bars show standard error of the mean. P-value from T-Test.  
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Fig. S3.4. Batch effect correction and integration of cells of the same stage (LB- or CC-

stage) and genotype (WT or Nipbl+/-).  

We corrected batch effects among embryos by integrating cells from the same stage and 

genotype together. UMAP of WT and Nipbl+/- cells colored by embryo at (A) LB- and (B) CC-

stage. 
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Fig. S3.5. Example of optimized clustering using clustering tree and Shannon Entropy.  

(A) Following consecutive clustering of WT cells from, we generated a clustering tree to 

visualize how cell cluster identities change as the number of clusters consecutively increase. 

Nodes represent clusters and edges represent cells from preceding clusters. Clusters are stable 

when a large proportion of cells are derived from a single preceding cluster rather than multiple 

preceding clusters. We adopted Shannon Entropy as a measure of these proportions as a measure 

of intra-cluster stability. A low Shannon Entropy represents high intra-cluster stability. Here, WT 

cells from LB-stage embryos can only be clustered as high as 5 clusters before they can be 
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subclustered into further subclusters. WT cells from CC-stage embryos can only be clustered as 

high as 4 clusters before they can be subclustered into further clusters. (B) Total Shannon 

Entropy of all clusters among WT cells from LB- or CC-stage embryos at consecutively 

increasing number of clusters.  
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Fig. S3.6. Percentage of cells in germ layers and mesodermal subpopulations of LB-stage 

embryos following projection of WT cells onto clustered Nipbl+/- cells.  
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(A) LB-stage Nipbl+/- cells in UMAP of Nipbl+/- cells colored by cluster after clustering Nipbl+/- 

cells separately from WT. (B) LB-stage WT cells in UMAP of Nipbl+/- cells colored by clusters 

found in Nipbl+/- cells after projecting WT cells onto Nipbl+/- cells. (C) LB-stage WT cells in 

UMAP of WT cells colored by clusters found in Nipbl+/- cells after projecting WT cells onto 

Nipbl+/- cells. (D) LB-stage WT cells in UMAP of WT cells colored by clusters after clustering 

WT cells separately from Nipbl+/-. (E) LB-stage Nipbl+/- cells in UMAP of Nipbl+/- cells colored 

by germ layer after clustering Nipbl+/- cells separately from WT. (F) LB-stage WT cells in 

UMAP of Nipbl+/- cells colored by germ layers found in Nipbl+/- cells after projecting WT cells 

onto Nipbl+/- cells. (G) LB-stage WT cells in UMAP of WT cells colored by germ layers found 

in Nipbl+/- cells after projecting WT cells onto Nipbl+/- cells. (H) LB-stage WT cells in UMAP of 

WT cells colored by germ layer after clustering WT cells separately from Nipbl+/-. (I) LB-stage 

Nipbl+/- mesoderm cells in UMAP of Nipbl+/- mesoderm colored by cell population after 

clustering Nipbl+/- mesoderm separately from WT. (J) LB-stage WT mesoderm cells in UMAP 

of Nipbl+/- mesoderm colored by cell populations found in Nipbl+/- mesoderm after projecting 

WT mesoderm onto Nipbl+/- mesoderm. (K) LB-stage WT mesoderm cells in UMAP of WT 

mesoderm colored by cell populations found in Nipbl+/- mesoderm after projecting WT 

mesoderm onto Nipbl+/- mesoderm. (L) LB-stage WT mesoderm cells in UMAP of WT 

mesoderm colored by cell population after clustering WT mesoderm separately from Nipbl+/-. 

(M) Percentage of cells in germ layers from all cells in LB-stage WT and Nipbl+/- embryos after 

projecting WT cells onto Nipbl+/- cells. Error bars show standard error of the mean. P-values 

from T-Test. (N) Percentage of cells in mesodermal cell populations from all mesoderm cells in 

LB-stage WT and Nipbl+/- embryos after projecting WT mesoderm onto Nipbl+/- mesoderm. 

Error bars show SEM. P-values from T-Test.  (O) Percentage of cells in germ layers from all 
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cells in LB-stage WT and Nipbl+/- embryos after projecting Nipbl+/- cells onto WT cells. Same as 

This figure is from Fig. 3.3B.  Error bars show standard error of the mean. P-values from T-Test. 

(P) Percentage of cells in mesodermal cell populations from all mesoderm cells in LB-stage WT 

and Nipbl+/- embryos after projecting Nipbl+/- mesoderm onto WT mesoderm. This figure is from 

Fig. 3.3D. Error bars show SEM. P-values from T-Test.    
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Fig. S3.7. Images of EB- and EHF-stage WT mouse embryos used for scRNAseq.  

Lateral view of WT mouse embryos at (A) EB- and (B) EHF- stage. A = anterior, P = posterior. 

Dashed line represents where embryonic tissue was separated from extraembryonic tissue. Scale 

bar = 100 um. 
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Fig. S3.8. Metrics used to identify low-quality cells and doublets among EB- and EHF-stage 

embryos.  

At each stage, we considered cells that exceeded three median absolute deviations from percent 

mitochondrial genes expressed, number of genes expressed, and number of transcripts detected 

per cell low-quality cells and/or doublets and removed them. Histograms of (A) percent 

mitochondrial genes expressed, (B) number of genes expressed, and (C) number of transcripts 

detected per cell at EB- and EHF-stage colored by whether cells were less than or equal to 3 
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median absolute deviations (red) or greater than 3 median absolute deviations (blue). Cells 

colored in blue were removed.  
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Fig. S3.9. Batch effect correction and integration of cells of the same stage (EB- or EHF-

stage).  

We removed batch effects among EB- and EHF-stage embryos of the same stage and integrated 

embryos of the same stage together. UMAP of EB- and EHF-stage cells colored by embryo.  

  



229 
 

 

Fig. S3.10. Clustering of EB- and EHF-stage cells from WT embryos and annotation 

thereof as either ectoderm, mesoderm, or endoderm.  

UMAP of EB- and EHF-stage cells colored by (A) cell population or (B) germ layer.  
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Fig. S3.11. Expression of genes associated with apoptosis in Nipbl+/- embryos relative to 

WT. 

The germ layers of Nipbl+/- embryos do not substantially overexpress or underexpress genes 

associated with apoptosis. Heatmap of fold change in expression in genes from the (A) Reactome 

Apoptosis, (B) Hallmark Apoptosis, and (C) Langemeijer Apoptosis gene sets in germ layers of 

Nipbl+/- embryos from that of WT embryos.  Genes are ordered from top to bottom by minimum 

Q-value. Q-value from Bonferroni corrected P-value from Mann-Whitney U test.  
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Fig. S3.12. Expression of meta-PCNA genes and cell cycle phase composition of Nipbl+/- 

embryos relative to WT.  
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The germ layers of Nipbl+/- embryos do not substantially overexpress or underexpress genes 

associated with cell proliferation. (A) Heatmap of fold change in expression in genes from the 

meta-PCNA gene set in germ layers of Nipbl+/- embryos from that of WT embryos.  Genes are 

ordered from top to bottom by minimum Q-value. Q-value from Bonferroni corrected P-value 

from Mann-Whitney U test. (B) Principal component analysis was performed cells from each 

germ layer of WT and Nipbl+/- embryos using cell cycle phase genes marking S phase and G2/M 

phase. Seurat was used to assign cells into G1, S, or G2/M phase based on the expression of 

these markers. Expression of these marker sets are considered anticorrelated. When cells express 

neither, they are considered to be in G1 phase. In all germ layers, cells from WT and Nipbl+/- 

embryos assigned into all three phases. (C) Percentage of cells in each cell cycle phase across all 

germ layers of WT and Nipbl+/- embryos. There was no statistically significant difference in the 

percentage of cells in each cell cycle phase between that of WT and Nipbl+/- embryos. Error bars 

show standard error of the mean. 
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Fig. S3.13. Paraxial mesoderm lineage of LB-stage Nipbl+/- embryos, showing 

underexpression of paraxial mesoderm anti-drivers.  

Fold change in expression of genes in mesoderm cells of PM lineage of LB-stage Nipbl+/- 

embryos differentially expressed (Q < 0.05, Mann-Whitney U Test) from that of WT embryos 

along Spearman’s Rank Correlation coefficient from Fig. 3.5E. 
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Fig. S3.14. Differentially expressed genes between germ layers of WT and Nipbl+/- embryos, 

determined following projection of WT cells onto Nipbl+/- germ layers.  
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Percentage of differentially expressed genes (Q < 0.05, Mann-Whitney U Test) in (A) mesoderm, 

(B) ectoderm, and (C) endoderm of LB-stage Nipbl+/- embryos resulting from the projection of 

WT cells onto Nipbl+/- germ layers (reverse projection) matching those differentially expressed 

in the germ layers of Nipbl+/- embryos resulting from the projection of Nipbl+/- cells onto WT 

germ layers (forward projection). Fold change in expression of differentially expressed genes (Q 

< 0.05, Mann-Whitney U Test) in the (D) mesoderm, (E) ectoderm, and (F) endoderm of LB-

stage Nipbl+/- embryos following projection of WT cells onto Nipbl+/- germ layers (reverse 

projection) versus the fold change in expression of the same genes in the germ layers of WT 

embryos following projection of Nipbl+/- cells onto WT germ layers (forward projection).  
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Fig. S3.15. CC-stage Nipbl+/- mice replicate the gene expression changes of Nanog 

overexpression.  

(A) Fold change in expression of genes in CC-stage Nipbl+/- embryos that were differentially 

expressed (Q < 0.05, Mann-Whitney U Test) from WT embryos along with their average 
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expression in WT embryos. Genes that are were also differentially expressed (Q < 0.05, T-Test) 

in E9.5 mouse embryos transgenic for doxycycline inducible expression of Nanog (Nanog Dox+) 

from that of WT embryos (Nanog Dox-) from (113) are colored dark red (upregulated) and dark 

blue (downregulated). (B) Percentage of genes in CC-stage Nipbl+/- embryos that were 

differentially expressed (Q < 0.05, Mann-Whitney U Test) from WT embryos, and that were also 

differentially expressed in the same direction in E9.5 Nanog Dox+ embryos. At CC-stage, 57% 

of overexpressed and 63% of underexpressed genes in Nipbl+/- embryos were also overexpressed 

or underexpressed, respectively, in E9.5 Nanog Dox+ embryos. (C) Fold change in expression of 

genes in the germ layers of CC-stage Nipbl+/- embryos that were differentially expressed (Q < 

0.05, Mann-Whitney U Test) from WT embryos along with their average expression in WT 

embryos. Genes that are were also differentially expressed (Q < 0.05, T-Test) in E9.5 Nanog 

Dox+ embryos are colored dark red and dark blue. At CC-stage, all germ layers of Nipbl+/- 

embryos showed downregulation of genes associated with definitive erythropoiesis, 

encompassing adult hemoglobins including Hbb-y, Hba-a1, and Hba-x. (D) Fold change in 

expression of genes in CC-stage Nipbl+/- embryos versus their fold change in E9.5 Nanog Dox+ 

embryos. Genes differentially expressed (Q < 0.05, T-Test) in E9.5 Nanog Dox+ embryos are 

colored dark red and dark blue. At CC-stage, the slope of the regression line comparing 

misexpression in Nipbl+/- and E9.5 Nanog Dox+ embryos was found to be 0.3 (panel D). 

Additionally, at CC-stage, Nipbl+/- embryos upregulated 80% of the same genes that were 

overexpressed in E7.5 Nanog Dox+ embryos and downregulated 41% of the same genes 

underexpressed in E7.5 Nanog Dox+ embryos.  (E) Heatmap of fold change in expression in 

germ layers of CC-stage Nipbl+/- embryos from that of WT embryos of the most differentially 

expressed genes from E9.5 Nanog Dox+ embryos from that of Nanog Dox- embryos (lowest Q-
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values from T-Test) from (113). Genes are ordered from top to middle (overexpressed in Nanog 

Dox+ embryos) and bottom to middle (underexpressed in Nanog Dox+ embryos) by lowest to 

higher Q-value. Underexpressed genes in Nanog Dox+ embryos were strongly mirrored in the 

germ layers of CC-stage Nipbl+/- embryos (panel E). In CC-stage Nipbl+/- embryos, only a few 

overexpressed genes observed in Nanog Dox+ embryos were replicated, the most prominent of 

which was Nanog itself.  
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Table S3.3.1. Number of cells, transcripts, and genes captured per LB- and CC-stage WT 

and Nipbl+/- embryos.  

scRNAseq of LB- and CC-stage WT and Nipbl+/- embryos captured thousands of cells per 

embryo, thousands of transcripts per cell, and detected thousands of genes per cell. Table shows 

stage of each embryo, genotype of each embryo, number of cells captured per embryo, median 

number of UMIs captured per cell, and median number of genes detected per cell.  

Stage Genotype Sample Cells Median 
UMIs/Cell 

Median 
Genes/Cell 

LB WT LB1 2,445 17,998 4,242 
LB WT LB2 1,247 17,011 3,947 
LB WT LB3 2,537 16,476 3,830 
LB WT LB4 7,119 18,624 3,940 
LB WT LB5 2,321 18,413 4,076 
LB WT LB1-LB5 15,669 18,078 4,001 

      
LB Nipbl+/- LB6 1,700 9,953.5 2,997 
LB Nipbl+/- LB7 1,411 18,111 4,110 
LB Nipbl+/- LB8 4,218 11,875 3,168 
LB Nipbl+/- LB9 3,969 15,752 3,702 
LB Nipbl+/- LB10 3,431 17,123 3,847 
LB Nipbl+/- LB11 4,840 18,910.5 4,000.5 
LB Nipbl+/- LB6-LB11 19,569 16,424 3,780 

      
LB WT & 

Nipbl+/- 
LB1-LB11 35,238 17,300 3,894 

      
CC WT CC1 1858 15,682 3,796 
CC WT CC2 3537 14,967 3,711 
CC WT CC3 4550 13,788 3,609 
CC WT CC4 5202 14,782 3,549 
CC WT CC5 7448 14,882 3,453 
CC WT CC6 7759 14,547 3,438 
CC WT CC7 4767 15,386 3,716 
CC WT CC8 6573 15,797 3,652 
CC WT CC1-CC8 41,694 14,916 3,580 

      
CC Nipbl+/- CC9 2104 15,861 3,837 
CC Nipbl+/- CC10 2197 14,968 3,643 
CC Nipbl+/- CC11 669 16,370 3,994 
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CC Nipbl+/- CC12 1614 15,140 3,750 
CC Nipbl+/- CC13 2025 15,525 3,797 
CC Nipbl+/- CC14 3683 13,302 3,493 
CC Nipbl+/- CC15 4919 14,986 3,656 
CC Nipbl+/- CC16 8236 15,888 3,699 
CC Nipbl+/- CC9-16 25,447 15,122 3,677 

      
CC WT & 

Nipbl+/- 
CC1-CC16 67,141 14,997 3,618 

      
LB & CC WT & 

Nipbl+/- 
LB1-LB11 & 
CC1-CC16 

102,379 15,429 3,676 
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Table S3.3.2. Differential overexpression of markers of germ layer identity by cell 

populations in LB- and CC-stage embryos. 

Stage Cell Population Markers Germ Layer 
LB 

1 
Dnmt3b, Utf1 (31), 
Pou3f1 (33), Eras, 
Sox2 (32), Epcam 

Ectoderm 

LB 2 Gbx2, Pou5f1, Cdx2, 
Cdkn1a Ectoderm 

LB 3 Tfap2a, Gata3, 
Tfap2c Ectoderm 

LB 
4 

T (34), Mixl1, Wnt3a, 
Nkx1-2, Pou5f1, 

Nkx2-1 
Mesoderm 

LB 
5 

Mesp1, Hand1 (35), 
Foxf1, Fn1, Snai1, 

Isl1, Bmp4, Vim (36) 
Mesoderm 

LB 6 Hoxb1, Tbx6, Dll3, 
Dll1, Lef1, Frzb Mesoderm 

LB 7 Dppa3, Psmb8, 
Ifitm3, Tapbp, Irf1 Mesoderm 

LB 
8 

Smarcd3, Myl7, 
Gata6, Cdkn1c, 
Mef2c, Meis1 

Mesoderm 

LB 9 Foxc2, Twist1 (37), 
Fn1, Hmga2 Mesoderm 

LB 
10 

Foxc2, Twist1 (37), 
Pitx2, Foxc1, Cd24a, 
Hmga2, Prrx2 (38) 

Mesoderm 

LB 11 Hand1 (35), Bmp4, 
Foxf1, Msx2 Mesoderm 

LB 12 Hand1 (35), Pitx1, 
Bambi, Foxf1, Bmp4 Mesoderm 

LB 
13 

Cubn, Apob, Amn, 
Apom, Apoa4, Dab2, 

Pla2g12b 
Endoderm 

LB 
14 

Cldn6, Krt18, Krt8, 
Foxa2, Sox17, Cer1, 

Cldn7 
Endoderm 

LB 15 Tex19.1, Dppa4, Zfp4 Ectoderm 
LB 16 Tal1, Kdr, Lmo2, 

Etv2 Mesoderm 

LB 17 Gata1, Tal1, Lmo2, 
Hbb-bh1, Gfi1b Mesoderm 



244 
 

LB 
18 

1110017D15Rik, 
Fam183b, Tekt1, 

Dynlrb2 
Mesoderm 

    
CC 

1 
Lef1, Tbx6, Dll3, 

Hes7, Hoxb1, Dll1, 
Cdx1 

Mesoderm 

CC 
2 

Hoxd9, Lef1, Msx1, 
Hoxb6, Hoxb8, Nkd1, 

Msx2, Hoxb9 
Mesoderm 

CC 

3 

Mdk, Vim (36), 
Hand2, Arg1, Fn1, 

Nrp1, Pdgfra, 
Ppp3ca 

Mesoderm 

CC 
4 

Dppa3, Psmb8, 
Ifitm3, Gdf3, Psme1, 

Irf1 
Mesoderm 

CC 
5 

Twist1 (37), Prrx2 
(38), Foxc2, Foxd1, 

Prrx1 
Mesoderm 

CC 

6 

Meis1, Gata6, Isl1, 
Arg1, Mef2c, Meis2, 

Smarcd3, Hand2, 
Nr2f2, Irx3 

Mesoderm 

CC 7 Foxc2, Foxc1, Prrx2 
(38), Twist1 (37) Mesoderm 

CC 

8 

Arg1, Pkm, Tubb5, 
Trim28, Eef1a1, Sox2 
(32), Actb, Igf2bp1, 

Pou3f1 (33) 

Ectoderm 

CC 9 Acta2, Krt8, Krt18, 
Tagln Mesoderm 

CC 10 Phlda2, Cdkn1c, 
Peg10, Slc38a4 Mesoderm 

CC 

11 

Etv2, Egfl7, Ramp2, 
Kdr, Fli1, Hhex, 
Tal1, Lmo2, Flt1, 

Rasip1, Esam 

Mesoderm 

CC 12 Myl7, Actc1, Tnnt2, 
Myl4 Mesoderm 

CC 
13 

Pou3f1 (33), Sox2 
(32), En1, Pax2, 

Dnmt3b 
Ectoderm 

CC 14 Hoxa1, Pax6, Sox2 
(32), Meis2, Sox3 Ectoderm 
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CC 15 Six3, Hesx1, Pou3f1 
(33), Otx2, Sox2 (32) Ectoderm 

CC 16 Pax3, Sox9, Foxd3 Ectoderm 
CC 

17 
Ptch1, Foxa2, Sox2 

(32), Nkx6-1, Pou3f1 
(33), Sfrp1 

Ectoderm 

CC 18 Cdx2, Nr6a1, Pou5f1, 
Ccnd1 Mesoderm 

CC 19 Fst, Fgf8, T (34), 
Etv4 Mesoderm 

CC 
20 

Msx1, Cdx4, Cdx2, 
Fgf8, Etv4, T (34), 
Evx1, Klf5, Nkx1-2 

Mesoderm 

CC 
21 

Epcam, Cldn7, 
Rab25, Cldn6, Krt18, 

Krt8 
Ectoderm 

CC 22 Krt18, Epcam, Krt8 Endoderm 
CC 23 Shh, T (34), Nog, 

Foxa2 Mesoderm 

CC 
24 

Apob, Amn, Afp, 
Apom, Rbp4, Ttr (39), 
Apoa4, Apoa1, Cubn 

Endoderm 

CC 25 Ttr (39), Rbp4, 
Apoa1, Apom Endoderm 

CC 26 Hba-x, Hbb-bh1, 
Hba-a1, Hba-a2 Mesoderm 
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Table S3.3. Differential overexpression of markers of biological identity by endodermal cell 

populations in LB- and CC-stage embryos. 

Stage Cell Population Markers Biological Identity 

LB 13 

Hnf4a (42), Tbx3 
(43), S100a1, Rbp4, 
Cubn, Mt1, Slc2a2, 
Apoa2, Ctsb, Aldob, 
Apom, Lrp2, Cltc, 

Aprt 

Extraembryonic 
endoderm 

LB 14 

Sox4 (40) Mdk, 
Tead2, Cer1, Ccnd2, 
Dkk1, Sfrp1, Foxa2 
(41), Bambi, Fzd2, 

Ccnd1 

Definitive endoderm 
progenitor 

    

CC 22 

Krt18, Slc2a1, 
Cd24a, Epcam, Ptma, 
Hmgn1, Tpt1, Rps2, 

Bsg, Rps23, Cfl1, 
Ppia,  

Definitive endoderm 
progenitor 

CC 24 

Esx1 (44), Ldha, 
Fam162a, Eno1, 
Slc16a3, Pgk1, 

Tubb5, Pkm, Aldoa, 
Hspa8 

Visceral endoderm 

CC 25 Rbp4, Apoa1, Ttr, 
Apom 

Extraembryonic 
endoderm 
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Table S3.4. Differential overexpression of markers of biological identity by ectodermal cell 

populations in LB- and CC-stage embryos. 

Stage Cell Population Markers Biological Identity 

LB 1 
Dnmt3b, Pou3f1 (33), 
Otx2 (45), Utf1, Eras, 

Irx3, Hesx1, Sox2 
Ectoderm progenitor 

LB 2 

Cdx1 (46), Nkx1-2 
(47), Cdx2, Fst, 
Gbx2, Pou5f1, 
Cdkn1a, Fgf8 

Neural ectoderm 
progenitor 

LB 3 Id1 (45) Msx2 (45), 
Msx1 (45), Tfap2a Surface ectoderm 

LB 15 

Elf5 (49), Dppa4, 
Tex19.1, Grem2, 

Bmp8b, Sox7, Tead4 
(50), Esrrb, Dppa2, 
Gata6, Nog, Zfp42, 

Sox17 

Extraembryonic 
ectoderm 

    

CC 8 
Sox2 (60), Ezr (61), 
Arg1, Fn1, Twist1, 

Foxc2, Prrx2, Hmga2 
Spinal neural plate 

CC 13 

En1 (54), Pax2 (55), 
Pou3f1, Zic3, Zeb2, 
Wnt1, Sox2, Pax5, 

Sox3 

Mesencephalic neural 
plate 

CC 14 

Hoxa1 (56), Hes3 
(57), Mdk, Meis2, 

Tshz1, Pax6, Pou5f1, 
Ptn 

Rhombencephalic 
neural plate 

CC 15 
Six3 (52), Hesx1 (53), 
Pou3f1, Otx2, Lhx5, 

Fezf1, Rax 

Prosencephalic neural 
plate 

CC 16 Pax3 (62), Foxd3 
(63), Sox9 Neural crest 

CC 17 

Ptch1, Foxa2 (58), 
Nkx2-9 (59), 

Nkx6-1, Cfc1, Sox2, 
Gli1, Lefty1, Ccnd1, 

Sfrp1 

Midline neural plate 

CC 21 Krt8, Krt18, Epcam Surface ectoderm 
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Table S3.5. Differential overexpression of markers of biological identity by mesodermal cell 

populations in LB- and CC-stage embryos. 

Stage Cell Population Markers Biological Identity 

LB 4 

Pou5f1, T (34), Nkx1-
2 (47), Epcam, Cdh1, 
Wnt3a, Mixl1, Cdx2, 

Mgst1, Dnmt3b, 
Cdkn1a 

Neuromesodermal 
progenitor 

LB 5 Mesp1 (64), Hand1, 
Isl1, Cdx2, Evx1 

Mesp1-expressing 
mesoderm progenitor 

LB 6 
Tbx6 (67), Meis2 

(68),  Hoxb1, Dll1, 
Dll3, Lef1, Frzb 

Paraxial mesoderm 
progenitor 

LB 7 

Dppa3, Ifitm3, 
Psmb8, Tfap2c (77), 
Msx1 (78),  Psme2, 
Psme1, Irf1, Tapbp 

Primordial germ cell 

LB 8 
Id2 (65), Smarcd3, 

Myl7, Cdkn1c, Mef2c 
(66), Gata6 

Second heart field 

LB 9 
Foxc2 (69), Tcf15 

(70), Twist1, Cd24a, 
Tcf7l1, Lef1 

Trunk paraxial 
mesoderm 

LB 10 

Alx1 (70), Tcf15 (70), 
Cd24a, Pitx2, Twist1, 
Foxc2, Foxc1, Prrx2, 

Six1, Bmp7, Jag1 

Head paraxial 
mesoderm 

LB 11 Hand1 (35), Bmp4, 
Msx2, Foxf1 First heart field 2 

LB 12 

Pitx1, Hand1 (35), 
Bambi, Krt8, Msx1, 
Krt18, Foxf1, Bmp4, 
Col1a1, Msx2, Cdx2 

First heart field 1 

LB 16 Kdr, Tal1 (72), Lmo2, 
Etv2 (73) Hemangioblast 

LB 17 Gata1 (72), Hbb-bh1, 
Tal1 (72), Runx1 Primitive erythrocyte 

LB 18 

Noto (75), Foxj1 
(76), 

1110017D15Rik, 
Tekt1, Pifo, Enkur, 

Fam183b 

Primitive node 
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CC 1 
Tbx6, Dll3, Lef1, 

Hes7, Dll1, Hoxb1, 
Cdx1 

Trunk paraxial 
mesoderm 

CC 2 

Mesp1 (64), Hand1, 
Msx1, Lef1, Msx2, 
Cdx2, Nkd1, Sall4, 

Tbx3  

Mesp1-expressing 
mesoderm progenitor 

1 

CC 3 
Mesp1 (64), Meis1, 

Meis2, Hoxa1, Tshz1, 
Hoxa5, Foxp1, Pbx3 

Mesp1-expressing 
mesoderm progenitor 

2 

CC 4 

Dppa3, Psmb8, 
Ifitm3, Irf1, Dnd1, 

Gdf3, Psme1, 
Parp12, Psme2, 
Nanos3, Ifitm2, 

Tapbp 

Primordial germ cell 

CC 5 Twist1, Prrx2, Foxc2, 
Foxd1, Prrx1 

Head paraxial 
mesoderm 

CC 6 Meis1, Gata6, Isl1, 
Irx3, Meis2, Irx5 Second heart field 

CC 7 

Tcf15 (70), Meox1 
(82), Foxc2, Ptn, 

Pax3, Foxc1, Cadm1, 
Mdk, H3f3a, 

Epb41l3, Foxd1, 
Fbn2, Six1, Ncam1, 

Notch1, Prrx2, 
Efnb2, Pdgfra, 
Twist1, Zic2 

Presomitic mesoderm 

CC 9 

Krt18, Krt8, Tagln, 
Hand1, Acta2, Sparc, 

Cnn2, Vim, Bmp4, 
Csrp2, Nrp1, 

Serpinh1, Myl6 

First heart field 2 

CC 10 Hand1, Bambi, 
Bmp4, Twist1 First heart field 1 

CC 11 

Etv2, Ramp2, Egfl7, 
Kdr, Fli1, Hhex, 

Rasip1, Flt1, Tal1, 
Esam, Lmo2 

Hemangioblast 

CC 12 
Mef2c (80), Nkx2-5 
(81), Myl7, Actc1, 

Tnnt2, Myl4 
Cardiomyocyte 

CC 18 Cdx2, Sox2, Nr6a1, 
Pou5f1 

Neuromesodermal 
progenitor 
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CC 19 T, Fgf8, Fst, Etv4, 
Fgf17 

Paraxial mesoderm 
progenitor 

CC 20 
Tlx2 (79), Msx1, 

Cdx4, Cdx2, Evx1os, 
Etv4, Fgf8, T (34) 

Lateral plate 
mesoderm progenitor 

CC 23 Shh, Foxa2, Nog, 
Krt18 Primitive node 

CC 26 Hba-x, Hbb-bh1, 
Hba-a1, Hba-a2 Primitive erythrocyte 
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Table S3.6. Differential overexpression of markers of germ layer identity by cell 

populations in LB-stage Nipbl+/- embryos. 

Stage Cell Population Markers Germ Layer 
LB 1 Dnmt3b, Utf1 (31) Ectoderm 
LB 2 Dlx5, Tfap2a Ectoderm 
LB 3 Pou5f1, Dnmt3b, 

Hes3 Ectoderm 

LB 4 Cdx1, Mixl1, Pou5f1 Mesoderm 
LB 5 Msx1, Tfap2a Ectoderm 
LB 6 Foxc2, Lefty2 Mesoderm 
LB 7 Mesp1, Rspo3, Isl1, 

Wnt2 Mesoderm 

LB 
8 

Myl7, Smarc3d, 
Cdkn1c, Gata6, 
Phlda2, Mef2c 

Mesoderm 

LB 9 Tcf15, Foxc2 Mesoderm 
LB 10 Hand1 (35), Bmp4 Mesoderm 
LB 11 Hoxb6, Hand1 (35), 

Hoxd9, Pitx1, Foxf1 Mesoderm 

LB 12 Mesp1, Mixl1 Mesoderm 
LB 13 Dppa3, Dnd1 Mesoderm  
LB 14 Hand1 (35), Krt18, 

Krt8, Foxf1, Bmp4,   Mesoderm 

LB 15 Tbx6, Hoxb1 Mesoderm 
LB 16 Tal1, Lmo2 Mesoderm 
LB 17 Ttr, Apoa1 Endoderm 
LB 18 Slc116a1, Emb Endoderm 
LB 19 Pifo, Cfap126 Mesoderm 
LB 20 Tex19.1, Dppa4 Endoderm 
LB 21 Hs3st1, Srgn Endoderm 
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Table S3.7. Differential overexpression of markers of biological identity by mesodermal cell 

populations in LB-stage Nipbl+/- embryos. 

Stage Cell Population Markers Biological Identity 

LB 4 Pou5f1, T (34) Neuromesodermal 
progenitor 

LB 6 Foxc2 (69), Tcf15 
(70) 

Trunk paraxial 
mesoderm 

LB 7 
Mesp1 (64), Rspo3, 
Hoxb1, Wnt2, Isl1, 

Meis2 (68) 

Mesp1-expressing 
mesoderm progenitor 

3 

LB 8 
Myl7, Smarcd3, 
Gata6, Cdkn1c, 

Mef2c (66) 
Second heart field 

LB 9 Otx2, Cer1 Head paraxial 
mesoderm 

LB 10 Bmp4, Hand1 (35) 
Mesp1-expressing 

mesoderm progenitor 
2 

LB 11 Hoxb6, Hoxd9 First heart field 2 

LB 12 Mixl1, Mesp1 (64) 
Mesp1-expressing 

mesoderm progenitor 
1 

LB 13 
Dppa3, Psmb8, 
Dnd1, Nanos3, 
Ifitm3, Prdm14 

Primordial germ cell 

LB 14 Krt18, Krt8 First heart field 2 

LB 15 Tbx6 (67), Rbp1, 
Hoxb1, Aldh1a2 

Paraxial mesoderm 
progenitor 

LB 16 Tal1 (72), Lmo2 Hemangioblast 

LB 19 Pifo, Cfap126, Foxj1 
(76) Primitive node 
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Table S3.8. Number of cells, transcripts, and genes captured by scRNAseq of EB- and 

EHF-stage WT embryos.  

scRNA-seq of EB- and EHF-stage of WT mouse embryos captured thousands of cells per 

embryo, thousands of transcripts per cell, and detected thousands of genes per cell. Table shows 

genotype of each embryo, number of cells captured per embryo, median number of UMIs 

captured per cell, and median number of genes detected per cell.  

Embryo(s) Genotype Cells Median 
UMIs/Cell 

Median 
Genes/Cell 

EB1 WT 4109 5693 2064 
EB2 WT 1185 5943 2120 

EB1-EB2 WT 5294 5740 2073.5 
     

EHF1 WT 1969 11208 3271 
EHF2 WT 3839 9587 2891 

EHF1-EHF2 WT 5808 10162 3030 
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Table S3.9. Differential overexpression of markers of germ layer identity by cell 

populations in EB- and EHF-stage embryos. 

Stage Cell Population Markers Germ Layer 
EB 1 Pou5f1, Dnmt3b, 

Epcam, Utf1, Pkm Ectoderm 

EB 
2 

Vim, Hand1, Hmga2, 
Fn1, Actb, Fgf3, 

Tpm4, Myl7, Cald1 
Mesoderm 

EB 3 Lhx1, Eomes, Fgf3, 
Snai1, Fn1, Mixl1 Mesoderm 

EB 4 Apom, Apoa1, Dab2, 
Ttr, Apob, Amn Endoderm 

EB 5 Cer1, Gsc, Lhx1, 
Sox17, Fgf5, Foxa2 Endoderm 

EB 
6 

Foxj1, 
1110017D15Rik, 

Tekt1, Pifo, Cfap126 
Mesoderm 

EB 7 Lmo2, Fgf3, Tal1, 
Runx1, Fli1, Kdr Mesoderm 

EB 

8 

Elf5, S100a6, Nr0b1, 
Anxa5, Rhox5, 

Trap1a, Tex19.1, 
Hspb1, Tfap2c, 

Dnmt3l, Dppa4, Cd9, 
Lgals1, Zfp42 

Ectoderm 

    
EHF 1 Dnmt3b, Gapdh, 

Epcam, Sox2, Pou3f1 Ectoderm 

EHF 2 Pou5f1, Gbx2, Sox3, 
Cdx2 Ectoderm 

EHF 3 T, Fst, Nkx1-2, Cdx2, 
Pou5f1, Wnt3a, Fgf8 Mesoderm 

EHF 
4 

Tacstd2, Wnt6, Wnt4, 
Lrp2, Lrpap1, Krt18, 

Krt8, Wt1 
Ectoderm 

EHF 5 Lef1, Dll1, Pcdh19, 
Dll3, Tbx6, Cdh2 Mesoderm 

EHF 6 Hmga2, Twist1, 
Prrx2, Foxc2 Mesoderm 

EHF 
7 

Hand1, Krt18, Krt8, 
Foxf1, Tagln, Vim, 

Serpinh1, Ppic, 
Mesoderm 
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Cnn2, Tpm1, Nrp1, 
Acta2, Bmp4, Myl6 

EHF 
8 

Dppa3, Ifitm3, Gdf3, 
Dnd1, Parp9, Tfap2c, 
Klf2, Parp12, Prdm1 

Mesoderm 

EHF 9 Amn, Apom, Apoa1, 
Cubn, Apob, Ttr Endoderm 

EHF 10 Krt8, Krt18, Sox17, 
Foxa1, Foxa2 Endoderm 

EHF 

11 

Foxj1, 
1110017D15Rik, 
Dynlrb2, Cfap52, 

Fam183b, Cfap126 

Mesoderm 

EHF 12 Lmo2, Gata1, Hbb-
bh1, Runx1 Mesoderm 

EHF 13 Kdr, Fli1, Etv2, Lmo2 Mesoderm 
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Table S3.3.10. Expression of Nanog in LB- and CC-stage embryos.  

Genotype = genotype of embryo, Embryo = embryo identifier, Nanog = normalized transcript 

counts for Nanog in cell type. 

Stage Genotype Embryo Nanog 
Late bud Wildtype LB1 0.05051302 
Late bud Wildtype LB2 0.11359867 
Late bud Wildtype LB3 0.08 
Late bud Wildtype LB4 0.10866373 
Late bud Wildtype LB5 0.07430341 
Late bud Nipbl+/- LB6 0.3121175 
Late bud Nipbl+/- LB7 0.20864662 
Late bud Nipbl+/- LB8 0.24953096 
Late bud Nipbl+/- LB9 0.18756219 
Late bud Nipbl+/- LB10 0.16984127 
Late bud Nipbl+/- LB11 0.19027661 

Cardiac crescent Wildtype CC1 0.00668338 
Cardiac crescent Wildtype CC2 0.01766304 
Cardiac crescent Wildtype CC3 0.01175446 
Cardiac crescent Wildtype CC4 0.00583771 
Cardiac crescent Wildtype CC5 0.01085305 
Cardiac crescent Wildtype CC6 0.00340408 
Cardiac crescent Wildtype CC7 0.010921 
Cardiac crescent Wildtype CC8 0.01019946 
Cardiac crescent Nipbl+/- CC9 0.15524194 
Cardiac crescent Nipbl+/- CC10 0.12248629 
Cardiac crescent Nipbl+/- CC11 0.08695652 
Cardiac crescent Nipbl+/- CC12 0.12486993 
Cardiac crescent Nipbl+/- CC13 0.11223629 
Cardiac crescent Nipbl+/- CC14 0.09711432 
Cardiac crescent Nipbl+/- CC15 0.07511408 
Cardiac crescent Nipbl+/- CC16 0.07357057 
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Table S3.3.11. Expression of Pou5f1 in LB- and CC-stage embryos.  

Genotype = genotype of embryo, Embryo = embryo identifier, Pou5f1 = normalized transcript 

counts for Pou5f1 in cell type. 

Stage Genotype Embryo Pou5f1 
Late bud Wildtype LB1 8.3875296 
Late bud Wildtype LB2 8.28772803 
Late bud Wildtype LB3 8.98193548 
Late bud Wildtype LB4 10.6762115 
Late bud Wildtype LB5 7.02786378 
Late bud Nipbl+/- LB6 7.82741738 
Late bud Nipbl+/- LB7 12.1409774 
Late bud Nipbl+/- LB8 8.35897436 
Late bud Nipbl+/- LB9 10.3502488 
Late bud Nipbl+/- LB10 6.68201058 
Late bud Nipbl+/- LB11 7.03855826 

Cardiac crescent Wildtype CC1 0.66165414 
Cardiac crescent Wildtype CC2 1.05661232 
Cardiac crescent Wildtype CC3 0.48193296 
Cardiac crescent Wildtype CC4 0.83712785 
Cardiac crescent Wildtype CC5 0.76383764 
Cardiac crescent Wildtype CC6 0.43211854 
Cardiac crescent Wildtype CC7 1.3815071 
Cardiac crescent Wildtype CC8 0.96033545 
Cardiac crescent Nipbl+/- CC9 0.92271505 
Cardiac crescent Nipbl+/- CC10 0.74710542 
Cardiac crescent Nipbl+/- CC11 4.35652174 
Cardiac crescent Nipbl+/- CC12 1.9760666 
Cardiac crescent Nipbl+/- CC13 2.9164557 
Cardiac crescent Nipbl+/- CC14 0.91287458 
Cardiac crescent Nipbl+/- CC15 1.2965953 
Cardiac crescent Nipbl+/- CC16 1.39984006 

 




