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Abstract

SNRPB is a major splicing factor and a core component of all the small nuclear
ribonucleoproteins (SNRNPs). Patients with Cerebrocostomandibular syndrome (CCMS) carry
heterozygous mutations in a highly conserved alternative exon 2 of SNRPB, which plays a
crucial role in regulating SNRPB levels. CCMS patients mainly have craniofacial and rib
defects with variable penetrance and expressivity. However, it is not clear why mutations in
SNRPB result in the range of tissue specific abnormalities seen in CCMS. Here, we generated
a mutation in Snrpb, to elucidate its role in embryonic development and shed light on CCMS.
Our first mouse model which harbored a 61-base pair intronic deletion near the regulatory
alternative exon 2 in Snrpb, shows CCMS craniofacial, rib and limb abnormalities at the
embryonic and postnatal stages at a very low penetrance. This model suggests that the intron 2
region that we deleted is important for SNRPB regulation. We showed heterozygous
constitutive knockout of Snrpb (Snrpb*’) is embryonic lethal as early as embryonic day (E)7.5,
restricting embryonic development before morphogenesis. To know the requirement of Snrpb
in mesodermal cell lineage, we then used Mespl-Cre mice to remove Snrpb from the
mesodermal cell lineages. We found the Snrpb heterozygous mutants in the mesodermal cells
(Snrpb™s*") are not born. These mutants display craniofacial and cardiac abnormalities with
variable expressivity from E9.5 and onward. By E14.5, all Snrpb™s*" mutants are abnormal
with dorsal edema, and smaller head and lower jaw. We also found a reduction in cartilage
development of the head and sternum, and abnormal development of the ribs. Intriguingly,
neural crest cell derived Meckel’s cartilage was abnormal in Snrpb™s* mutants, suggesting a
disruption in the crosstalk between the two cell lineages. To gain insights of the role of SNRPB
in neural crest cells, we mated Wnt1-Cre line with our Snrpb conditional mice to remove
SNRPB from these cells. Here, the mutants (Snrpb"**") showed abnormal craniofacial

development that mimics CCMS patients and die between E17.5 and shortly after birth. We



also saw perturbed skeletal development in the craniofacial region of the mutants. An increased
cell death was found in the mutant heads along with elevated nuclear P53. RNAseq of the E9.0
mutant heads revealed an elevated p53 pathway and significant changes in gene splicing,
primarily increased exon skipping and intron retention. We found higher exon skipping in two
p53 master regulators, Mdm2 and Mdm4. RNAseq analyses also uncovered aberrant splicing
of 13 genes required for craniofacial development in which we validated transcription factors
such as Smad2, Pou2f1 and Rere. Moreover, in situ hybridization exhibited aberrant expression
of key craniofacial developmental genes such as Fgf8, Shh and Msx2 in the Snrpb™* mutants.
Our findings suggest that the splicing changes occurring in the key developmental genes along
with the increased P53 mediated cell death causes abnormal craniofacial development in
Snrpb™**"- mutants and presumably in CCMS patients. Taken together, we proved that normal
level of SNRPB is critical for proper embryonic development and our Snrpb mutant mouse
models can be used for understanding CCMS disease mechanism with possible therapeutic

targets in the future.



Résumé

SNRPB est un facteur d'épissage majeur et un composant essentiel de toutes les petites
ribonucléoprotéines  nucleéaires (SnRNP). Les patients atteints du syndrome
cérébrocostomandibulaire (CCMS) sont porteurs de mutations hétérozygotes, toutes situées
dans I’exon 2 alternatif hautement conservé (AE2) de SNRPB, qui joue un réle crucial dans la
régulation des niveaux d’expression de SNRPB. Les patients atteints de CCMS ont
principalement des malformations au niveau craniofacial et des c6tes, avec une pénétrance et
une expressivité variable. Cependant, les raisons pour lesquelles les mutations
de SNRPB provoquent ces malformations de maniére spécifique demeurent incomprises. Dans
ce projet, nous avons tenté de comprendre comment SNRPB contribue au développement
embryonnaire, en générant une mutation dans Snrpb dans un modéle murin. Notre premier
modeéle murin généré comporte une délétion intronique de 61 paires de bases prés de I'exon
alternatif régulateur 2 (AE2) dans Snrpb. Les souris mutantes présentent des anomalies
embryonnaires au niveau du crane, du visage, des cotes et des membres, avec une tres faible
pénétrance. Ceci suggére que la région de I'intron 2 que nous avons supprimée est importante
pour la régulation de SNRPB. Dans un deuxiéme mod¢le murin, nous avons montré qu’une
délétion constitutive hétérozygote de Snrpb (Snrpb*’) est létale dés le 7e jour embryonnaire
(E)7.5, empéchant le développement embryonnaire avant la morphogenese. Par la suite, nous
avons tenté de comprendre le r6le de Snrpb dans le feuillet intermédiaire de 1’embryon, le
mésoderme, en utilisant des souris transgéniques Mesp1-Cre . Les mutants Snrpb™s* ne
naissent pas et ont des anomalies du développement craniofacial et cardiague, avec une
expressivité variable a partir de E9,5. A E14.5, tous les mutants Snrpb™**" sont anormaux au
niveau de la téte et des cotes. De maniére intrigante, le cartilage de Meckel, dérivé des cellules
de la créte neurale, est plus court chez les mutants Snrpb™s*" ce qui suggére une mauvaise

communication cellulaire entre le mésoderme et la créte neurale. Finalement, nous avons utilisé



la lignée murine transgenique Wnt1-Cre pour éliminer SNRPB des cellules de la créte neurale.
Les mutants Snrpb™*~ ont aussi un développement craniofacial anormal avec une expressivité
variable, et meurent entre E17.5 et peu apres la naissance. De plus, nous avons démontré une
augmentation de la mort cellulaire dans les té€tes des mutants a E9.5, ainsi qu’une augmentation
de I’expression de P53 nucléaire comparativement aux souris de type sauvage. L'analyse
RNAseq de I’ARN isol¢ des tétes des embryos mutants a E9.0 a révélé une augmentation de la
voie P53 et des changements significatifs dans I'épissage des génes. Plus spécifiquement, nous
avons trouvé une augmentation du saut dexon dans deux régulateurs majeurs de
P53, Mdm2 et Mdm4. 13 genes importants au cours du développement craniofacial ayant un
épissage aberrant ont été identifiés et validés par RT-PCR, parmi lesquels les facteurs de
transcription Smad2, Pou2fl et Rere. De plus, nous avons démontré une expression aberrante
de genes clés du développement craniofacial tels que Fgf8, Shh et Msx2 chez les
mutants Snrpb™*" par hybridation in situ. Nos résultats suggérent que les changements
d'épissage dans les genes clés du développement ainsi que l'augmentation de la mort cellulaire
médiée par P53 provoquent un développement craniofacial anormal chez les
mutants Snrpb™*" et probablement chez les patients atteints de CCMS. Dans I'ensemble, nous
avons prouvé qu’un niveau d’expression normal de SNRPB est essentiel au bon développement
embryonnaire et nous pensons que nos modeles de souris mutantes Snrpb peuvent étre utilisés
pour comprendre le mécanisme de la maladie CCMS et potentiellement identifier des cibles

thérapeutiques a l'avenir.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Cerebrocostomandibular syndrome (CCMS)

1.1.1 CCMS is a rare disorder caused by mutations in SNRPB

Cerebrocostomandibular syndrome (CCMS, OMIM # 117650) is a rare congenital disorder that
occurs in one in a million births, where patients mostly have micrognathia and posterior rib
gap defects. CCMS was first reported in 1966 by Smith et al. and to date, around 80 cases have
been reported in literature where males and females are equally found to be affected. The
syndrome is inherited in an autosomal dominant fashion with the mutation occurring in a major
splicing factor gene called SNRPB. CCMS patients share craniofacial conditions that are like
Pierre Robin sequence (PRS), which presents a triad of micrognathia, glossoptosis, and airway
obstruction (Carey et al., 1982; Gangopadhyay et al., 2012; Logjes et al., 2018; Giudice, et al.,
2018; Baxter and Shanks, 2022). However, the classic rip gap defects make CCMS stand out

as an independent syndrome.

The first report of SNRPB mutations in CCMS patients was published in 2014 by a combination
of whole exome and Sanger sequencing. Of 14 CCMS patients with micrognathia and posterior
rib gaps, one was negative for sequence or copy-number variants in the coding regions and
UTRs of the SNRPB gene (Lynch et al., 2014). Soon after that, in five unrelated French patients
with CCMS, Bacrot et al. (2015) identified heterozygosity for four missense mutations in the
SNRPB gene. Later, Tooley et al. (2016) examined 16 patients with CCMS, including eight

patients who were previously studied (Lynch et al., 2014; Watson et al., 2014; Ramaswamy et
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al., 2016) and reported SNRPB mutations in eight of the nine patients with no previous reports

of mutation. The findings suggest that in most cases, CCMS is caused by SNRPB mutations.

28 CCMS patients sequenced

No SNRPB mutation

c.1-72 G>T

E3 E4 E5 E6 E7

>A

(

¢.213456 C>1

c.213+57

Figure 1.1: CCMS is caused by mutation in SNRPB; a graphical representation of all point
mutations reported in the gene. The exons (E1-E7) of SNRPB are shown as rectangular boxes.
The point mutations found in the majority of patients lie within the alternative exon 2 of the
gene (exon in black, mutations in green fonts). One patient had a mutation in the 5’UTR shown
in red font, whereas two patients had no mutation in the allele (Ref: Lynch et al., 2014; Bacrot

et al., 2015; Tooley et al., 2016; Beauchamp et al., 2020).

Almost all CCMS patients had point mutations in a highly conserved alternative exon 2 of
SNRPB, that plays a critical role in regulating SNRPB levels. Mutations were mostly clustered
in the exonic splicing silencer (ESS) region (Lynch et al., 2014; Bacrot et al., 2015; Tooley et
al., 2016). Only one case of CCMS, a fetus had a 5’-UTR mutation of SNRPB (Figure 1.1),

creating a new initiation codon possibly resulting in truncated protein and a loss of function
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(Lynch et al., 2014). The alternative exon 2 in SNRPB has a pretermination codon (PTC) and
its inclusion in the SNRPB transcript causes nonsense mediated decay (NMD) of the transcript.
It was shown in patients’ fibroblasts that mutations in alternative exon 2 cause an increased
inclusion of this deleterious exon. This results in a rise in the levels of the transcript that goes
through NMD, which is thought to lead to the overall decrease in SNRPB protein (Lynch et
al., 2014). However, no further reports have shown how much SNRPB protein is made in

CCMS patients.

1.1.2 Clinical features of CCMS patients

CCMS is mainly characterized by craniofacial malformations such as a smaller mandible and
costovertebral developmental anomalies (Figure 1.2). About 80-99% of patients reported so far
have mandibular hypoplasia or micrognathia, cleft palate and rib anomalies such as rib gap
defects, a bell-shaped thorax, and broken or discontinuous ribs, and in severe cases, complete
absence of the rib cage (Lynch et al., 2014, Bacrot et al., 2015, Tooley et al., 2016).
Malformations of ribs and rib cage at birth along with micrognathia to cause respiratory distress
and feeding difficulties. Respiratory difficulties lead to generalized cyanosis and potential
hypoxic brain injuries that may be responsible for intellectual disability (30-79%) sometimes
observed later. Patients also have anomalies involving the middle ear defects, leading to
hearing loss. Cardiac defect such as aorticopulmonary septal defect (ASD), which might lead

to persistent truncus arteriosus, are also reported in some CCMS patients (Table 1.1).

Intrauterine growth retardation and low birth weights are also reported in 30-79% of CCMS
neonates. Those patients who survive infancy may suffer from growth retardation, scoliosis,
reduced lung capacity, dental anomalies and feeding problems later in life. Though CCMS is
characterized by mandibular hypoplasia and rib gap defects, CCMS patients exhibits additional
organ abnormalities to a lesser extent. The severity of CCMS abnormalities is highly variable

(Ibba et al., 1997; Van den Ende et al., 1998; James and Aftimos, 2003; Abdalla et al., 2011;

33



Lynch et al., 2014; Bacrot et al., 2015; Tooley et al., 2016; Hameed et al., 2018), a feature

known as variable expressivity.

A concise list of the abnormalities seen in CCMS is given below. Though several reports have

been published describing CCMS patients’ abnormalities (Ibba et al., 1997; Van den Ende et

al., 1998; James and Aftimos, 2003, Abdalla et al., 2011, Hameed et al., 2018), the table here

represents only the patients who were sequenced for SNRPB (Lynch et al., 2014; Bacrot et al.,

2015; Tooley et al., 2016).

Table 1.1: Prevalence of clinical features reported in CCMS. *28 patients were reported by

Lynch et al. (2014), Bacrot et al. (2015) and Tooley et al. (2016). Number of patients observed

are variable as all 28 patients were not screened for every anomaly listed here. (Adapted from

Beauchamp et al., 2020).

Anomalies in different tissues

Number of patients with abnormalities/

number of patients observed*

Craniofacial abnormalities

- Mandibular hypoplasia/micrognathia 27/28
- Malar hypoplasia 2/13
- Cleft palate/ bifid uvula 14/24
- Cleftlip 1/16
- Hearing loss 13/28
- Eye anomalies 1/13
Psychomotor delay 3/21
Spline and thorax defects
- Scoliosis 11/28
- Rib anomalies 23/28
- Bell-shaped/ narrow thorax 15/24
Intrauterine growth retardation (IUGR) 6/14
Congenital heart defect (ASD) 3/16
Anal stenosis 1/13
Abnormal shaped kidney 3/16
Gastroesophageal reflux disease 4/16
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Figure 1.2: CCMS patients mostly have craniofacial abnormalities and rib gap defects.
CCMS patients are commonly reported with craniofacial anomalies, mainly micrognathia
(smaller lower jaw), which is shown in the left two panels. The other prevalent abnormalities
include rib defects that mostly include posterior rib gap defects (shown in the CT scan on the
far right). The patient in the middle has both craniofacial and rib defects (Adapted from Tooley

et al., 2016)

1.1.3 Management and prognosis CCMS

CCMS patients are treated based on their symptoms, which requires a collaborative network
of health care professionals. Pediatricians, surgeons, and physicians who diagnose the disease,
pulmonologists that treat abnormalities of the lungs, audiologists to assess and treat hearing
problems, speech pathologists, and other health care professionals may need to work together
to plan a child’s treatment (www.rarediseases.org). The survival of patients with CCMS mostly
relies on repeated surgical interventions. Craniofacial anomalies leading to breathing and
feeding difficulties are usually immediately addressed. Hypoxia is the first issue with CCMS
that can be lethal. Thus, CCMS babies with narrow rib cages and breathing difficulties are often

considered for tracheostomy (Abdallah et al., 2011; Ramaswamy et al., 2016; Tooley et al.,
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2016). CCMS has a very poor prognosis. Prognosis mainly depends on the severity of the
anomalies. The most severe forms are often fatal within the first hours after birth. About 25%
of all reported cases are fatal during the first month of life and this correlates significantly with
the disease severity. However, with the advancement of surgical interventions, the life
expectancy of CCMS patients is increasing. Although initial publications suggested a 50%
survival rate after the first year of life, due to great strides in surgical interventions reports now
suggest an 80% survival rate (Nagasawa et al., 2010; Tooley et al., 2016). Recently, successful
Ex utero intrapartum treatment (EXIT) was reported in a CCMS fetus, which would be an
effective option for rescuing patients with prenatally diagnosed CCMS and preventing neonatal

hypoxia (Ogasawara et al., 2014).

1.1.4 CCMS is a syndrome with an unexplained molecular mechanism

SNRPB makes three transcripts. The first two, which vary only in their UTR length, encodes
two protein isoforms: SmB and SmB’ (Saltzman et al., 2011). The third transcript contains an
alternative exon 2 of the gene and has a pretermination codon that causes it to undergo NMD.
As mentioned earlier, CCMS patients have mutations in the alternative exon 2 of SNRPB. In
fibroblast cells of CCMS patients, it was shown that there were higher levels of the third
transcript, that is supposed to make no SNRPB protein (Figure 1.3). In fact, it was also shown
through quantitative reverse transcription PCR (QRT-PCR) that mRNA expression of SNRPB
was reduced in those patients (Figure 1.3). In another study, increased levels of the third SNRPB
transcript were seen in leukocytes of CCMS patients, with no decrease in the two protein
coding transcripts (Bacrot et al., 2015). It is thought that having mutation in the alternative
exon 2 thus causes an overall decrease in the level of SNRPB, by making more of the third
transcript (Lynch et al., 2014). However, the extent of reduction in SNRPB protein levels was

never shown in CCMS patients.
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Figure 1.3: Mutation in alternative exon 2 of SNRPB causes increase inclusion of that exon
and overall decrease of SNRPB transcript. (A) SNRPB makes three transcripts. Transcripts 1
and 2 differ in the length of their 3" UTRs and encode SNRPB isoforms: SmB and SmB’,
respectively. The third transcript includes a pre-termination codon (PTC) containing alternative
exon 2 (shown as red box) that undergoes nonsense mediated decay (NMD). (B) CCMS
patients produce more of the third transcripts in their fibroblasts. (C) Reduction in SNRPB
expression at the mMRNA level was also observed in those cells. (Adapted from Lynch et al.,

2014)

It is speculated that reduction in SNRPB levels causes CCMS anomalies, but this remains to
be addressed. As SNRPB is a common splicing factor that is required in all cell types, it is
expected that reduction of SNRPB would affect the developmental process of different tissues

or systems equally.

Thus, the following questions remain to understand CCMS etiopathology:
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1. Does a reduction of SNRPB protein levels cause CCMS deformities? Do CCMS
patients have SNRPB mutations that create null alleles?

2. If there is a general reduction of SNRPB levels in all cells, then why are craniofacial
tissues and rib cages the most prevalently affected in CCMS?

3. CCMS patients are reported to have variable penetrance and expressivity of their
abnormalities. What causes this variable expressivity of anomalies found in the same

tissue such as in the craniofacial region?

All of these questions leave CCMS as a molecularly unexplained syndrome, which | addressed

in my thesis objectives.

In the next section | will give a general background information of mMRNA splicing. SNRPB is
a core component of the splicing machineries and regulates alternative splicing of the pre-
MRNA (Kambach et al., 1999; Correa et al., 2016; Liu et al.,, 2019). Several reports
demonstrated that knockdown of SNRPB causes aberrant splicing (Correa et al., 2016; Van

Alystene et al., 2018; Liu et al., 2019; Zhan et al., 2020).

1.2 Introduction to alternative RNA splicing and splicing machinery

1.2.1 Overview of alternative splicing

Alternative splicing is the process where different combinations of splice sites within
messenger RNA (mRNA) precursors can produce variably spliced mRNAs. It is a fundamental
regulatory step of gene expression as the multiple mRNAs generated from a single gene can
encode proteins that are variable in their sequences and activities. Though the first evidence of
alternative splicing coincided with its discovery in adenovirus transcript (Chow et al., 1977),
alternative splicing is prevalent in higher eukaryotes and it enhances their complexity by

increasing the number of unique proteins expressed from a single gene (Nilsen and Graveley,

38


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3119917/#A003707C76

2010). It is estimated that 95% of human genes are alternatively spliced, producing at least two
alternative isoforms, demonstrating a central role of alternative splicing in normal biology (Pan

et al., 2008).

Four splice signals are essential for accurate splicing: 5’ and 3’ splice sites (5'ss and 3'ss), the
polypyrimidine tract, and the branch site sequence (Figure 1.4). However, these signals cannot
solely select the proper splice site and splicing. Regulatory sequences such as exonic splicing
enhancers and silencers (ESEs and ESSs, respectively) and intronic splicing enhancers and
silencers (ISEs and ISSs, respectively) (Figure 1.5) to which proteins can bind can enhance or
repress splicing. There are two major splicing factor RNA binding proteins (RBPs) that
modulate splicing: heterogeneous ribonucleoprotein particles (hnRNPs) and serine-arginine
(SR) proteins. Based on their binding locations, these two RBPs have opposite enhancing and
repressive qualities (Martinez-Contreras et al., 2007; Bradley et al., 2015). For example,
binding of SR proteins to splicing enhancers can promote the use of suboptimal splice sites and
can mediate exon inclusion. On the other hand, binding of members of the hnRNP family to
splicing silencers can promote exon skipping and in addition, hnRNPs can also have the
opposite effect, depending on the location of their binding sites relative to the regulated splice
sites, which greatly widens their regulatory potential (Martinez-Contreras et al., 2007; Erkelenz

et al., 2013; Bradley et al., 2015; Geuens et al., 2016).

In alternative splicing, some exons are constitutively spliced—that is, they are present in every
MRNA produced from a given pre-mRNA—many are alternatively spliced to generate variable
forms of mRNA from a single pre-mRNA species. Alternative splicing commonly occurs in
five main types: Exon skipping, or cassette exon is the most prevalent pattern (around 30%) in
vertebrates and invertebrates, where an exon may be spliced out of the primary transcript or

retained (Figure 1. 5). Unbalanced exon skipping is known to cause human diseases (Tazi et
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al., 2009). However, rapidly emerging knowledge of splicing aberration in diseases along with
mechanisms of splicing are opening doors for new therapeutic approaches. For example,
induced exon skipping has recently emerged as a therapy to treat Duchenne Muscular
Dystrophy, by converting out-of-frame mutations to in-frame mutations in DMD (Gushchina,

2021).

In alternative donor site selection of 5 ’splice site and acceptor 3’ splice site splicing events,
part of the exon is alternatively included or excluded in the mRNA. Alternative 3'ss exons
(A3Es) and 5'ss exons (ASEs) account for ~18% and ~8% of the human and mouse conserved
events, respectively (Koren et al., 2007). These splicing events are found to be linked to several

diseases and generated by mutations causing aberrant splicing (Faustino and Cooper, 2003).

40



a ! Intron Y

Exon1 |GU A ) AG Exon2

B

" splice site Branch site 3 splice site

AN 2N
Exon skipping/inclusion —I —{ }_] }_

Alternative 3 splice sites -{:@:F
Atemative 5 spice sites :€:>
Mutually exclusive exons -{%:}»

/‘\
Intron retention —l J' l }—

] Constitutive exon [ Atternatively spliced exon]

Nature Reviews | Genetics

Figure 1.4: Different types of alternative mRNA splicing in eukaryotes. a. Conserved motifs
at or near the intron ends showing the 5’ and 3’ splice sites and the polypyrimidine tract (Y)n
and the A residue that serves as a branchpoint are shown in a two-exon pre-mRNA. The
sequence motifs that surround these conserved nucleotides are shown below. b. Five common
modes of alternative splicing. In each case, one alternative splicing path is indicated in green,
the other path in red. The last type is showing intron retention corresponding to no splicing.

(Adapted from Cartegni, 2002).

Another type of alternative splicing is the mutually exclusive exon (MXE) that represents a rare
subtype (Pohl et al., 2012). Mutually exclusive exons are characterized by splicing of exons
that occur in a coordinated manner, where two or more splicing events are not independent. As
the name “mutually exclusive” indicates, exactly one out of two exons (or one group out of

two exon groups) is spliced out, while the other one is retained. MXEs are significantly
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enriched in pathogenic mutations (Hatje et al., 2017) and current evidence suggests that

mutually exclusive exons only occur in pairs in vertebrates (Matlin et al., 2005).

Finally, intron retention, where introns are retained in mature mRNAs, is the profound
alternative splicing type in metazoans. In mammals, it was shown that as many as three-
quarters of multi-exonic genes undergo intronic retention events (Merkin et al., 2012;
Braunschweig et al., 2014; Monteuuis et al., 2019). In human transcripts, it is associated with

weaker splice sites, short intron length and the cis-regulatory elements.

hnRNP SR

Figure 1.5: Schematic presentation of cis-acting elements that bind to pre-mRNA to regulate
splicing. The enhancer or silencer sequences control the inclusion of the cassette exon (rose
color) with weak or suboptimal 3’splice site (A). Promotion of the use of the weak acceptor A
will result in the inclusion of the exon, whereas repression of using acceptor A will lead to
inhibition of its inclusion in the transcript. The SR proteins and the hnRNPs bind to the
enhancer and silencer sequences, respectively to mediate the splicing regulation. ESE, exonic
splicing enhancer; ESS, exonic splicing silencer; ISE, intronic splicing enhancer; ISS, intronic
splicing silencer, A, acceptor site; D, donor site; hnRNP, Heterogeneous ribonucleoprotein

particles; SR, serine-arginine proteins. (Modified from Marasco and Kornblihtt, 2022)
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1.2.2 Splicing requires collaborative participation of spliceosomal complexes

The splicing process requires the action of a series of large and dynamic ribonucleoprotein
(RNP) complexes comprising the spliceosome (Figure 1.6). The spliceosomes are some of the
most complex macromolecules in eukaryotic cells consisting of as many as 300 different
proteins (Jurica et al., 2002). Around 99% of splicing events in humans are catalyzed by the
major spliceosome that is made up of five small nuclear ribonucleoproteins (SnRNPs): U1, U2,
U4, U5, and U6. Each of the constituent RNP complexes are centered around a small RNA
molecule (Frederick et al., 2015). This RNA serves as a scaffold for a set of ‘core’ proteins
present in each complex, as well as additional complex-specific proteins. The U1 SnRNP that
attaches to the 5' splice site motif and the splicing factor SF1 that binds to the branch-point
sequence just upstream of the 3'splice site initiates the splicing process. An auxiliary splicing
factor named U2AF65 binds to the polypyrimidine tract and interacts with SF1. This interaction
facilitates identification of the surrounding BPS by SF1 (Berglund et al., 1998). The U2 SnRNP
displaces SF1 which is catalyzed by the RNA helicases Prp5 and Sub2. Prp5 helps with the
base pairing interaction by binding to U2 and stabilizes the branch-point-interacting-stem-loop,
that base pairs with the intron (Liang and Cheng, 2015). Sub2 acts to stabilize the interaction

between the RNA branch point and the U2 subunit (Frederick et al., 2015).

The U4, U5 and U6 tri-SnRNP forms the pre-catalytic spliceosome (Complex B). The DEAD-
box helicase Prp28 catalyzes this process and releases the U1 SnRNP. The pre-catalytic
spliceosome goes through a series of conformational changes forming the activated B
spliceosome, where U2 and U4 subunits are released. Other RNA helicases such as Prp2 act
to destabilize the RNA core of the spliceosome to catalyze the conformational change from the
B complex to the C complex. The C complex subsequently causes the splicing event to occur.
First, U2 associated protein complexes SF3a and SF3b are released, thus exposing the branch-

point site that allows a nucleophilic attack by the branch-point 2'-OH group on the 5'SS. Then
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the cross linking of U5 and U6 snRNPs happens, which is mediated by Prp8 protein. The 3'-
OH of the 5' exon attacks the 3'SS, and the remaining snRNPs and associated factors are
disassembled, the exons are joined together, and the intron lariat is released. Though most of
the intron lariats are degraded in seconds to minutes, it was also shown that many of them are
exported to the cytoplasm. In the cytoplasm, these exported intron lariats remain as stable

circular molecules (Talhouarne et al., 2018).
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1.2.3 Spliceosomal mutations can result in human diseases

Mutations in genes encoding for splicing proteins can cause diseases referred to as
spliceosomopathies. Though splicing factors are expressed ubiquitously, in most cases of
splieceosomopathies, a single tissue or cell type is predominantly affected. The range of
affected tissues is as diverse as the retina, hematopoietic lineage, craniofacial skeleton, spinal
cord, and limbs. Among the diseases that occur due to spliceosomal mutations, a group of them
preferentially —presents with craniofacial abnormalities. In these craniofacial
spliceosomapathies, the skeletal elements are primarily derived from the neural crest, an
embryonic cell group that contributes significantly to craniofacial development (Lehalle et al.,
2015; Beauchamp et al., 2020; Griffin and Saint-Jeannet, 2020). Although craniofacial
spliceosomapathies are rare, they represent around one-third of the congenital abnormalities
seen in live births mortalities (Trainor and Andrews, 2013) and fall under the umbrella of

craniofacial dysostosis.

There are several craniofacial syndromes that are associated with spliceosomal mutations
(Verheij et al., 2009; Lines et al., 2012; Bernier et al., 2012; Favaro et al., 2013; Wieczorek et
al., 2014; Xu et al., 2017; Beauchamp et al., 2020). Mutation in PUF60 has been linked to
Verheij syndrome (Verheij et al., 2009). Mutation in a component of the U5 spliceosome,
EFTUD2, causes mandibulofacial dysostosis where patients have craniofacial malformations
(Lines et al., 2012). Mutations in SF3B4, a U2 component, are associated with Nager
syndrome. Nager syndrome patients exhibit micrognathia, radial hypoplasia and limb defects
(Bernier et al., 2012). Similarly, mutations in exon junction core component, EIF4A3 are
known to cause Richieri-Costa-Pereira syndrome, which is also an acrofacial dysostosis
disorder (Favaro et al., 2013). Mutation of another U5 component, TXNL4A, causes Burn-
McKeown syndrome (Wieczorek et al., 2014). Mutation in ShARNA RNU4ATAC can also result

in head and craniofacial malformations (Farach, 2018). Moreover, mutations in accessory
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proteins of the spliceosome such as CWC27 are associated with retinitis degeneration to severe

craniofacial specific syndromes (Xu et al., 2017).

The proposed underlying mechanisms of spliceosomopathies is that the mutation in these
splicing proteins abrogates the protein-protein or protein-RNA interactions within the
spliceosomal complexes. These interrupted interactions result in the generation of aberrantly

spliced transcripts, which are specifically required for one cell type or another.

1.2.4 SNRPB and its role in splicing machinery

1.2.4.1 SmB and SmB’

The SNRPB (Small nuclear ribonucleoprotein polypeptides B and B2) gene encodes the core
protein for U1, U2, U4/U6, and U5 SnRNPs involved in the major splicing process. SNRPB
produces three transcripts, the first two transcripts generate functional proteins named SmB
and SmB'. These two proteins are derived from one pre-mRNA by alternative splicing (Chu
and Elkon, 1991) and were shown to differ only at the carboxy terminus, where a proline-rich
motif is repeated once more in SmB’ (van Dam et al., 1989). SmB/SmB’ are essential in
forming the heptameric ring of all core SnRNPs. The third annotated transcript of SNRPB
contains a highly conserved alternatively spliced exon 2 that has a pretermination codon (PTC),
thus leading to NMD of the transcript (Figure 1.3 A). The level of SNRPB in cells was thought
to be maintained by the production of the third PTC containing transcript, when SNRPB is
upregulated (Arneet et al., 2008). Saltzman et al. (2011) showed that SNRPB self-regulates its
expression by promoting the inclusion of the alternative exon 2 in its pre-mRNA. In HeLa cells,
Saltzman et al. demonstrated that knockdown of SNRPB leads to more skipping of the SNRPB
alternative exon2, suggesting a homeostatic autoregulation of SNRPB through the exclusion

of the highly conserved PTC-introducing exon.
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Genomic and protein analyses in chicken, two marsupials and hedgehog suggested that the
ancestral form of the protein was the SmB' isoform (Gray et al., 1999). The SmB/B' proteins
are expressed robustly in all tissues except for postnatal brain. In the postnatal brain, SmB/B'
are replaced by SmN and differentially distributed between the SnRNP components (Huntriss
etal., 1993). In mouse fibroblast cells, Huntriss et al. showed that SmN expressed at low levels
incorporates into U2, but SmN expressed at high levels incorporates into both Ul and U2
SnRNPs and replaces SmB. Intriguingly, it was shown by Gray et al. (1999) that a
compensatory feedback loop dramatically upregulates SmB/B' levels in response to the loss of
SmN in Prader-Willi syndrome brain tissue, suggesting that these two genes encoding small

nuclear ribonucleoprotein components are subject to dosage compensation.

1.2.4.2 SNRPB functions as a core component of spliceosome

SNRPB plays a role in pre-mRNA splicing as a core component of the spliceosomal U1, U2,
U4 and U5 snRNPs, the building blocks of the spliceosome (Kambach et al., 1999; Jurica et
al., 2002; Pomeranz Krummel et al., 2009). It is also a component of the minor U12
spliceosome (Will et al., 2004). In addition, as part of the U7 snRNP, SNRPB is involved in

histone pre-mRNA 3'-end processing (Pillai et al., 2001; Pillai et al., 2003).

In eukaryotes, more than 20 Sm protein homologs assemble into several distinct
heteroheptameric rings (Wilusz and Wilusz, 2005). Most spliceosomal snRNPs contain a
common set of 7 Sm proteins (Kambach et al. 1999): SmB/B’, SmD1, SmD2, SmD3, SmE,
SmF and SmG that assemble into a ring (Figure 1.7) in a stepwise manner on the Sm site of the
small nuclear RNA to form the core snRNP. Inthe Smring, SNRPB (SmB/B’) has been shown
to have the most efficient cross-linking in the heptamer with its adjacent SmG (Urlaub et. al.,
2001). The Sm protein complexes associate with SnRNA in at least two steps. The D1, D2 and

E, F and G complexes associate initially with the SnRNA, creating a sub core particle. This
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particle provides a binding substrate for the B/B'-D3 complex, and this association completes

Sm core assembly (Urlaub et al., 2001).

There are two major eukaryotic Sm classes: the canonical Sm proteins and the Sm-like (Lsm)
proteins. Canonical Sm proteins form heptamers that bind the major and minor uridine rich
SNRNPs. Lsm proteins form two distinct heteroheptameric complexes: Lsm 2-8 or Lsm 1-7.
The LSm2-8 ring forms the core of the U6 SnRNP and functions during general RNA
maturation in the nucleus. The LSm1-7 ring functions during mRNA degradation in the
cytoplasm. It is involved in recognizing the 3’ uridylation tag and recruitment of the de-capping

machinery (Bouveret et al., 2000; He and Parker, 2000).

£ G Figure 1.7: Schematic diagram of canonical Sm ring.
L D3 SNRPB encoded SmB/ B’ is one of the seven core proteins
D2 B/B' required to form the ring.

Sm proteins do not contain established RNA binding motifs and studies did not detect efficient
crosslinking of Sm proteins to mMRNAs. The RNA interaction surface and binding specificity
of the Sm proteins are suggested to be determined by interactions among the Sm protein

complexes ( Hermann et al., 1995; Raker et al., 1996; Urlaub et al., 2001; Lu et al., 2014).

1.2.4.3 Depletion of SNRPB in cells: what we know so far

There are several studies to date in various cell lines which demonstrate the effect of SNRPB
knockdown on splicing and gene expression. In glioblastoma cell lines, RNA sequencing of
SNRPB knocked-down cells revealed differential expression of genes that were involved in
RNA processing, DNA repair, and chromatin remodeling (Correa et al., 2016). Splicing was

abrogated in the glioblastoma cell line upon SNRPB knockdown and skipped exons (SE) and
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retained introns (RI) were among the highest of differentially regulated events. In addition,
more than 20 % of the core spliceosome components were differentially expressed and almost
60 % of the spliceosome components presented splicing alterations. Correa et al. also showed

that SNRPB depletion could inhibit glioblastoma cell growth.

In hepatocellular carcinoma cell line it was shown that SNRPB played a key role in variant
formation via alternative splicing regulation (Zhan et al., 2020). Downregulation of SNRPB
was shown to inhibit epithelial-mesenchymal transition (EMT) in liver cancer cells in another
study (Li et al., 2022). In a non-small cell lung cancer cell line, knockdown of SNRPB was
shown to regulate RAB26 by causing NMD of the transcript through intron retention (Liu et
al., 2019). In cervical cancer cells, SNRPB knockdown using shRNA (short hairpin RNA)
markedly reduced cell proliferation, migration, and invasion. Moreover, increased apoptotic
cell death and upregulated P53 were detected in cervical cancer cells with SNRPB knockdown.
Knockdown of SNRPB in neuronal cell lines was also shown to cause upregulation of P53
targets in association with abnormal splicing of Mdm2 and Mdm4; two upstream regulators of

P53 activity (Van Alystene et al., 2018).

A more recent study of morpholino mediated Snrpb knockdown was done in Xenopus embryos.
The morphant embryos had abnormal cartilages formed from neural crest cells. It was
demonstrated that Snrpb knockdown causes abnormal neural crest cell formation (Park et al.,
2022). However, no animal study has been done to show how SNRPB depletion affects

splicing, gene expression, or its consequences in embryonic development.
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1.3 Craniofacial development

In my study, a substantial part of the work was done to understand the role of SNRPB in
craniofacial development and how its mutation causes abnormal head and face development
that recapitulates CCMS anomalies. Therefore, in this section of the introduction, I will briefly
introduce craniofacial development and how different cell types are involved in orchestrating

the development of the craniofacial complexes.

1.3.1 Overview of craniofacial development

Craniofacial development is a unique and complex process that occurs during the first 10 weeks
of human gestation (Diewert, 1985). The process starts once the anterior—posterior axis of the
embryo is established and requires interactions amongst diverse cell populations. Several
distinct signaling pathways and intricate morphogenetic movements of the ectoderm,
mesoderm, and endoderm germ layers are required for proper craniofacial development. It
requires crucial steps such as neural tube closure together with correct development of the skull,
midline patterning, neural crest generation and migration, and outgrowth, patterning, and
differentiation of the facial primordia and the pharyngeal arches. The five pairs of pharyngeal
arches in human are indispensable transient structures that first appear at the end of the fourth
week of gestation and develop throughout the fifth week (Graham, A., 2003). Each pharyngeal
arch is covered on the outside by a layer of ectoderm and inside with a layer of endoderm,

mesoderm and neural crest derived mesenchyme, is situated in between.

Cells from the germ layers form five primordia in the early embryo that are known as the
frontonasal prominence (FNP, that includes the medial and lateral nasal prominences), paired
maxillary (MX), and paired mandibular (MD) prominences (Figure 1.8). In a developing
embryo, these prominences gradually grow and fuse toward the midline to form the nose, lips
and jaws, creating the philtrum, with fusion being completed by 10 weeks. Hindrance in the

development and growth of any of these processes can significantly affect craniofacial
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development and results in several human syndromes. Notedly, craniofacial development is
very similar between human and mice, which makes mice an ideal model to study craniofacial

development and disorders.
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Figure 1.8: Human facial development during early gestation requires formation of five
facial prominences. The frontonasal prominence, two maxillary prominences and two
mandibular prominences form, grow and fuse over time at the midline by 10 weeks. Similar
processes also occur in mice craniofacial development. (Adapted from Sebastian Dworkin et

al., 2016).

In addition to the three germ layers, a transient, migratory, and multipotent cell population
called neural crest cells (NCCs) significantly contributes to craniofacial development (Tan and
Morriss-Kay, 1985; Hall, 1999; Cordero et al.,, 2011; Achilleos and Trainor, 2012). The
importance of NCCs in craniofacial development is well recognized as they give rise to the

majority of the facial mesenchyme and later the craniofacial skeleton such as the majority of
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the bones, cartilages and connective tissues in the cranial region. The embryonic head is
populated by the mix of two robust mesenchymal populations of dual origin, the mesodermal
and neural crest cells (Cibi et al., 2019; M. C. McKinney et al., 2020 and Gabrel G. et al.,

2021).

The formation of the bones in the head occurs in two different processes: 1) intramembranous
bone formation, where direct differentiation of mesenchymal condensations turns into
osteoblasts and 2) endochondral bone formation, where chondrocytes derived from
mesenchymal cells produce a framework of cartilaginous tissue that is subsequently replaced
by osteoblasts and bone matrix. The bones of the neurocranium (brain base) are composed of
bones of dual origin (Figure 1.9). The viscerocranium bones (facial skeleton) derived from
NCCs are mostly formed via intramembranous ossification (with exceptions such as the skull
base). The paraxial mesoderm-derived bones are mostly formed through endochondral
ossification. Craniofacial skeletal development is very similar between mice and human from

these two cell populations.

M Neural crest
B Mesoderm

Figure 1.9: Mammalian craniofacial skeleton is of dual origin of neural crest cells and
mesodermal cells. The dorsal (A), ventral (B) and sagittal (C) view of mouse skull showing
bones that are a contribution of both neural crest cells and mesoderm cells. Similar bones and

origins are present in human craniofacial skeleton (D). AS, alisphenoid; BO, basioccipital; BS,
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basisphenoid; EO, exoccipital; F, frontal bone; IP, interparietal; MD, mandible; MX, maxilla;
N, nasal; NC, nasal capsule; P, parietal bone; PL, palatine; PMX, premaxilla; PPMX, palatal
process of maxilla; PPPL, palatal process of palatine; PPPMX, palatal process of premaxilla;
PT, petrous part of temporal bone; SO, supraoccipital; SQ, squamous; O, Occipital; T,

Temporal bone (Modified from Cibi et al., 2019 and Galea et al., 2021)

1.3.2 Role of NCCs in craniofacial development

A significant event for craniofacial development occurs when multipotent NCC cells emerge
at the border of the neural plate when the neural tube closes. They are induced in the ectoderm
at the interface between the neuroepithelium and the prospective epidermis at all levels of the
antero-posterior axis of the developing embryo. Although derived from the ectoderm, NCCs
are referred to as a “fourth germ layer” for their contribution in embryonic development (Hall,
2000). Lineage tracing experiments in vertebrates showed that specific subpopulations of
NCCs migrate as a wave of cells to the frontonasal prominences and pharyngeal arches and
give rise to the entire mandible, visceral skeletons and cranial nerves (Noden 1988, Lumsden
etal., 1991; Couly et al., 1993; Trainor and Tam, 1995; Hall 1999; Le Douarin and Kalcheim,
1999; Santagati and Rijli, 2003). Their extensive migration occurs by first separating from the
neuroepithelium, a process called delamination, which is facilitated by the epithelial-to-
mesenchyme transition (EMT) (Theveneau and Mayor, 2012). The EMT and delamination of
NCCs require significant cellular mechanisms including reorganization of the cytoskeleton and

cell-cell adhesion changes (Clay and Halloran, 2011).

NCCs migrate ventro-laterally throughout the embryo and later differentiate into multiple cell
types (Achilleos and Trainor, 2012). NCCs are classified into distinct axial groups based on

their origin in the axial level- cranial, cardiac, vagal, trunk and sacral-which give rise to
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different structures based on their differentiation potentials. The cranial neural crest cells,
which are unique to vertebrates (Le Douarin and Dupin 2003), as mentioned give rise to most
of the bone and cartilage of the head and face (Figure 1.10), cranial ganglia, smooth muscle,
connective tissue, and pigment cells. The cardiac neural crest cells contribute to heart
development by forming the cardiac septa, cardiac neurons, and glia. The vagal and sacral
neural crest cells give rise to the enteric neurons and glia. The trunk neural crest cells form the
sensory neurons and glia, autonomic neurons, chromaffin cells, and melanocytes that cause

pigmentation in the skin (Dupin and Somer, 2012).

NCCs are subdivided into Hox-positive versus Hox-negative cells (Creuzet et al., 2002). Hox-
gene expression is primarily associated with the caudal pharyngeal arch populations of NCCs.
Only Hox-negative NCCs are capable of generating the skeletal components of the face (Couly
et al., 1998, Couly et al., 2002; Le Douarin et al., 2004). These Hox-negative NCCs that
colonize in the first pharyngal arch gives rise to skeletal components such as Meckel’s
cartilage, maxillae, and dentary bones. The cranial region of Meckel’s cartilage forms the
middle ear bone called the stapes, whereas the proximal region forms the two other middle ear
bones, the malleus and the incus. The Hox-positive second pharyngeal arch forms a continuous
cartilage known as hyoid cartilage, which is the origin of several structures such as the styloid

process of the temporal bone, the stylohyoid ligament, and the lesser horn of the hyoid bone.

The expression of Hoxa2 is maintained through late stages in branchial arch 2, a pattern that
has been conserved in mouse, chick, frog and zebrafish (Couly et al.,1998; Kanzler et al.,1998;
Pasqualetti et al.,2000). The importance of negative influence of Hox genes in the development
of the first pharyngeal arch derivatives was shown by the fact that the null mutation of Hoxa2
in mice results in the duplication of first branchial arch structures such as the incus, malleus,
and Meckel’s cartilage (Rijli et al., 1993; Kanzler et. al, 1998). Hoxa2 is not only required for
proper patterning of the neural crest cells but also it plays role to inhibit intramembranous and
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endochondral ossification (Rijli et al., 1993; Kanzler et. al, 1998). It was also shown in chick
embryos that Hoxa2 gain-of-function into the Hox-free neural crest domain in the first
branchial arch suppresses lower jaw and frontonasal structure formation (Grammatopoulos et
al.,2000; Creuzet et al., 2002). Similar findings were reported in Xenopus by overexpression
of Hoxa2 in the first branchial arch (Pasqualetti et al., 2000). In addition, morpholino mediated
knockdown of Hoxa2 resulted in homeotic transformation of hyoid to jaw (Baltzinger et al.,
2005). Unlike Hoxa2, Hoxb2 is not required for second arch patterning in mouse and zebrafish
(Rijli et al.,1993; Baltzinger et al., 2005). In contrast, morpholino-induced knockdown
experiments in zebrafish showed a functional redundancy between Hoxa2 and Hoxb2 in
branchial arch 2 patterning (Hunter and Prince, 2002). In zebrafish, Hoxa2 and Hoxb2 are

expressed in the second arch through late developmental stages.
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Figure 1.10: Cranial neural crest cells form, migrate and differentiate to several craniofacial
structures. (A) Neural crest cells are induced when the two halves of the neural plate is elevated

to form the neural tube. The cells undergo EMT, migrate and colonize the frontonasal
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prominences, and pharyngeal arches. (B) Cranial NCCs are generated from prosencephalon
(diencephalon and telencephalon), mesencephalon, and rhombencephalon regions. They travel
ventro-laterally to their destination to the facial prominence and pharyngeal arches where they
participate in morphogenesis to form the structures of the face. AS, alisphenoid bone; F, frontal
bone; FEZ, frontonasal ectodermal zone; FNP, frontonasal prominence; H, hyoid bone; I/S,
incus and stapes; M, mandible; MX, maxilla; N, nasal bone; PA, pharyngeal arches; r,
rhombencephalon; S, squamosal; Z, zygomatic bone. (Adapted from Fritriasari and Trainor,

2021)

1.3.3 Signals in mammalian neural crest cell ectomesenchymal differentiation
In craniofacial development, the establishment of the ectomesenchymal lineage within the
cranial neural crest is of great significance. NCCs that are early-migratory turn into the skeletal

and connective tissue of the face and pharyngeal region, whereas later-migrating NCCs

Figure 1.11: Neural crest cell delamination and
differentiation. Neural crest cells migrate from their
location. Orange and red arrows show migration of
NCCs from the diencephalon and mesencephalon,

respectively. Blue, green, pink and yellow arrows show

Sox10 and FoxD3 expressing cells migrating from the
rhombomeres to the pharyngeal arches. Peach color
arrows show NCCs in the pharyngeal arches expressing
ectomesenchymal markers such as FGFs and DIxs.

(Source: Bhatt et al., 2013)
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primarily adopt a neural fate (Bhatt S. et al., 2013). Upon delamination and migration, NCCs
express the migratory neural crest cell marker, Sox10 which is also a glial determination factor
(Britsch et al., 2001). Sox10 expression in NCCs is initiated as the cells dissociate from the
neural tube. The expression is maintained during neural crest cell migration and the expression
is continued in the glial and melanocyte lineages. However, in many NCC derivatives, Sox10
expression is turned off (Pusch et al., 1998). In the glial precursor NCCs, the transcriptional
repressor, FoxD3 is exclusively expressed (Thomas and Erickson, 2009). NCCs entering the
pharyngeal arches express ectomesenchymal differentiation markers such as DIx2, DIx5 and
FGFs (Figure 1.11) (Blentic et al., 2008). By contrast, those NCCs that do not enter the arches
persist in their expression of early neural crest markers. DIX5 factors are important to mediate
localization of ectomesenchymal subpopulations within the pharyngeal arches and by doing so
define where skeletogenic condensations will arise (Gordon et al. 2010). In addition, DIX5 acts
as a mediator to promote Runx2 expression in myogenic cells (Lee et al, 2003). Targeted
inactivation of DIX5 and DIx6 genes in mice results in abnormal craniofacial and axial cartilage
and bone development (Robledo et al., 2002). Furthermore, DIx1/2/5/6 mutants have revealed
these genes’ function in collectively regulating regional identity along the proximodistal axis
of the pharyngeal arches and specifying their specific cranioskeletal derivatives (Qiu et al.,
1987;Qiuetal., 1995; Robledo et al. 2002; Depew et al. 2002). Moreover, DIx gene expression
are known to distinguish mandibular and the maxillary patterning. From murine experiments
it was suggested that DIx1/2 regulate maxillary development as homozygous mutants of DIx1/2
shows abnormal development of the upper jaw (Jeong et al., 2008). In contrast, DIX5/6 is
suggested to confer the mandibular fate. Simultaneous inactivation of DIx5 and DIx6
(DIx5/67") results in homeotic transformation of the lower jaw into upper jaw (Depew et al.,
2002). Jeong et al. (2008) showed branchial arch expression patterns of the genes downstream

of DIx5/DIx6 were downregulated in both DIx5 and DIx6 homozygous mutants.
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i. Fibroblast growth factors (FGFs)

Some of the most studied signaling molecules involved in craniofacial development are the
fibroblast growth factors (FGFs). FGF signaling has been shown to be involved in the
establishment of NCCs to become the ectomesenchymal lineage in both chick and zebrafish
(Blentic et al., 2008). This signaling is known to play a key role in determining the fate of
neural crest cells towards a skeletogenic type. For example, FGF2 was involved in both
chondrogenic and osteogenic differentiation of the cranial neural crests in vitro (Sarkar et al.,
2001). FGFS8 is another well studied molecule that established the importance of cell type
interactions and a determinant of cell fate during craniofacial development. It is expressed in
the pharyngeal ectoderm, and its downstream signaling is mediated through the Fgfrl receptor
that is expressed in the NCCs. Fgf8 can induce Sox9 expression by the NCCs, which is a
determinant of chondrogenic lineage of the NCCs (Mori-Akiyama et al., 2003). FGF8 secreted
from the paraxial mesoderm enhances the specification of neural crest fate by upregulating the
expression of Zic5, Msx1, Pax3, Snail2, Zicl, and FoxD3 in Xenopus (Sato et al., 2005) and
mouse (Monsoro-Burq et al., 2003; Kubota and Ito, 2000). Loss of FGF signaling has been
shown to cause abnormal craniofacial skeletal development in several mouse studies (Jin and
Chen 2014). Recently, it was shown that mutations of Fgfrl and Fgfr2 in neural crest cells
caused agenesis and/or reduction in medial and proximal structures of facial skeletons (Ray et

al., 2020).

Mutations that disrupt FGF signaling cause congenital craniofacial disorders such as
craniosynostosis (Muenke and Schell, 1995; Reardon and Winter 1995; Chan and Thorogood
1999; Moosa and Wollnik, 2016). Pathogenic variants of FGFR1, 2 and 3 are associated with
Crouzon, Pfeiffer, Jackson-Weiss, Apert, Beare-Stevenson and Muenke syndromes (Reardon

et al., 1994; Wilkie et al., 1995; Muenke et al., 1994; Jabs et al., 1994; Meyers et al., 1996).
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Some of these syndromes such as Apert, Crouzon, or Pfeiffer syndromes are caused by

overactivation of the FGF receptors (Anderson et al., 1998).

ii. Sonic Hedgehog

Sonic Hedgehog (Shh), a well-recognized morphogen with a broad role in organogenesis, has
also been shown to play an important role in NCC fate specification. At early stages of
development, Shh expression is present throughout the axial mesendoderm and plays an
essential role in bilateral patterning (Dale et al., 1997). Later, it is expressed in the epithelium
of facial primordia (Echelard et al., 1993). The transcriptional target of SHH, Ptchl is
expressed in the developing face region where there is a high density of cranial neural crest
cells, suggesting the signal transduces in the NCCs (Jeong et al., 2004). As Shh is expressed in
the ventral forebrain neuroepithelium, the oral ectoderm, and the pharyngeal or foregut
endoderm (Jeong et al., 2004) but is absent from the neural crest-derived mesenchyme

(Ahlgren et al., 2002), it suggests that NCCs themselves do not express Shh.

The role of Shh in determining skeletal fates of the NCCs has been shown by the sustained
treatment of Shh that leads to the formation of chondrocytes and osteoblasts by the progenitor
cells (Dupin et al., 2010). Loss of Shh signaling in NCCs is known to cause craniofacial
morphogenesis disorders in mice and zebrafish (Wada et al., 2005, Veistinen et al.,2012).
Furthermore, the conditional disruption of Hedgehog signaling by removing Smoothened (a
hedgehog receptor) in NCCs has been shown to cause extensive reduction and loss of

craniofacial structures (Jeong et al., 2004).

Expression of Shh from endoderm regulates the pharyngeal arch patterning by maintaining key
differentiation genes such as Fgf8 and Sox9 in the first pharyngeal arch, in mice (Haworth et
al, 2006, Yamagishi et al., 2006). Shh expression in the facial ectoderm is very important as it
induces proliferation and outgrowth of the underlying NCC-derived mesenchyme. Shh
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expression is induced at the cephalic ectoderm and forms a boundary with the Fgf8 expressing
cells, forming a distinct region called the frontonasal ectodermal zone (FEZ). FEZ acts as a
signaling center that regulates proximodistal extension and dorsoventral polarity of the upper
face (Hu et al., 2003; Hu and Marcucio, 2009). SHH and FGF8 have strong synergistic effects
on chondrogenesis in vitro (da Costa, 2018) and are sufficient to promote outgrowth and

chondrogenesis as shown in vivo in chick embryos (Abhzanov and Tabin, 2008).

In human, SHH mutations are associated with several craniofacial abnormalities (Roessler et
al., 1996; Abramyan, 2019). Insufficient SHH signaling due to loss of function mutation cause
diseases such as holoprosencephaly (HPE), hypotelorism and cyclopia, whereas grain of
function mutations result in Greig cephalopolysyndactyly syndrome (GCPS), diprosopus and

hypertelorism (Roessler et al. 1997; Vortkamp et al., 1991; Wild et al., 1997).

iii. Transforming growth factors (TGFs)

Transforming growth factor-p (TGF-P) ligands are expressed in a time- and tissue-specific
manner and are important in regulating the formation of various craniofacial structures (Chai
et al., 1994). From both in vitro and in vivo studies, TGFs are known to function as important
switches mediating ectomesenchymal versus neural fate of the NCCs. TGFp signaling
modulation in mice NCCs does not prevent their migration into the pharyngeal apparatus but
made these cells unable to acquire non-neural cell fates resulting in craniofacial defects that
resemble human syndromes such as DiGeorge syndrome (Wurdak et al., 2005). It has been
demonstrated that TGFP signal inactivation results in persistent Sox10 expression, and
perturbed generation of mesenchymal derivatives, which eventually leads to defective skeletal
morphogenesis. Thus, negative regulation of Sox10 by TGFf signaling promotes the generation
of mesenchymal progenitors from neural crest (NC) stem cells (John et al., 2011). Both Tgfp1

and Tgfpll signaling act as crucial switches to induce ectomesenchymal fates by reducing Sox9
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expression in the pharyngeal arch NCCs (Wurdak et al., 2005). The importance of TGFf
transduction in neural crest cells for craniofacial development has been demonstrated by
abrogation of Smad4 in NCCs. Smad4 is a transcriptional effector that mediates signaling
responses to the TGFB family in various biological processes ranging from embryonic
development to adult tissue homeostasis (Masuyama, N. 1999; Chu, G. et al., 2004; Wu and
Hill, 2009; Guglielmi, L., 2021). On ligand binding, receptor-regulated SMADs (R-SMADs)
SMAD1/5 and SMAD2/3 are phosphorylated by activated type | receptors and form complexes
with SMADA4 that translocate in the nucleus to regulate target gene expression (Derynck and
Feng, 1997; Watanabe, M. et al., 2000; David and Massagué, 2019). In mice, Smad4/Wnt1-
Cre mutants displayed several craniofacial and cardiac defects (Nie et al., 2008). Both
frontonasal processes and the mandibular arch were hypoplastic and failed to fuse in the
midline, the trigeminal ganglia were hypoplastic and ectomesenchymal patterning in the first

pharyngeal arch was altered (Nie et al., 2008).

iv. Muscle segment homeobox genes

Transcriptional regulators such as Msx1 and Msx2 that control cellular proliferation and
differentiation during embryonic development play a role in fate determination of cranial NCCs
(Satokata et al. 2000; Han 2007). In humans, MSX1 variants are associated with diseases that
include orofacial clefting (Liag et al., 2016). Msx1 and Msx2 are strongly expressed in
migrating NCCs, and expression continues during their colonization in the facial prominences
and branchial arches. In mice, Msx1/Msx2 single or double mutants exhibit several craniofacial
anomalies (Satokata and Maas, 1994; Satokata et al. 2000; Ishii et al., 2003; Han 2007). Msx1
mutant mice show palatal defects and abnormalities of the tooth, nasal, frontal and parietal
bones, and of the malleus in the middle ear (Satokata and Maas, 1994) whereas Msx2 null
mutation causes ossification defects in the skull (Ishii et al., 2003). It was found that

Msx1/Msx2 double mutant mice do not show defect in NCC migration into the frontal bone
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primordium, but they show defective differentiation of the frontal mesenchyme and
establishment of the frontal primordium resulting in frontal bone development defects (Han,

2007). This suggests a role of Msx1 and Msx2 genes in the osteogenesis of the NCC lineages.

1.3.4 Role of ectodermal cells in craniofacial development

One of the first crucial steps in craniofacial development occurs when the head ectoderm is
subdivided into non-neural and neural regions. The ectoderm is essential for normal
craniofacial development by inducing and then collaborating with the underlying cranial neural
crest cell populations (Mouri and Jacobson, 1990; Selleck et al., 1995; Garcia-Castro et al.,
2002; Le Douarin et al., 2004; Van Otterloo et al., 2022). Facial surface ectodermal cells not
only form the epidermis such as skin and hair but also, provide signals that direct appropriate
growth, patterning, and morphogenesis of the craniofacial regions. Reciprocal signaling
interactions among the surface ectoderm, brain and neural crest control craniofacial

morphogenesis (Marcucio et al., 2005; Schneider and Helms, 2003).

The ectoderm is a critical source of Wnt signaling that is required for continued facial
outgrowth and patterning. Removing Wnt/p-catenin signal from the ectoderm has been shown
to cause craniofacial shape changes and skeletal defects in mice (Reid et al., 2011; Reynolds
et al., 2019). One potential mechanism by which Wnt signaling causes phenotypic variation in
the facial region is via its role in the patterning of the frontonasal ectodermal zone (FEZ)

(Marcini et al., 2021).

Transcription factors that are expressed strongly in the facial ectoderm are also known to be
important for proper craniofacial development. Mutations in IRF6 and GRHL3 (Peyrard-Janvid
et al., 2014) and TRP63 (Bamshad and Michael, 2016) have been known to cause orofacial
clefting in human syndromes. More recently, it was demonstrated that removal of two members

of the AP-2 transcription factor family, AP-2a and AP-213, within the early embryonic ectoderm
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in mice leads to major alterations in the craniofacial development (Van Oterloo et al., 2022).
In those mutants, clefts in both the upper face and mandible, accompanied by fusion of the

upper and lower jaws in the hinge region complex were seen.

One of the important roles of ectoderm as a signaling center during craniofacial morphogenesis
is the FEZ formation. Removing Shh from the ectoderm has been shown to inhibit facial
primordia growth in chick and resulted in craniofacial abnormalities seen in human, such as
facial clefts (Hu and Helms, 1999), highlighting its role in proper facial development. It has
also been shown in Shh null mutant mice that the neural crest cells die significantly and the

branchial arch structures are lost (Ahlgren and Bronner-Fraser, 1999).

Neural ectoderm is also a source of patterning information for the middle and upper face, as
has shown in the zebrafish model. For example, loss of neuroectodermal Shh prevented neural
crest cells from aggregating into condensations and eventually from forming skeletal elements,

that were also previously reported abnormal in mice (Helms, 2005).

Transplantation experiments in birds provided the crucial findings of the requirement of proper
FEZ formation in the ectoderm to collaborate with the neural crest cells for facial development
(Hu et al., 2003; Hu and Marcucio, 2009). For example, when regions of facial ectoderm were
transplanted to ectopic sites in the avian face, the developmental fate of underlying frontonasal
neural crest cells was altered and resulted in a duplication of upper beak structures in chick (Hu

et al., 2003).

1.3.5 Role of mesodermal cells in craniofacial development

Upon head specification, development of the craniofacial complex requires intercellular
mechanisms of two different origins: the cranial neural crest cells (CNCCs) and the
mesodermal cells (Noden 1978; Schneider, 1999; Jiang et al., 2002; Noden and Trainor, 2005
Cibi et al., 2019; M. C. McKinney et al., 2020 and Galea et al., 2021). While both the NCCs
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and the mesoderm contribute to the formation of the same structures in the head, they remain
segregated. Bones of mixed origin such as the basisphenoid bone arise due to fusion of the
neural crest cell derived lateral and mesoderm derived medial basisphenoid cartilage (Noden
1983). The presence of a neural crest-mesoderm interface hinders cell movement and thus
prevents the mixing of different connective tissue precursors as shown by transplantation
studies in chick (Noden 1978; Schneider, 1999; Jiang et al., 2002; Noden and Trainor, 2005).
Detailed analysis of NCC migration using NCC lineage marker and Dil labelling of
mesodermal cells demonstrated distinct skeletal structure formations in mouse skull from those

two cell populations, except for the interparietal bone that is of mixed origin (Jiang et al., 2002).
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Figure 1.12: A schematic representation of mesoderm derivatives in embryonic development.
Mesoderm significantly contributes to craniofacial development forming the cranial skeleton

and muscles. Mesodermal subtypes generate embryonic derivatives (in green boxes).

Mesoderm is generated at the onset of gastrulation that is initiated at approximately embryonic
day (E) 6.5 of mouse gestation, and at the beginning of the third week of pregnancy (Moore et
al., 2020). Once generated, mesodermal cells migrate from the primitive streak of the gastrula
and develop into different mesoderm specific cell types. For craniofacial development, early

migrating mesodermal cells form the head mesenchymal cell lineages (Moore et al., 2020; Dox
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et al., 2012). The different mesoderm subtypes are specified along the mediolateral axis as
paraxial mesoderm, lateral plate mesoderm and intermediate mesoderm (Figure 1.12),
depending on the gradient activities of BMPs (Tani et al., 2020). Each of the mesodermal cell
lineage subtypes forms specific structures and connective tissues upon differentiation. Head
mesoderm-derived mesenchymal cells give rise to the connective tissue and skeletal elements
of the caudal part of the cranium and the dorsal part of the neck. Mesodermal cells in the
pharyngeal arches initially form a mesodermal core, which is surrounded by cranial neural crest
cells. (Noden and Trainor, 2005). The interactions of mesodermal and neural crest cells during
head morphogenesis were shown spatiotemporally by labelling and time-lapse imaging of those
two cell populations (McKinney, 2020). Distinct signalling such as Bmp4 or Fgf8 could act to
build the synergy of these cell types to collaborate formation of craniofacial skeletons and

muscles.

1.3.6 Role of endodermal cells in craniofacial development

One of the key essential structures in craniofacial development are the endoderm-derived
pharyngeal pouches that appear as out-pockets between the pharyngeal arches. The pouches
give rise to tissues of the hearing components such as the middle ear cavity and eustachian
tube. They also form palatine tonsils, thymus, parathyroid glands, and parafollicular cells of
the thyroid (Grevellec and Tucker, 2010). The pharyngeal arches are composed externally of
ectoderm and lined internally by endoderm, enveloping a mesenchymal core composed of
NCCs and mesoderm. The juxtaposition of the endoderm and ectoderm forms an internal cleft
and an external pouch, respectively, that separates each arch from its neighbor. Proper
pharyngeal pouch formation is essential for correct formation of the individual pharyngeal arch.
Failure in development of the pharyngeal pouches has clinical consequences such as DiGeorge

syndrome (also known as IlI-1V pharyngeal pouch syndrome), where a microdeletion of
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choromosome 22qg11.2 results in impaired development of the pharyngeal pouch system

(Robinson, 1975; Raatikka et al., 1981; Kobrynski and Sullivan, 2007).

Using time-lapse microscopy in zebrafish it was demonstrated that pharyngeal pouches form
when clusters of endoderm cells migrate laterally, and it was also shown that Fgf8 and Fgf3
play essential roles in regulating the segmentation of the pharyngeal endoderm into pouches
(Crump et al., 2004). When Fgf8 was inactivated and Fgf3 was knocked down with
morpholinos in zebrafish, the migration of endodermal cells was disrupted, pharyngeal pouches
failed to form, and the pharyngeal arch derived cartilages were severely reduced. In mice, Fgf8
mutants had a smaller or absent third and fourth pharyngeal pouch with abnormal pharyngeal
arch development (Abu lIssa et al., 2002). The bending of endodermal epithelium is a
significant step of pouch formation and genes like Ripply3 have been shown to play a role in
the process in mice (Tsuchiya et al., 2018). In zebrafish, signals from the early endoderm
pattern the facial primordia and have a profound influence on the morphogenesis of the middle

and lower face (Crump et al., 2004).

A substantial information about the role of endodermal cells in cranioskeletal patterning came
from the experiments performing ablation and grafting of defined endodermal regions in birds
(Couly et al., 2002). In this study, removal of foregut endoderm caused absence of neural crest
cell derived facial skeletons in chick, whereas transplantation and rotation of different
endodermal regions from quail to chick indicated endoderm instructs neural crest cells as to
the size, shape and position of all the facial skeletal elements that include both cartilage and
membrane bones. Patterning of the hyoid cartilage, specification of the shape and orientation
of the nasal and mandibular skeleton by the neural crest domain are conferred by the cues
provided by the foregut endoderm as demonstrated in chick (Ruhin et al., 2003). In addition, it
was later demonstrated that Shh signaling from the foregut endoderm patterns skeletal cartilage
in chick embryos (Brito et al., 2006; Benouaiche et al., 2008).

66



1.4 Question, hypothesis, and objectives of the research
In light of what is known about CCMS, how splicing occurs, and the way craniofacial

development occurs, | posed a question which led me to the hypothesis and aims of my PhD.

1.4.1 Question

As mentioned earlier, SNRPB is a core component of major SnRNPs (U1, U2, U4, U5 and U6)
and is predicted to be widely expressed. Mutations in alternative exon 2 of SNRPB are suggested to
create SNRPB hypomorphic alleles that result in malformation in specific tissues, such as the
craniofacial and the costovertebral regions. Thus, we ask the question, “Does reduction in
SNRPB disrupt splicing of tissue-specific transcripts during development resulting in

characteristic features of CCMS?”

1.4.2 Hypothesis
My hypothesis is that “During development, there are tissue-specific transcripts that are mis-
spliced due to SNRPB reduction, to result in specific abnormalities found in CCMS. Those

affected transcripts can be uncovered using a mouse model with reduced levels of SNRPB .

1.4.3 Aims and Objectives

To test my hypothesis, | had set the following aims of my research.

1. Develop a mouse model for CCMS. My objective is to make a mutation in Snrpb to
reduce Snrpb expression and to characterize if reduction of SNRPB in mice can model
CCMS.

2. Then, | aim to find the genes and/or pathways that are affected in specific
malformations, such as craniofacial abnormalities in the generated Snrpb mutant mouse

model.
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CHAPTER II

MATERIALS AND METHODS

All antibodies, chemicals and most mouse lines used in this study are commercially available.

2.1 Mouse lines

2.1.1 Commercially available mouse lines used in the study

All procedures and experiments were performed according to the guidelines of the Canadian
Council on Animal Care and approved by the animal Research Institute of McGill University

Health Centre (RI-MUHC).

Wild-type CD1 animals were purchased from the Jackson Laboratory. The following mouse
lines of C57BI/6J genetic background were purchased from The Jackson Laboratory: mT/mG
Gt(ROSA)26SormH(ACTB-tdTomato-EGFPILU0/ 3 - stock# 007676 (Soriano, 1999); Wnt1-Cre2 (B6.Cg-
E2f1Towntl-cre)2Sor 3 - mouse strain: 022501; Lewis et al., 2013) and p-actin-Cre (stock #
019099) Lewandoski et al., 1997) . The Trp53™°™ mouse line, also on C57BL/6 background,
with LoxP sites flanking exons 2-10 of the Trp53 gene was purchased from The Jackson
Laboratory (Trp53->F*) (stock #008462) (Marino et al., 2000). The R26R strain [Gt
(ROSA)26S0r™S°" mice (Muzumdar et al., 2007) were on a mixed C57BL/6J;129/S4 genetic
background and a kind gift from Dr Nagano (Department of Obstetrics and Gynecology,
McGill University, Montreal, Canada). The Mesp1-Cre transgenic mice were of C57BL/6(B6)
/CBA background (Saga et al., 1999) and were a generous gift from Dr. Jean-Francois Cloutier
(Department of Neurology and Neurosurgery, McGill University). All the lines, once in house,

were maintained on a CD1 mixed genetic background.
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2.1.2 Mouse lines generated through CRISPR/Cas9 genome editing technique

2.1.2.1 Generation of the del-61 (A61) and del-46 (A46) alleles and maintenance of the
mouse lines

Using CRISPR/Cas9-mediated homology-directed repair, | aimed to insert LoxP sequences in
introns 1 and 2 of Snrpb, to flank exon 2 with LoxP sequences. A pair of guide RNAs (JRNAS)
(Sequences in Table 2.1) were designed using the online services of Massachusetts Institute of
Technology (http://crispr.mit.edu). Efficient guide RNAs were selected based on previous
references (Xu et al., 2015). The microinjections were performed at the McGill Integrated Core
for Animal Modelling (MICAM). In the first round of microinjection, there were no successful
events with 2 males born from the microinjection. In the second round, there were 7 animals
born (5 males, 2 females). In those animals, 3 males had deletion alleles in intron 2. The
deletions were followed for transmission in the G1 offspring. | then sequenced the mutant
bands for each deletion from the G1 offspring by Sanger sequencing and aligned them with
UCSC genome database. | found one deletion, specifically a 61 base-pair long sequence
spanning within intron 2. The deleted sequence was
3’GACGAAGGAAGATATGTCTTGGTGGCCAACGGTCCCATTTAAATCAAAAGCAG
GAGAGCAA-5’. The other mutant allele was a shorter deletion of 46 base pair around the
same region of intron 2: 3’-CGAAGGAAGATATGTCTTGGTGGCCAACGGTCCCAT
TTAAATCAAA-5’. Thereafter, | backcrossed each of the animals for at least five generations
with wild-type CD1 animals to establish the Snrpb A-61and A-46 mutant mouse lines to remove
any potential off-target effect from CRISPR editing. The heterozygous mutant animals from

each line were mated to produce homozygous mutant embryos and pups.
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2.1.2.2 Generation and establishment of Snrpb conditional mutant mouse lines

| used a CRISPR/Cas9-mediated homology-directed repair strategy to insert LoxP sequences
in intron 1 and intron 3 to flank exons 2, alternative exon 2 and 3. The designed guide RNAs
were purchased from Integrated DNA technologies. Repair templates were ordered as PAGE-
purified Ultramer® DNA Oligo (Integrated DNA Technologies) and re-suspended in ddH-O.
Microinjection with single-strand DNA template, gRNAs (Sequences in Table 2.1) and Cas9
MRNA was performed at MICAM. Injected embryos (BL6/C3H genetic background) were
transferred into uteri of pseudo pregnant foster mothers (CD1, Charles River Laboratories).
Upon birth, the insertion was confirmed in two animals (one male and one female) by Sanger
sequencing from the G1 animals. Then | generated homozygous animals with LoxP sequences
in intron 1 from those G1 mice. Intron 1 homozygous LoxP G2 animals were then used for the
second round of microinjection (BL6/C3H genetic background) to insert LoxP into intron 3.
From this microinjection, Sanger sequencing was done from the DNA of G1 male offspring
from a founder and a WT CD1 female. In this animal, it was confirmed that both LoxP
sequences in intron 1 and intron 3 were intact. Thereafter, | backcrossed the animals for at least
five generations to establish the Snrpb conditional mutant mouse line and to remove any
potential off-target effect from CRISPR editing, and backcrossing was continued for animals

used.

2.1.2.3 Oligos for CRISPR/Cas9 injections

| synthesized the guide RNAs using the GeneArtTM Precision gRNA SynthesisKit
(ThermoFisher Scientific) according to the manufacturer’s protocol: Briefly, a DNA template
for each of the guide RNAs was assembled by PCR reaction using primers containing the
corresponding spacer sequence. The guide RNA DNA templates were then transcribed in vitro
into RNA using an NTP mix, TranscriptAidTM Enzyme Mix and reaction buffer (Thermo
Fischer Scientific) and incubated at 37°C for 3 hours. The transcribed guide RNA was then
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purified using the GeneJETTM RNA Purification Micro Columns (ThermoFisher Scientific).
The guide RNA DNA templates were verified for proper assembly by 4% agarose gel
electrophoresis before use for in vitro transcription. To confirm the presence and verify the
purity of the generated guide RNA prior to use for microinjections, Urea PAGE was performed

using 12.5% polyacrylamide gel.

Repair templates designed for inserting the LoxP sequences had at least 50 base-pair of
homologies to the targeted sequence on both 5* and 3’ sides of the LoxP sequence. The repair
template for intron 1 had sequences for EcoRlI after the 5’ region of homology, while the repair

template for intron 3 had EcoRV sequences inserted after the LoxP sequence (Table 2.1).
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Table 2.1: Guide and oligo sequences used for microinjections (A) and primers used to

generate gRNAs (B).

A

Guide sequence for intron 1 Sequence 1: 5> CTAGGCTGAAGCTGGGCGAT 3’
Sequence 2: 5 GCAGAAGTCTAGGCTGAAGC 3’

Guide sequence for intron 2 Sequence 1: 5 GAGCAAGGTTTGCTGGACGA 3’
Sequence 2: 5 GTCCCATTTAAATCAAAAGC 3’

Guide sequence for intron 3 Sequence 1: 5> AATATGGCCTGAGGCCATAT 3’
Sequence 2: 5> ACTTTAACGCCCATGCCCAG 3’
Repair template sequences for | 5> CAATTTCCAACTGTCTTCCACACAGTCTTT
intron 1 ACCTGAGACTCTTCCTATCGCCCAGCTGAATTC
ATAACTTCGTATAGCATACATTATACATTATAC
GAAGTTATTCAGCCTAGACTTCTGCCAGGTAACC
TGCTAGTCTCCCTTCCCTTAAAAAAGTCATC 3’
(Eco RI site LoxP sequence)

Repair template sequences for | >’TACAGAACTGCTGGGTAACCAATATGGCCTC
intron 3 AGGCCATATTGATTAGGATTCCTCTGATAACTTC
GTATAGCATACATTATACGAAGTTATGATATCGG
CATGGGCGTTAAAGTCACAAATTCTAGCTGTCTC
TCCACTCACTGGCAAGGTAGC 3°

(LoxP sequence Eco RV site)

For intron 1, guide | Forward:
sequence 1 TAATACGACTCACTATAGCTAGGCTGAAGCTGGGCGAT

Reverse: TTCTAGCTCTAAAACATCGCCCAGCTTCAGCCTAG
For intron 1, guide | Forward:
sequence 2 TAATACGACTCACTATAGGCAGAAGTCTAGGCTGAAGC

Reverse: TTCTAGCTCTAAAACGCTTCAGCCTAGACTTCTGC
For intron 2, guide | Forward:
sequence 1 TAATACGACTCACTATAGGAGCAAGGTTTGCTGGACGA

Reverse: TTCTAGCTCTAAAACTCGTCCAGCAAACCTTGCTC
For intron 2, guide | Forward:
sequence 2 TAATACGACTCACTATAGGTCCCATTTAAATCAAAAGC

Reverse: TTCTAGCTCTAAAACGCTTTTGATTTAAATGGGAC
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2.1.2.4 T7 endonuclease assay

To assess the efficiency of guide RNAs, T7 endonuclease assay (Sakurai, T. et al., 2014) was
performed on PCR products of the DNA extracted from animals born from microinjection.
Briefly, a 20ul reaction was set up according to the manufacturer’s protocol for T7
endonuclease |1 (New England Biolabs; NEB): 10ul PCR product, 2ul 10X NEB Buffer 2, and
8ul ddH20. The reaction mixture was incubated in a thermocycler to denature and re-nature
the PCR product using the following program: 95°C 5 min, ramp of -2°C/sec to 85°C and hold
for 5 secs, ramp of -0.1°C/sec to 25°C and hold for 5 sec and infinite hold at 4°C. Next, 0.75ul
of T7 endonuclease | (NEB) was added to the reaction mixture and incubated at 37°C for 30
mins. The T7-treated samples were analyzed on a 2% agarose gel to check if there were

fragments generated from endonuclease digestion of indels.

2.2 Generation of constitutive and tissue-specific Snrpb mutant (Snrpb*-) embryos

2.2.1 Generation of Snrpb™ mutant embryos

Snrpb™~ mutants were generated by crossing Snrpb->** mice with g-actin-Cre™* mice. Upon
[-actin Cre activation, one allele of Snrpb had exons 2 - 3 removed from all cells in the mutant
embryos. One-fourth of the embryos were expected to be heterozygous mutants from this and
all other matings with Cre lines. PCR genotyping was done to confirm the genotype of the

embryos (see section 2.4).

2.2.2 Generation of neural crest cell-specific Snrpb*~ mutants

To generate embryos and animals with neural crest-specific Snrpb heterozygosity, Wnt1-
Cre2"* animals were mated with Snrpb >®* mice. Embryos obtained from these matings
were Snrpb heterozygous mutant in the neural tube, neural crest cells and their derivatives; all

other cells were Snrpb WT.
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2.2.3 Generation of mesoderm-specific Snrpb*~ mutants

To generate embryos and animals with mesoderm-specific Snrpb heterozygosity, Mespl-
Cre™* animals with Snrpb"* mice were mated. Embryos obtained from these mating were
Snrpb heterozygous mutant in mesodermal cells and their derivatives, while all others were

Snrpb WT.

2.3 Collection of embryos

The male and female animals were put in the same cage in the late afternoon. In the following
morning females were checked if they were plugged. The day of plug was considered EQ.5. On
the day of dissection, pregnant females were euthanized through isoflurane euthanasia,
embryos were removed from their extraembryonic membranes and the yolk sacs were collected
for genomic DNA extraction and genotyping. All embryos were assessed for morphological
abnormalities, viability was checked by the presence of a heartbeat, and somite number was

counted for embryos between E8.5 and E10.5.

2.4 Genotyping of mice and embryos

i. A-61 and A-46 mutants: Genomic DNA was extracted from mouse tails or yolk sacs by
alkaline lysis (Hou et al., 2017). The WT, A-61 and A-46 alleles were amplified (Primer
sequences in table 2.2) using the following PCR program: 30 s 95°C, 30 s 62°C, 30 s 72°C for
35 cycles followed by an elongation step of 10 min at 72°C. This PCR product was run on a
2% agarose gel to visualize the WT (292 bp) and mutant (A-61, 231 bp; A-46; 246 bp)

amplicons.

ii. Constitutive and conditional mutants: For identifying the conditional allele (with LoxP
sequences), primers for intron 1 LoxP or intron 3 LoxP were used (Primer sequences in table
2.2). The following PCR conditions were used: 30 secs 95°C, 30 secs 62°C, 30 secs 72°C for

35 cycles followed by an elongation step of 10 mins at 72°C. For detecting the intron 1 LoxP,
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the PCR amplified a WT (347 bp) and a mutant (387 bp) amplicon. For the intron 3 LoxP
detections, the WT and mutant band was 207 bp and 247 bp, respectively. For detection of
exon 2 to exon 3 deletion after Cre-recombination, a three-primer PCR was done that amplified
from intron 1 to intron 3 (using primers F2, F3 forward and R3 reverse from table 2.2). From
this PCR, the wild-type alleles of 207 base pair (spanning in intron 3) was amplified in the
wild-type embryos. The heterozygous mutants produced a wild-type (207 bp) and a mutant
band (320 bp) that was generated upon Cre-recombination (sequence from intron 1 LoxP to

intron 3 LoxP where exon 2, intron 2, alternative exon 2 was deleted).

Table 2.2: List of primers used for genotyping Snrpb alleles. The sequences are in 5’ to 3’

direction.
For Forward Primer Reverse primer
A-61, A-46 | F1: R1:
GATCCTGTGTGACTGTGATGAG | GGAGAACATGAGAGCCCTTTAC
Intronl F2: R2:
LoxP
CCCGAGACAGACACAACATAAG | GCTTTGAAGGTCCCGATGAA
Intron3 F3: R3:
LoxP
TCTGGGTACTTTGGTGCAAG GCCTGTATAACATCCCTGGTG

iii. Genotyping of commercially available lines: For the commercially available lines,
namely R26R, Wnt1-Cre2, mT/mG and g-actin-Cre, genotyping was performed as detailed on
The Jackson Laboratory website: protocol #29915 (R26R), #25394 (Wntl-Cre2), #20368
(mT/mG), #33618 (S-actin-Cre), respectively. For Mesp-1 genotyping (Saga et al, 1999),
primers are used in combination with internal control primers. The primer list for Cre

genotyping is given below with band sizes.
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Table 2.3: List of primers used for genotyping commercially available lines used in the study.

The sequences are 5°to 3’ direction.

For Forward Primer Reverse primer Band Size
Wntl- | Mutant: CAGCGCCGCAACTAT | CATCGACCGGTAATG ~475 bp
AAGAG CAG
Cre2
Internal control: 200 bp
CAAATGTTGCTTGTCTGGTG GTCAGTCGAGTGCAC
AGTTT
S-actin- | Mutant: Common: 187 bp
GTCCTTACCCAGAGTGCAGGT | TGCAATCCCTTGACAC
Cre AGA
Wild-type: 241 bp
ACCAGTTTCCAGTCCTTCTGG
Mespl- | Mutant: ACCAGAGACGGAAAT 400 bp
TGCCACGACCAAGTGACAGC | CCATCGCTC
Cre AATG
Internal control: 200 bp
CAAATGTTGCTTGTCTGGTG GTCAGTCGAGTGCAC
AGTTT
R26R | Common: Mutant: 300 bp
AAAGTCGCTCTGAGTTGTTAT | GCGAAGAGTTTGTCCT
CAACC
Wild-type: 603 bp
GGAGCGGGAGAAATG
GATATG
mT/mG | Mutant: Common: 128 bp
TAGAGCTTGCGGAACCCTTC | CTTTAAGCCTGCCCAG
AAGA
Wild-type: 212 bp
AGGGAGCTGCAGTGGAGTAG

2.5 Postnatal fitness observation of Snrpb A-61mutants

Animals (N: wild-type=10, heterozygous=29, homozygous=18) that were born were followed

at birth and onward. Animals that became sick and died were recorded, for each genotype and
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the sex was noted. Dead animals were checked for any abnormal lesions, growth, or any other
sign of diseases. The ones that were very sick were dissected (N=4) to look at internal organs
and any sign of abnormalities. For blood analysis, intracardiac blood was collected via cardiac

puncture immediately from euthanized animals. Blood was collected in EDTA tubes.

2.6 Wholemount in situ hybridization and preparation of embryos for embedding

Embryos were collected and fixed in 4% PFA. They were washed and kept in PBS solution at
4°C until use. They were then dehydrated using a graded methanol series for wholemounts.
Wholemount RNA in situ hybridization was performed as previously described (Revil and
Jerome-Majewska, 2013). For cryo-embedding, fixed embryos were first cryoprotected in 30%
sucrose overnight in a rocker at 4°C, embedded in Sheldon Cryomatrix (Thermoscientific) and

stored at minus 80°C until sectioning.

2.7 Cartilage staining of embryos

To investigate cartilage formation, embryos were stained with Alcian Blue (Regeur and Lyons,
2014). Embryos were put to fix in Bouin’s solution on a rocker at room temperature for 2 hours
followed by several washes with 0.1% ammonium hydroxide in 70% ethanol, until the embryos
looked white. The embryos were then incubated in 5% acetic acid solution twice for 1 hour
each. They were then stained with 0.05% Alcian Blue (Fisher scientific) in 5% acetic acid
solution for 2 hours. Embryos were rinsed with 5% acetic acid and then 100% methanol,
respectively, two times each for 1 hour. The embryos were then cleared in BABB (1 benzyl
alcohol: 2 benzyl benzoate) solution and once cleared, the cartilages were analyzed under a

light microscope ( Leica Mz6 Infinityl stereomicroscope).

2.8 Skeletal staining and analyzing of embryos
For skeletal staining, the skin was removed from frozen E17.5 embryos and neonatal pups and

stained as described by Wallin et al. (1994). Briefly, after evisceration, they were fixed in 100%
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ethanol for 24 hours and then put in 100% acetone for another 24 hours. They were then kept
at 37°C on a rocker in the staining solution of alizarin red and Alcian blue for 3-4 days. Then
they were washed with water and then put in a series of potassium hydroxide (KOH) and then
KOH in glycerol to remove excess tissue. Once the tissues were cleared and the skeletons were
exposed, they were examined under the microscope and were kept stored in 50% glycerol in

KOH.

In the skeletal preparations, the head bones and cartilages were analyzed, the limbs and fingers
were checked, and the ribs were inspected for any defects. The ear cartilages and bones were
also looked at including the middle ear structures such as the malleus, incus and stapes. For
the neural crest-cell specific mutants, | used Infinity Analyze program to measure the mandible
length from the incisor to the articular surface of the condyloid process from the photograph
taken by Leica MZ6 Infinityl stereomicroscope. Measurements were taken three times per
sample and the average was used for statistical analysis. In mutants in which the processes of
the mandibles were not properly formed, the incisor to the proximal end of the mandible were

measured.

2.9 Wholemount X-gal staining of embryos

Embryos were first fixed in 4% paraformaldehyde for approximately 45 minutes. They were
washed in the detergent rinse solution (0.02% Igepal, 0.01% sodium deoxycholate, 2 mM
MgCl2 in 0.1 M phosphate buffer pH 7.5) 3 times, each 15 minutes. They were then immersed
in freshly prepared 1 mg/ml X-gal staining solution (0.02% Igepal, 0.01% Sodium
Deoxycholate, 5 mM Potassium Ferricyanide, 5 mM Potassium Ferrocyanide and 2 mM
MgCl2 in 0.1 M phosphate buffer pH 7.5) overnight at 37°C in the dark. Embryos were washed
in PBS and post-fixed in 4% paraformaldehyde in PBS at 4°C overnight, on a rocker. For

sectioning post-staining, embryos were embedded in Sheldon Cryomatrix (Thermoscientific)
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and stored at minus 80°C. Images of the sectioned (thickness 15 um) embryos were taken under
Leica M205FA stereomicroscope and ImageJ was then used to quantify the X-gal-stained area.
From the top of the neural tube until before the heart was considered for the staining

quantification of the craniofacial area.

2.10 Phosphotungstic acid staining for CT scan

Embryos were fixed overnight in 4% paraformaldehyde at 4°C in a rocker and then washed
with PBS. After a series of dehydration steps according to a protocol described previously
(Lesciotto et al., 2020), embryos were stained in 0.7% phosphotungstic acid (PTA). The
protocol was modified as embryos were not embedded in wax for scanning. A pre-scanning
was done to confirm complete penetration of the PTA in embryos. If the penetration was not
complete, the embryos were placed back in the PTA solution. For stages E12.5, E 14.5 and
E17.5 it required around two, three and more than 5 weeks, respectively of continued PTA
staining for full penetration. Pre-scanning was repeated meanwhile and once all the structures
were visualized in the pre-scan, embryos were rehydrated in a series of methanol washes and

CT scanning was done at 20-pum thickness.

2.11 Immunofluorescence and TUNEL assay

Immunofluorescence experiments were performed on 10-um-thick sections according to
standard protocols (Zakariyah et al., 2012). Primary antibody used was anti-PH3 (Ser10) (06-
570, Millipore; 1:200 dilution) and Alexa Fluor 568 (A-11004, ThermoFisher Scientific; 1:500
dilution) secondary antibody was used. For identifying cells undergoing apoptosis, TUNEL
assay was performed using a Cell Death Detection Kit, TMR Red (12156792910, Roche). For
quantification of fluorescence signal, particle analysis on ImageJ was used. For TUNEL and
PH3 quantification, four embryos were analyzed per genotype. The head regions of at least

four sections were counted per embryo.
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2.12 Immunohistochemistry

Embryos were sectioned at 10-um thickness for immunohistochemistry as previously described
(Beauchamp et al., 2021; Hou et al., 2017). Anti-P53 primary antibody (2524, Cell Signaling
Technology; 1:250 dilution) or anti-neurofilament primary antibody (2H3, Developmental
Studies Hybridoma Bank; 1:150 dilution) was used. The secondary antibody that was provided
with the VECTASTAIN® Universal Quick HRP Kit was used and visualized with
diaminobenzidine (DAB). To look at P53 expression, 3 embryos per genotype and at least 3
sections per embryo were tested. For 2H3, wholemount staining of 2 embryos per genotype

was done.

2.13 Western blot

Individual E11.5 embryos were snap-frozen and lysed in RIPA buffer (25 mM Tris-HCI pH
7.6, 10% glycerol, 420 mM NaCl, 2 mM MgClz, 0.5% NP-40, 0.5% Triton X-100, 1 mM
EDTA, protease inhibitor) on ice. Embryos were then sonicated and centrifuged at 13000rpm
for 20 minutes at 4°C. Protein lysates from the supernatant were then measured according to
standard methods using a DC protein assay kit (Bio-Rad, Mississauga, Ontario, Canada).
Proteins were denatured at 95°C for 5 minutes with Laemmli buffer [0.1% 2-mercaptoethanol,
10% glycerol, 2% Sodium dodecyl-sulphate (SDS), 63 mM Tris-HCI (pH6.8)]. 50ug of protein
was resolved on 12% polyacrylamide gel. They were then transferred to PVDF membranes
(Bio-Rad, Cat#1620260) overnight at 4°C at 20 volts. After blocking the membrane in 5% milk
for one hour at room temperature, all membranes were probed with primary antibody overnight
at 4°C (SNRPB 1:1000, Santa Cruz, cat#sc-374009). The membranes were then incubated at
room temperature with horseradish peroxidase-conjugated secondary antibody (Cell
Signaling), and antigen-antibody complexes were detected using the ECL system (ZmTech

Scientifique, Montreal, Quebec, Canada). The B-actin protein band (1: 5000, Cell signaling)
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was used as a loading control to normalize the level of the protein of interest. The blot was cut
after transfer and the antibody incubations were performed simultaneously for both SNRPB
and B-actin, in two split blots. Images of the protein bands were taken with Bio-Rad’s
ChemiDoc MP System and were digitally analyzed using Image Lab software. The experiment

was repeated at least 3 times with different biological samples.

2.14 RT-PCR

Total RNA was isolated from whole embryos using TRIZOL. The extracted RNA was treated
with DNase | (NEB; according to the manufacturer's protocol). The reaction mix was incubated
at 37°C for 10 minutes, then added 1 ul of 0.5 M EDTA to stop the reaction and heat
inactivation was done at 75°C for 10 minutes. The RNA was then used for reverse transcription
with the iScript cDNA synthesis Kit (Bio-rad, Cat. #170-8890), according to the manufacturer's
protocol. The following conditions were used for cDNA synthesis: 5 min 25°C, 30 min 42°C,
5 mins 85°C. RT-PCR for Smad2, Pou2fl and Rere were performed under the same PCR
conditions: 5 mins 95°C, (30 secs 95°C, 30 secs 55°C, 30 secs 72°C) 35 cycles, followed by

an elongation step of 5 mins at 72°C. The primers for RT-PCR, are listed below.

Table 2.4: Primers Used for RT-PCRs, sequences are 5’ to 3’ direction.

For Forward primer Reverse primer

Snrpb AE-2 transcript TTTGCAGGCAGCATTTCC | CTCGCTTCTCTTCCCTTTCT

Mdm2 Exon 3 skipping GATCACCGCGCTTCTCCT | GATGTGCCAGAGTCTTGCT
GC G

Mdm4 Exon 7 skipping TGTGGTGGAGATCTTTTG | CACCTGCTGCATGCAAAAT
GG C

Smad2 Exon 3 skipping | GAGCAGAATGGACAGGA | TCAGTTCTTTTTCTGGGATT
AGAA GG

Pou2fl Exon 4 skipping | GGTCTGGACTTTCAGAA | GAATGGCTGACTGCACTGA
ACAGC A

Rere Exon 4 skipping GGCCAAACACACCGTAT | AGAGTTCCCGATTCTTGAT
TTC GAC
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2.15 RNA isolation for RNAseq

E9.0 embryos were placed in RNA later (Invitrogen) immediately after dissection prior to RNA
isolation. After genotyping, heads of two somite-matched embryos from different litters were
pooled. RNA extraction was done using a Qiagen RNeasy Kit, following the manufacturer's
protocol (manufacturer). RNA quantity and quality was checked using ND2000 before sending
for RNA sequencing. Three WT and three heterozygous pools (2 embryo heads per pool) were
used for RNAseq analysis. Embryos were sex determined by PCR (McFarlane et al., 2013).
Each wild-type pool had one male and one female embryo, two mutant pools had only female
embryos and one mutant pool had one male and one female embryo. Primers used for sex
determination PCR: forward GATGATTTGAGTGGAAATGGAAA TGTGAGGTA, reverse
CTTATGTTTATAGGCATGCACCATGTA. The following PCR conditions were used: 2
mins 94°C, (30 secs 94°C, 30 secs 57°C, 30 secs 72°C) 34 cycles, followed by an elongation

step of 5 mins at 72°C.

2.16 RNAseq analysis

Sequencing libraries were prepared by the McGill Genome Centre (Montreal, Canada), using
a TruSeq Stranded Total RNA Sample Preparation Kit (TS-122-2301, lllumina, San Diego,
CA, USA) by depleting ribosomal and fragmented RNA, synthesizing first- and second-strand
complementary DNA (cDNA), adenylating the 3’ ends and ligating adaptors, and enriching the
adaptor-containing cDNA strands by PCR. The libraries were sequenced using an Illumina
NovaSeq 6000 PE100 sequencer, with 100 nucleotide paired end reads, generating between
109 and 230 million reads per sample. The sequencing reads were trimmed using CutAdapt
(Martin, 2011) and mapped to the mouse reference genome (mm210) using STAR (Dobin et al.,
2013) aligner (version 2.6.1d), with default parameters, and annotated using the Gencode
(Harrow et al., 2006) M2 (version M2, 2013) annotation. Htseg-count [part of the ‘HTSeq’
(Anders et al., 2015) framework, version 0.13.5] was used for expression quantification.
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To perform differential splicing analysis, rMATS 4.0.2 (Shen et al., 2014) was used, and
detected splicing events were filtered by systematically excluding those with a mean of
inclusion junction counts lower than 5 in either WT or heterozygous samples. To identify a
significant DSE, an absolute inclusion level difference cut-off of more than 0.05 was used and
a Benjamin—Hochberg multiple testing correction with an FDR cut-off of less than 0.1 was
used. The rationale for relaxing the FDR cut-off here was to obtain a large dataset enriched for
alternative splicing events in order to observe general tendencies, such as increased propensity
for exon skipping or intron retention in the mutants. To characterize 3’ SS sequences,
LaBranchoR (Paggi and Bejerano, 2018), a BP prediction tool based on a deep-learning
approach was used, which uses a bidirectional long short-term memory network model to
identify relevant BPs upstream of DSEs. The BPs and their surrounding area consensus motifs

were generated using WebLogo 3.0 (Crooks et al., 2004).

For differential expression analysis (DEA), DESeq2 (Love et al., 2014) package was used, and
a list of significant DEGs was derived using an FDR cut-off of less than 0.05 with no additional
restriction on the absolute log2 fold change (Log2FC) (to allow for detection of even minor
expression changes). For Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analyses, the combined list of up- and down-regulated genes from DEA was used as input to
gProfiler2 (Raudvere et al., 2019) package (ghost function), and all the detected genes from

DEA were used as background.

A differential analysis of transposable element (TE) and long non-coding RNA (IncRNA)
expression was also carried out, to investigate whether SNRPB deficiency may result in
deregulation of the non-coding transcriptome. Those analyses did not uncover any differences
in the mutant embryos (data not shown). Spliced Transcripts Alignment to a Reference (STAR)

was used to map the processed reads with modified options: —outFilterMultimapNmax 100
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—winAnchorMultimap Nmax 100 —outMultimapperOrder Random —alignSJoverhangMin
8 —outFilterMismatchNmax 999 —alignintronMin 20 —alignintronMax 1000000 —
alignMatesGapMax 1000000, with mouse annotations from the University of California, Santa
Cruz RepeatMasker (Gencode M1) and IncRNA (Gencode M1) to guide mapping. The mapped
INcRNA and TE reads were respectively quantified with salmon (Patro et al., 2017) and
TElocal (Jin et al., 2015) softwares. Differential INCRNA and TE expression analyses were
performed using DESeq2, with the TE and IncCRNA read counts being normalized using
protein-coding gene expression size factors, and differentially expressed IncRNA and TEs
selected based on an FDR cut-off of less than 0.05 and an absolute Log2FC of greater than 0.5

to increase detection signal.
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2.17 RT-gPCR

RT-gPCR was performed using Advanced Universal SYBR® Green Supermix. Experiments
were performed in biological duplicates to ensure technical replicability. Target genes were
normalized with a normalization factor as calculated by geNorm software (Vandesompele et
al., 2002). Three housekeeping genes — B2m, Gapdh and Sdha — were used for generation of

the normalization factor as previously reported (Vandesompele et al., 2002).

Table 2.5: Primers Used for RT-gPCR. Sequences are in 5’ to 3’ direction.

For Forward Primer Reverse primer

Trp53inpl | AAGTGGTCCCAGAATGGAAGC CTGGGAAGGGCGAAAACTCT

Ccngl TTCCAAGATAAGTGGCCGAGA AGTGCGTCCAGACACAATCC

Phlda3 CATGTCAGCTTCTCTGTCCACTT | CTGGTTGGCTCCTTCCATGAT

B2m ATGCTATCCAGAAAACCCCTCAA | GCGGGTGGAACTGTGTTACG
Gapdh ATGACATCAAGAAGGTCCTG CATACCAGGAAATGAGCTTG
Sdha GCTGTGGCCCTGAGAAAGATC ATCATGGCCGTCTCTGAAATTC
Snrpb GCTGCTGGCAGAGGAAT TCCTGCAATACTGGCTGTG

2.18 Quantification and statistical analysis

Quantitation of the X-gal-stained embryo sections, TUNEL sections and PH3 stained sections
were performed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Statistical analyses were conducted using Prism 8.0 software (GraphPad, San Diego, CA,
USA). Chi-square test or non-parametric Mann—Whitney U-test analysis was performed using
GraphPad Prism. For survival analysis, Log-rank (Mantel-Cox) test analysis was done. P value

<0.05 was considered significant.

85



CHAPTER Il

RESULTS

A. RESEARCH FINDINGS OF AIM 1

3.1 A novel 61 base-pair intronic deletion of Snrpb regulates SNRPB level and models

Cerebrocostomandibular syndrome (CCMS) in mice at a low penetrance

3.1.1 Identification of Snrpb alleles with a 61 base-pair (A61) and 46 base-pair (A46)
intronic deletions near alternative exon 2

To generate a conditional mutant mouse model that can be used to reduce levels of Snrpb and
uncover its role in embryonic development, | targeted introns 1 and 2 to insert loxP sequences.
The guide RNAs and repair templates were injected into zygotes at the McGill Integrated Core
for Animal Modeling (MICAM). From two rounds of microinjections, | received 11 animals
(9 males, 2 females) which | genotyped to look for insertions. There was no insertion in the
targeted introns 1 and 2 in any of those 11 mice. But | found 3 founder males, who had two
different size smaller bands in intron 2. To know the deletion sequence, | cloned the smaller
size bands from two founders. The wild-type band was of expected size (292 bp) (Figure 3.1
A). | also cloned the wild-type band and sequencing of the clone confirmed it the expected
Snrpb wild-type band. For the smaller bands, sequencing revealed one was a 231bp sequence
that had a 61-bp deletion in intron 2. The other band was a 246 bp sequence with a shorter 46-
bp deletion intron 2, overlapping the 61-bp (Figure 3.1 B). As the location of the deletions in
intron 2 were close to the alternative exon 2 that regulates SNRPB, | bred each of the founder
males having the two different deletions with wild-type CD1 females and observed for

phenotypic abnormalities in the offspring.
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Figure 3.1: 61-bp and 46-bp intronic deletion occurred in intron 2 of Snrpb. (A) The lower
mutant bands for Snrpb A46 and Snrpb A61 mutants were extracted, cloned and confirmed by
sanger sequencing as two different size deletions in intron 2. (B) Location of the 61 base-pair

deletion that is near the alternative exon 2 of Snrpb in UCSC genome browser.

3.1.2 A subset of Snrpb A61 heterozygous and homozygous mutant embryos and pups at
birth were found abnormal with craniofacial, limb and rib defects

| observed that a subset of A61 heterozygous (Snrpb*6Y*) mice was abnormal at birth (P0)
(n=13/159). Abnormal PO animals had abnormal craniofacial phenotypes like microcephaly
where the head looked smaller with a shorter snout and mandible (Figure 3.2 A). Of the
abnormal pups, some (n= 7/13) had died shortly after birth. To investigate embryonic
development of the A61 mutants, | then dissected pregnant females and found similar
abnormalities such as microcephaly, micrognathia, short snout and smaller ear in about six
percent of heterozygous and homozygous mutant embryos (n=8/135) (Figure 3.2 B). Mutant
pups also had shorter limbs and finger defects such as clinodactyly and polydactyly (Figure 3.2

C).

As SNRPB mutation in CCMS patients is known to cause skeletal abnormalities, to examine if
the intronic mutation | generated in Snrpb causes cartilage and bone formation defect, | stained

embryonic day (E) 14.5 with Alcian blue and E17.5 embryos with Alcian blue and Alizarin
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red. At E14.5, cartilage formation was found abnormal in the head of two homozygous mutants
(2/11). One Snrpb®57A%! mutant has severely reduced cartilages in the head with a very short
Meckel’s cartilage (Figure 3.2 D). The other homozygous mutant had a slightly reduced head
cartilage and the proximal portion of the Meckel’s cartilage was wavy (Figure 3.2 E). The
severely affected mutant had extreme reduction in rib cartilage whereas in one heterozygous
mutant the proximal location of lower ribs was wavy. Finger clinodactyly was seen in 5 of the
11 mutants (Figure 3.2 F). The findings of reduced, absent and deformed cartilages suggest

that chondrogenesis is hampered in this mutant model.

At E17.5, we found an extra rib pair in around 17% of heterozygous (n=3/17) and 43% of
homozygous (n=7/16) mutants (Figure 3.2 G). A wild-type embryo was also found to have an
extra pair of ribs (n=1/10). In the sternum, one heterozygous mutant (n=1/17) had reduced
ossification centers, suggesting there might be an ossification delay (Figure 3.2 H). In the
fingers, two homozygous mutants had clinodactyly (Figure 3.2 E) (n=2/16). In the head, I found
reduced ossification in frontal, parietal and interparietal bones in one heterozygous and two
homozygous mutants (n=3/33) (Figure 3.2 I). Taken together, the data suggest that ossification

is impaired in some Snrpb A61 mutants.

Though at low penetrance, a significant proportion of A61 heterozygous (n=15/306) and
homozygous (n=11/168) mutant embryos had morphological and skeletal abnormalities while
compared to the wild-type littermates (n=160, which includes two smaller embryos) (T-
test,p=.007). In contrast, Snrpb A46 mutants were normal with the exception of one embryo

that was found dead at E14.5 and had a smaller head, jaw and abnormal ear (N=1/158).
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Figure 3.2: A 61-bp intron 2 deletion in Snrpb causes abnormal development in mice. (A)

L

PO mutants at birth showing craniofacial abnormalities such as microcephaly, shorter snout and
smaller jaw in the heterozygous and homozygous mutants. (B) Similar craniofacial
abnormalities were found at embryonic stage E14.5. (C) Snrpb®®¥*and Snrpb®¢/A6/ mutants
showing abnormal hind limb (black arrow) and polydactyly, respectively. (D-E) Showing
skeletal anomalies such as abnormal Meckel’s cartilage (black arrows), limbs, and ribs and
head cartilages (asterisks) in the mutants. (F) A E17.5 mutant embryo showing clinodactyly of
the middle finger (arrow). (G) Extra pair of ribs in the Snrpb®®¥* mutant at E18.5 (black

arrowhead). (H) Absence of ossification centers in the sternum one of the deletion mutants. (I)

89



Reduced ossification in the mutant head bones compared to control littermate. E, Ear; mc,

Meckel’s cartilage; Fb, frontal bone; Pb, Parietal bone; Ip, interparietal bone. Scale bar=500

pm

3.1.3 Snrpb A61 heterozygous and homozygous mutant pups are significantly smaller and
die over time

| found that Snrpb®6¥* and Snrpb*¢"%! pups weighed less than their wild type littermates at
birth and onward (Figure 3.3 A, B). Additionally, when we followed five litters of animals born
form heterozygous animal matings, Snrpb*5* and Snrpb*¢//2%/ alleles were found in Mendelian
segregation (n= wt: Snrpb®®¥* : Snrpb”/A6/ = 10:29:18; chi-square test, p value= 0.323) at
birth. However, a significant proportion of heterozygous mutants (41%, n=12; Log rank test, p
value=.02) and homozygous mutants (34%, n=6; Log rank test, p value=.04) died or had to be
euthanized between four and 48 weeks of life, suggesting that this mutation reduced fitness
(Figure 3.3 C). In contrast, no mutants for 46 bp intronic deletion had died (n=0/31). The
common external signs of sickness seen in Snrpb A61 mutants included being pale, hunched
and dehydrated, coats were turning rough, seizure and bloated abdomen. Autopsy of dead
mutant animals (n=4, 2 homozygous and 2 heterozygous mutants) showed lesions in their lungs
and spleens (Figure 3.3 D). Two of the 29 heterozygous mutant mice had developed cataract,
and two others had circling behavior in the cage, which is often associated with inner ear
defects (Lee et al., 2001). These findings suggest that the 61 base-pair intronic deletion results
in morphological defects in embryos and causes postnatal abnormalities, which could be

because of disrupted Snrpb mRNA expression and or protein levels.
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Figure 3.3: Wild-type Snrpb is required in postnatal period in mice. (A, B) The A61 mutants
were smaller compared to the controls at birth and onward. The weight was significantly
reduced in the mutants (multiple t-test). (C) A significant proportion of Snrpb®®¥* and
Snrpb26Y2! animals die over time (N: wt=0/10; Snrpb®6¥*=12/29; Snrph*¢/A6’=6/18). (D)
Abnormal lesions in the lung (blue arrows) and spleen (black arrows) were found in the sick

mutants.
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3.1.4 Blood analysis of mutants did not reveal any significant changes in the complete

and differential blood count

Since animals with the Snrpb A61 mutation were becoming pale, sick and dying over time, |

collected blood from wild-type (n=3), heterozygous mutant (n=3), and homozygous (n=3)

mutant adult animals. Blood analysis was done to find any pathological indications in blood

parameters that might be associated to their sickness or death. The complete blood count (CBC)

was done and the number of different cells such as white blood cells (WBC), red blood cells

(RBC), platelets, neutrophils, eosinophil, monocytes were counted for any significance

difference among the genotypes. As the sick animals showed paleness, to test for presence of

anemia, the level of hemoglobin, hematocrit, mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC)

were also checked in the samples. However, no significant difference was seen among the wild-

type and the mutant animals in different parameters of the complete blood test (Figure 3.4).
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Figure 3.4: Blood parameters analysis in wild-type and Snrpb A61 mutant animals. No
significant difference was found between adult wild-type and Snrpb?”* or Snrpb?6% 46!

mutants’ blood parameters (A-J). Error bar indicates standard deviation (SD).
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3.1.5 An increase in the inclusion of alternative exon 2 and a decrease in SNRPB level was
seen in a proportion of Snrpb A61 heterozygous and homozygous mutant embryos

I postulated that the A61 deletion increases the inclusion of the PTC containing exon 2, thereby
reduces the protein level of SNRPB. I looked at both transcript and protein of the mutants by
RT-PCR and western blot, respectively. For RT-PCR, | used primers from exonl to exon 4 to
amplify the transcripts with the alternative exon 2 in wild type (n=5), Snrpb*®** (n=6) and
Snrpb®¢*A%! (n=5) mutant embryos. | found an increase in the proportion of E11.5 Snrpb®6Y/*
(2/6) and Snrpb¢7A%! (3/5) mutant embryos with inclusion of alternative exon 2 when

compared to wild type (1/5) (Figure 3.5 A, B). The difference was not significant.

As | hypothesized that the increased inclusion of alternative exon 2 would lead to a decrease
in SNRPB protein level in the Snrpb A61 heterozygous and homozygous mutants, | performed
western blots of E11.5 whole embryos to look at the protein level. These western blot analyses
revealed a reduction in SNRPB levels in Snrpb®®* (n=3/8) and Snrpb*®/2%/ mutant embryos
(n=3/9) (Figure 3.5 C, D). In addition, a group of both heterozygous and homozygous mutant
embryos had a lower level of SNRPB than the lowest level seen in the control embryos (under

the green dashed line in Figure 3.5 D).
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Figure 3.5: The intronic 61 bp sequence is important for SNRPB level regulation. (A) A
subset of the Snrpb®®Y* and Snrpb%/2%’ embryos produce the alternative exon 2 containing
transcript. (B) Graph showing a statistically non-significant (unpaired t-test) increased ratio of
the alternative exon 2 containing transcript in the mutants (N: wild-type (wt)=5, Snrpb*6¥*=6,
Snrpb*%A61=5) and (C, D) A non-significant decrease in SNRPB protein was seen in a

proportion of the heterozygous and homozygous A61mutants.
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Though the Snrpb-A61 mouse model recapitulates CCMS abnormalities, the low penetrance at
which these defects are found limits our ability to use this model to study the role of SNRPB
in embryonic development. Furthermore, our findings suggest that sequences in intron 2 are
important for regulating expression of Snrpb. Therefore, | modified my approach and used

CRISPR/Cas9 to introduce LoxP sequences in introns 1 and 3, without disrupting intron 2.

Generation of mice with LoxP sequences in intron 1 and 3:

CRISPR/Cas9 injections were performed in two steps to generate conditional mutant mice.
From the first round of microinjection, | targeted intron 1 to insert LoxP sequence by injecting
the guide RNA used before for intron 1 with newly designed oligo template. | received 15 mice
(8 males, 7 females) on BL6/C3H genetic background. Of the 15 mice, two males and two
females had PCR products that with possible LoxP insertion. | digested each of the PCR
product with the restriction enzyme (EcoRlI) included in the oligo template and found the
expected band sizes, which was an indication of a potential LoxP insertion. Then the mutant
bands from the genotyping PCR were sequenced by Sanger sequencing (Figure 3.6 A-C). All
of them had LoxP sequences inserted in intron 1. Each of the founders was then mated to wild-
type C3H animals to see if the LoxP is transmitted to the offspring. Three founders transmitted

the LoxP to the F1 animals confirming germline insertion of the sequence.

For inserting the second LoxP sequence in Snrpb intron 3, homozygous F2 males were
generated on C3H genetic background and sperm from one male was used to fertilize oocyte
of females of BL6/C3H genetic background. 13 pups (4 males, 9 females) from this round of
microinjection were screened by PCR. Of them, two males and two females had insertions in
intron 3. The PCR product was digested with EcoRV as restriction site for ECORV was included
in the repair template after the LoxP sequence to facilitate screening. The mutant band from

the genotyping PCR were sequenced by Sanger sequencing (Figure 3.6 D-F).
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Figure 3.6: Sanger sequencing confirms LoxP insertion in Snrpb intron 1 and 3.
Genotyping PCR (A, D), restriction enzyme digestion of the PCR products (B, E) and
sequencing of the mutant bands (C, F) confirmed LoxP insertion in Snrpb intron 1 and intron

3, respectively.

3.2 Snrpb constitutive heterozygosity causes embryonic lethality in mice before

organogenesis

As the CCMS patients are heterozygous for SNRPB mutation, | first aimed to make constitutive
heterozygotes (Snrpb*") mice by mating Snrpb'®"* animals with g-actin-cre mice. (Figure 3.7
A). From this mating, | did not find any Snrpb*" animals at postnatal day 0 (P0) or weaning
(P21), indicating that these mutants died before birth (n=22, 3 litters, chi-square P value=0.04)

(Table 3.1A).

To determine when Snrpb*"-embryos die, | dissected pregnant females (mating: p-actin-cre'*
x Snrpb'™®*) from E6.5 — E10.5 (Table 3.1B). | found that Snrpb*” embryos were abnormal

from E7.5 and were undergoing resorption by E9.5. All mutants were found dead by E10.5
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(Figure 3.7 D-J). At E8.5, one-third of the Snrpb*" mutants (n=3/9) developed heart, somites,
and neural folds. However, they were smaller when compared to the control embryos, and the
forebrain, midbrain, and hindbrain were not formed. The remaining E8.5 Snrpb*" mutants
(n=6/9) arrested earlier and only headfolds could be seen in those embryos. At E9.5, most of
the mutant embryos (n=5/6) had no identifiable structures (Figure 3.7 H) and one embryo
(n=1/6) developed outside of the yolk sac had heart and neural folds (Figure 3.7 I). By E10.5,
| found only one deformed dead mutant embryo. Thus, constitutive heterozygous deletion of

Snrpb caused embryonic lethality before organogenesis.

| used RT-PCR to confirm that Cre-mediated deletion of the LoxP-flanked region generated a
shorter Snrpb transcript of expected size of 527 bp (Figure 3.7 B). A smaller PCR product
below the wildtype 791 bp transcript was seen in the mutants and was found to be nonspecific
to Snrpb. A statistically significant 70% reduction in mRNA levels of Snrpb in E8.5 Snrpb*"
embryos were found (p= 0.0052, two-tailed t-test) (Figure 3.7 C). Thus, deletion of exons 2 —
3 of Snrpb leads to a significant reduction in Snrpb level in heterozygous mutant embryos. |
postulate that the level of functional protein expressed by a single wild-type allele of Snrpb

was insufficient for embryonic growth and survival post-implantation.
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Table 3.1: Mendelian segregation table for Snrpb heterozygous mutants at weaning (A) and

different stages of embryonic development (B).

A.
Animals | Snrpb | SnrpbY* beta | Snrpb **;beta | Snrpb** Total
crossed L+ actin 9+ actin 9+ genotyped
Snrpb Y*x 6 0 7 9 22
Beta actin-
Cre Ta/+
B.
Stage | Snrpb Y* | Snrpb Y+ beta | Snrpb **; beta | Snrpb ** Total
actin 9+ actin 9+ genotyped
(abnormal/dead) (#not typed
resorptions)
E6.5 8 8 5 5 26 (0)
E75 3 5 (5) 2 4 14 (0)
E85 12 9 (9) 19 12 52 (1)
E95 2 6 (6) 2 2 12 (2)
E10.5 3 1(1) 4 2 10(0)
Total 28 29 (21) 32 25 114
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Figure 3.7: Snrpb heterozygosity causes embryonic lethality before organogenesis. (A)
Generation of Snrpb™- allele by mating Snrpb'™®* mice with Beta-actin Cre'9* mice. (B)
Snrpb*"- embryos produce a shorter transcript of 527 bp (primers amplified E1-E6) (C) A 70%
reduction of Snrpb the Snrpb*- mutants found by RT-gPCR. (D) Abnormal Snrpb*" embryo at
E7.5. (E-G) A control embryo at E8.5 showing normal embryonic development while the
Snrpb*” mutants were abnormal. (H-1) Abnormal Snrpb* mutants compared to the control
littermates (on the left). (J) One deformed mutant embryo was found at E10.5. mb, midbrain;
hb, hindbrain; fb, forebrain; hrt, heart; hf, headfold; nf, neural fold. Scale bar= 500 pm.

(Adapted from Alam et al., 2022)
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Snrpb constitutive heterozygous embryos died before organogenesis. Thus Snrpb*"
mutants could not be used to study how reduced SNRPB causes specific tissue anomalies in
CCMS. Thus, I decided to use tissue-specific Cre lines to remove Snrpb from specific cell
types during development. Since ribs are derived from the mesoderm and rib gaps are one of
the most prevalent defects found in CCMS patients (Lynch et al., 2014; Bacrot et al., 2015;
Tooley et al., 2016), | first describe mice with loss of Snrpb in the mesodermal cells and their

derivatives.

3.3 Snrpb is required in mesodermal cell lineages for proper embryonic development and

survival

3.3.1 Snrpb mesoderm-specific heterozygous mutants have embryonic abnormalities and
die before birth

Mespl is expressed in the nascent mesodermal cells at early gastrulation (from E6.5) and cells
that exit the primitive streak (Saga et al., 1996). To remove Snrpb from mesodermal cells and
their lineages, | mated Mesp-1 Cre mice with Snrpb conditional (Snrpb->®*) mice. To
determine if the resulting Snrpb™*" pups are born, | allowed the pregnant females from these
matings go to term and followed the pups until weaning. | found that all pups that were born
survived until weaning and when genotyped, no mutants (Snrpb™s*) were found (n=0/30, Chi-
square p value= .0079) (Table 3.6). To investigate if Snrpb™: *~ embryos are abnormal and
when they die before birth, | dissected the pregnant females from E9.5 to E17.5 (Table 3.2). At
E9.5, I recovered 38 mutants of which five were abnormal. Two mutants had narrow
frontonasal prominence and a smaller pharyngeal arch 2 with an enlarged heart (Figure 3.8 A,
right). The remaining three mutants had an otic vesicle with an irregular shape when compared

to control. At E10.5, | found three of the five Snrpb™* mutants did not have an epicardium
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(Figure 3.8 B, right). Until this stage, the somites looked normally formed in the mutants. At

E12.5, out of nine mutants, three were normal looking and four were resorbed. The remaining

two Snrpb™s*- mutants had abnormal heart (Figure 3.8 C, right). At E13.5, | found two
mutants, one had a smaller lower jaw and slight edema in the back (Figure 3.8 D), while the
other one looked phenotypically normal. By E14.5, the phenotypes became fully penetrant and
all the Snrpb™s*" mutants (n=9) were either resorbed (n=5) or morphologically abnormal (n=4)
(Figure 3.8 E). The abnormal embryos had extensive subepidermal edema in the back
suggestive of a cardiac or vasculature defect and had a smaller lower jaw. They looked overall
smaller than the control embryos. By E17.5, | found only one resorbed mutant in a total of 14
embryos. These preliminary data suggest that the Snrpb™* mutants die by 17.5 and that no
mutants survive to birth when one allele of Snrpb is removed from the mesodermal cells and

their derivatives.

Table 3.2: Mendelian segregation table for mesoderm specific Snrpb heterozygous mutants
at different stages of embryonic development and birth. *Chi-square test p value was

statistically significant at PO. A= abnormal; * = dead/resorbed.

Stage | Snrpb | Snrpb Y+ Mesp1- | Snrpb **; | Snrpb Total Not typed #
L+ Cre 9+ Mesp1- *+ | genotyped Litters
(abnormal/dead) | Cre ©*
E95 | 24 38 (5" 27 37 126 5(4 9
resorbed)
E10.5 9 5(3") 3 9 26 - 2
E125| 5 9 (27, 4%) 7 7 28 - 2
E13.5 2 2(1M) 7 4 15 3(resorbed) 2
E14.5 5 9 (47, 5%) 5 11 30 - 2
E175| 4 1(1%) 2 7 14 - 1
PO* 12 0 7 11 30 - 3
Total 61 64 58 86 249 8 21
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Figure 3.8: Mesoderm-specific Snrpb heterozygous mutants have embryonic abnormalities.
(A) E9.5 Snrpb™s* mutant shows abnormal development of frontonasal prominence, smaller
pharyngeal arch 2 and a larger heart compared to the control embryo. (B) Abnormal E10.5
Snrpb™s*- mutant. (C) At E12.5, two of the five mutants had an open abdominal cavity with
abnormal heart formation. (D) At 13.5, a Snrpb™s*" mutant embryo showing a smaller jaw
(black asterisk) and a slight swelling dorsal subepidermal swelling (arrow). (E) At 14.5, all
mutants had a smaller jaw and head, with extensive edema in the back (arrow) and exposed
liver the liver (black asterisk). At this stage, mutants were all smaller than the controls. For all
the stages except PO, the Chi-square test p-value was not significant for Mendelian segregation
analysis. Black asterisks on the mutant embryos in each panel show abnormal structures. The
left panel shows a control embryo. FNP, frontonasal prominence; 2, pharyngeal arch 2; hrt,

heart; M, mandible; fl, forelimb; L, liver. Scale bar= 500 um

3.3.2 Cartilages derived from both mesoderm and neural crest cells (NCCs) are reduced
in the E14.5 Snrpb™*- mutant embryos

To look at the skeletal development in the Snrpb™s* mutants, | stained the E14.5 embryos
with Alcian blue. The staining revealed significant reduction in the cartilages in the craniofacial
region and abnormal formation of the ribs. In the head, squamosal cartilage was markedly
reduced in the mutants (n=3/3) (Figure 3.9). The cochlear cartilage of the auditory capsule of
inner ear was also reduced in all three mutants analyzed (Figure 3.9A). Ventral analysis of the
head cartilage revealed the hypophyseal cartilage, which forms part of the basisphenoid bone,
was hypoplastic in the mutants (Figure 3.9 A, B). Intriguingly, I found, Meckel’s cartilage,
which is completely derived from the neural crest cells (NCCs) was smaller, and wavy in the
Snrpb™s* mutant embryos (n=3/3) (Figure 3.9 A, B). However, the other frontal face

cartilages such as nasal cartilage were not compromised in the mutants (Figure 3.9 A, B).
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The ribs and the limbs which are derived from mesodermal cell lineages, more specifically
from paraxial mesoderm, have gaps in CCMS patients. Therefore, | analyzed cartilage
formation in those structures in Snrpb™s* mutants. | found the rib cartilages were irregularly
spaced in the mutants (n=3/3), when compared to the control littermates (Figure 3.9 C). Ventral
analysis of the ribs revealed that lateroventral extension of the ribs was shorter than those of
the wild-type embryos (Figure 3.9 D). In addition, the primordium of the sternum was not

formed in the mutants and the limbs were shorter in Snrpb™*" embryos.

E : .
Snrpb " nrp Snrpb "

Figure 3.9: Cartilage development was abnormal in the Snrpb™s*- mutants. (A) Head
cartilages showing that they were affected in the mutant embryos such as the parietal cartilage
and the cochlear cartilage was greatly reduced (sagittal view). (B) Skull showing abnormal
development of the hypophyseal cartilage that is derived from neural crest cells. The center of

the cartilage was not formed resulting in a hole in the middle (ventral view). (C) Ribs in the
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Snrpb™s*- mutants show irregular spacing (arrows) compared to the pattern in the wild-type
(sagittal view). (D) In the mutants, narrower rib cages were formed and ventrolateral growth
of ribs failed to occur (ventral view). The ventral ends of bilateral ribs had more spaces in
between (shown in black arrow spacing). The black asterisks show abnormally formed
structures in the mutants. SQ, squamosal cartilage; NC, nasal cartilage; MC, Meckel’s

cartilage; CO, cochlear cartilage; H, hypophyseal cartilage. Scale bar=500 um

3.3.3 Abnormal pattern of Sox10 expression was found in the E9.5 Snrpb™s*- mutant
embryos

Once generated, NCCs migrate dorsoventrally to various destinations and differentiate to form
craniofacial structures. Transcription factor Sox10 expression is initiated in the early
undifferentiated migratory neural crest cell population. The expression subsides once they
reach the pharyngeal arch, except for the glial lineages. To look at Sox10 expression, I
immunoassayed the  Snrpb™s*" E95 embryos with Sox10 by wholemount
immunofluorescence. My preliminary data showed that the pattern of the Sox10 expressing
neural crest cells in the craniofacial region was abnormal in the mutants (n=3) when compared
to the control E9.5 embryos. In the controls (Figure 3.10 A), | saw the normal projection of
Sox10 expression toward the upper region of the eyes. Sox10 expressing NCCs in this region
form the ophthalmic nerves of cranial ganglia upon differentiation. The expression of Sox10
continues in the NCC derivatives that form the trigeminal nerves. However, | did not see such
expression in the mutants (n=3/3) (Figure 3.10 B). In the pharyngeal arches, Sox10 was
expressed at the distal region of the second pharyngeal arch in the wild-type embryos (n=3),
whereas the expression was more limited to the proximal portion in the Snrpb™s*- mutants,
with less expression at the distal part (white asterisk in pa2 of Figure 3.10 B). Moreover, Sox10

expression within the otic vesicle was reduced when compared to what was seen in the wild-
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type embryos. Finally, one mutant embryo (n=1/3) had ectopic Sox10 expression in the
frontonasal prominence. These preliminary data demonstrate mesoderm-specific Snrpb
mutation causes misexpression of Sox10, which might be potentially associated with abnormal
behaviors of NCCs in the Snrpb™*- mutants. However, it will need further investigation to

understand the fate of the NCCs in Snrpb™s* mutants.

MERGED
A.  Snrpb**

Somite=21

" Snrpbmest/: Snrpbmest/- Snrpbmest/-

Somite=22

Figure 3.10: Abnormal Sox10 expression in the E9.5 Snrpb™s*-embryos (n=3). While in the
wild-type embryo (A), the neural crest cells expressing Sox10 projected toward the upper eye
region, such expression was absent in the mutant (asterisk) (B). The expression pattern was
more toward the distal portion of the second pharyngeal arch in wild-type embryos, whereas
expression was more limited to the proximal location of the Snrpb™*- mutants (asterisk). ov-

otic vesicle; pal-pharyngeal arch 1; pa 2-pharyngeal arch 2. Scale bar= 500 um
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CCMS is characterized by craniofacial defects that resembles Pierre Robin Sequence
(PRS), where patients have mandibular dysmorphology, glossopteris and respiratory
obstructions and in some cases, cleft palate (Carey et al., 1982; Gangopadhyay et al., 2012;
Logjes et al., 2018; Giudice et al., 2018; Baxter and Shanks, 2022). The micrognathia in PRS
syndrome are known to occur due to reduced neural crest cells in the first pharyngeal arch. As
neural crest cell derivatives give rise to the jaws and skeletal elements of the face, | attempted
to phenocopy the craniofacial defects found in CCMS in mice by heterozygous removal of

Snrpb from the NCCs. My results from this part of the work are described below.

3.4 Snrpb heterozygosity in neural crest cells causes abnormal brain and craniofacial

development in mice that mimics CCMS

3.4.1 Pups born with heterozygous Snrpb mutation in NCCs had craniofacial
abnormalities and died shortly after birth

| used the Wnt1-Cre2 transgenic mice to remove Snrpb in the neural tube and NCCs (Snrpb™*')
to examine its role during craniofacial development. No Snrpb™* mutant pups were found on
postnatal day (P)1(n=0/48) and P21 (n=0/30) (for both stages chi-square p value >.0001). At
birth (P0), I recovered five heterozygous Snrpb™**"- pups from six litters (n=47). Most of them
had no visible milk spots (Figure 3.11 A), indicating that they failed feed (n=4/5). Of them,
one Snrpb™* pup was morphologically normal, while the rest had abnormally shaped heads,

short snouts, and small outer ears (n=4) (Figure 3.11 B, C).
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Snrpb ncc+/-

Figure 3.11: Snrpb™c*-pups have craniofacial defects at birth. (A) Snrpb"**- mutant pups
lack milk spot in their stomach (black arrowhead), which is visible in the Snrpb wild-type
littermate (white arrowhead). (B) PO Snrpb™*"- pups have an abnormally shaped head,
micrognathia and abnormal outer ears. (C) Higher magnification showing a hypoplastic pinna
in the Snrpb™* mutant (black arrow). E, ear; Y, eye; Fl, forelimb. Scale bar= 500 pm

(Adapted from Alam et al., 2022)
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3.4.2 Wild-type levels of Snrpb are required in the neural crest cells from E9.5 and
onward for normal development of the head and face

To determine when Snrpb is first required in neural crest cells for embryonic survival and
craniofacial development, | collected and analyzed embryos from E9.0 to E17.5. Snrpb”«*/~
embryos were found at the expected Mendelian ratio until E17.5, when significantly fewer
mutant embryos were found (n=12/100; p value <0.025, chi-square test) (Table 3.3 A). At
E14.5 and E17.5, 43% and 25% of Snrpb”“*~ embryos were dead and undergoing resorption,
respectively. Thus, a significant number of Snrpb™<*~ embryos die between E14.5 and birth. |
found that, at E9.0, Snrpb™<*~ embryos with 13 or fewer somites were indistinguishable from
control (Snrpb** or Wnt'9'*) littermates (Table 3.3 B; Figure 3.12 A). However, at E9.5, 35%
of Snrpb™*~mutants (n=18) exhibited hypoplasia of the midbrain and hindbrain. At E10.5,
74% of mutant E10.5 embryos (n=43) also showed hypoplasia of the frontonasal, maxillary
and mandibular prominences, and the pharyngeal arches, and smaller midbrain and hindbrain
(Table 3.3 B; Figure 3.12 B, C). E11.5 Snrpb™*~embryos (n=12) could be sorted into three
groups based on their shared phenotypes. | assigned the 17% of embryos that were
morphologically normal and indistinguishable from controls to group 1/normal (n=2); the 17%
of mutants with hypoplasia of the developing brain, face and head to group 2 (n=2); and the
remaining 66% to group 3 (n=8). Abnormalities found in group 3 included hypoplasia of the
midbrain, swelling in the forebrain, subepidermal swelling, absence of the frontonasal and the
maxillary prominences, and a hypoplastic mandibular arch (Table 3.3 B; Figure 3.12 D). At
E12.5, 25% were morphologically normal (n=4/16; group 1) and 12% mutant embryos were
resorbed (n=2/16). Morphologically abnormal mutants at this stage were classified as group 2
(19%; n=3/16) or group 3 (25%; n=4/16). Mutants in group 2 exhibited clefts in the frontonasal
prominence and the mandible, while those in group 3 had hypoplasia of the midbrain, an

abnormal forebrain, and cleft of the hypoplastic frontonasal and maxillary prominences (Table
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3.3 B, Figure 3.12 E). A fourth phenotypic group constituting 19% of Snrpb™<*~ embryos was
found (n=3/16) at E12.5. Embryos in this group showed an absence of the ventral portion of
the head and face, edema in the head and a hypoplastic mandibular arch (Table 3.3 B; Figure
3.12 E, rightmost image). At E14.5, morphologically normal, group 1 Snrpb™<*~embryos
comprised 8% of live mutant embryos (n=1). Mutant embryos in group 2 (n=3) had a
hypoplastic pinna, a dome-shaped head and nasal clefts; and those in group 3 (n=4), showed
hypoplasia and cleft of the frontonasal, maxilla and mandibular regions, and subepidermal
edema (Table 3.3 B; Figure 3.12F). Snrpb™*~embryos in group 4 (n=4) showed the most
severe abnormalities (Table 3.3 B, Figure 3.12 F), and were missing the ventral portion of the
head and face. At E17.5, | did not find any phenotypically normal group 1 embryos. Half of
the mutant embryos found alive were classified as group 2 (n=6), and the remainder were in
groups 3 (n=4) and 4 (n=2) (Table 3.3B; Figure 3.12 G). Thus, both wild-type alleles are
required in the neural crest cells from E9.5 onwards for normal development of the head and

face.
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Table 3.3: Snrpb”«*~ embryos in different phenotypic groups and Mendelian segregation at

different embryonic stages. (A) Number of Snrpb™c* mutant (Snrpb Y*; Wnt-Cre T9*)

embryos of different stages classified into four groups. Group 1 is normal mutants whereas

Group 2 to 4 had increasing phenotypic severity. (B) Mendelian segregation of the mutants at

different stages. The number in the parentheses are the genotyped dead embryos or resorptions.

Parental genotypes were Snrpb"~* and Wnt1-Cre T9*, *Chi square test shows significance (P <

.05). (Adapted from Alam et al., 2022)

A.
Stage | Group 1 | Group 2 | Group 3 | Group 4 Resorbed Total genotyped
mutants
E9.0 21 0 0 0 2 23
E9.5 33 18 0 0 1 52
E10.5* 14 43 0 0 1 58
E11.5 2 2 8 0 0 12
E12.5 4 3 4 3 2 16
E14.5 1 3 4 4 9 21
E17.5 0 6 4 2 4 16
B.
Stage | SnrpbY* | Wnt-Cre T9* | Snrpb ** |Snrpb Y*;Wnt-Cre T9*/[Total genotyped
(resorbed) | (resorbed) (resorbed) | Snrpb "+ (resorbed)
E9.0 16 16 18(1) 23 (2) 73
E9.5 46 52(3) 56 52(1) 206
E105| 31(2) 39 42 58(1) 170
E11.5 10 12 13 12 47
E12.5 14 8 12 16 (2) 50
E14.5 17 19 16 21(9) 73
E17.5 37 20 27(1) 16(4) * 100
Total 171 166 184 198 719
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Figure 3.12: Snrpb"*- embryos show craniofacial malformations of varying expressivity
from E9.5 onward. (A-G) Depending on the phenotyping severity embryos were classified into
groups. Mutant embryos that could not be distinguished from control littermates were grouped
as group 1/ normal mutants. E, ear; N, nose; Y, eye; fl, forelimb; hl, hindlimb; fb, forebrain;
mb, midbrain; hb, hindbrain; 1/ 2, pharyngeal arch 1 and 2; respectively. Scale bar= 500 pm
(Adapted from Alam et al., 2022)
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3.4.3 Snrpb heterozygous neural crest cells cause abnormal craniofacial skeletal
development of the mutant embryos and pups

3.4.3.1 Skeletal analysis of the PO pups revealed defects in craniofacial bone development
To investigate the skeletal development in the five newborn (PO) pups that I recovered, | stained
them with Alcian blue and Alizarin red. | found that the morphologically normal Snrpb"¢*"
pup of group 1, had a curved but closed premaxilla (n=1/1; Figure 3.13 A, far right).
Furthermore, though one of the morphologically abnormal group 2 pups had a cleft in the
premaxilla and was missing the palatine shelves (n=1/4), no bony palate defects were found in
the remaining mutant pups (n=3/4) (Figure 3.13A). Skull defects were found in both group 1
and group 2 Snrpb™* pups. These defects included reduced size of the squamous part of the
temporal bone (n=3/5), heterotopic ossification in the frontal suture (n=1/5), and a hypoplastic
and asymmetric basisphenoid (n=3/5) (Figure 3.13 A). Defects were also found in the
mandible and middle ear. Meckel’s cartilage and the lower jaw which forms around it were
asymmetric in most of these mutants (n=5/5). Specifically, the angular process was asymmetric
in the group 1 mutant with 1 a wider angular process on one side (n=1/1) and in three of the
group 2 mutants (n=3/4) (Figure 3.13 B). The articular surface cartilage was also absent or
hypoplastic in group 1(n=1/1) and group 2 (n=2/4) mutants (Figure 3.13B). Additionally, the
condyloid and the angular processes of the jaw were shortened bilaterally in one group 2 mutant
(n=1/4). Middle ear defects such as absent, or abnormally shaped tympanic ring, and presence
of ectopic ossification was found in group 1 and group 2 mutants (n=5/5; Figure 3.13 C). These
data suggest that the mutants that that were not severely abnormal, still had craniofacial skeletal

anomalies which might contribute to their death.
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CONTROL MUTANT 1 MUTANT 2
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A Wnt-Cre's PMX Snrpb’ snrpb-
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B Wnt-Cre™o*

Snrpbree Snrpbree

Figure 3.13: Craniofacial skeletal malformations in newborn Snrpb™®*- mutants.
Representative images of PO control and Snrph™° *- pups stained with Alcian blue and Alizarin
red. (A) Ventral views showing normal closed palate and normal bones in the head of the
control but a bony palate cleft (yellow arrowhead) and abnormal basisphenoid in a group 2
mutant (mutant 1). A group 1 mutant (mutant 2) with a closed bony palate, but abnormal
alisphenoid, basisphenoid and hypoplastic tympanic ring is shown. (B) Representative images
of abnormal mandibles of two Snrpb"*- mutants, compared to a control mandible. (C)
Representative images of lateral views showing normal craniofacial bones and tympanic ring
(arrow) in a control pup and abnormal middle ear bones (white arrowhead) and tympanic ring
in the mutants. BS, basisphenoid bone; AS,alisphenoid bone; PL,palatine; PPPL, palatal
process of palatine; PMX, premaxilla; PPPMX, palatal process of premaxilla; PPMX, palatal
process of maxilla; Tr, tympanic ring of ear; AP, angular process; CP, coronoid process; CNP,

condyloid process. Scale bar=500 pum (Adapted from Alam et al., 2022)
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3.4.3.2 Craniofacial cartilages at E14.5 are smaller, missing, ectopic or duplicated in the
Snrpb™*- mutants

To investigate the cartilage development in the mutants, | stained E14.5 embryos with alcian
blue. At this stage, the normal mutant embryo (n=1) | recovered from dissections had
indistinguishable cartilages from that of the controls. However, in E14.5 Snrpb™*'~ embryos
belonging to groups 2 and 3 (n=7), the squamosal cartilage was hypoplastic (Figure 3.14 A,
B). Mutant embryos in these two groups also showed clefts of the nasal and pre-maxillary
cartilage as well as hypoplastic Meckel’s cartilage. Those heterozygous mutants belonging to
group 4 had absent neural crest cell-derived cartilage that are normally found on the ventral
surface of the head and face (Figure 3.14 A. B, far right). Furthermore, although the mandible
formed in E14.5 Snrpb™*"~ embryos in groups 2 and 3, it was still abnormal and smaller. |
found some ectopic cartilages were formed in some of the mutants (n=4 of 7) (Figure 3.14 C)

that I could not identify conclusively.
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Figure 3.14: E14.5 Snrpb"°c*- mutants show hypoplastic and loss of craniofacial cartilages.
(A) Representative images showing sagittal views of a wild-type embryo with normal
development of head, nasal and Meckel’s cartilage (white arrowhead); a group 2 Snrpb"¢¢*-
mutant with a shorter and discontinuous Meckel’s cartilage (mc) (black arrowhead); a group 3

mutant with reduced head cartilage (black arrowhead), ectopic cartilage in the maxillary

prominence (black arrowhead), and an absent nasal cartilage; a group 4 mutant with absent
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anterior craniofacial cartilages. (B) Representative images showing ventral views of the head
of a wild-type, control, embryo with symmetrical Meckel’s cartilage (white arrowhead) and
nasal cartilage; in the group 2 mutant Meckel’s cartilage is truncated and asymmetrical (black
arrowhead) and the nasal cartilage is clefted (black asterisk); in group 3 and 4 mutants, ventral
cartilages are missing. (C) and (D) Higher magnification of the ear (lateral view) and cranial
base (ventral view) of control and a group 3 Snrpb™ * mutant indicating ectopic cartilages
found in a subset of mutants (n=4/7), arrowheads. mc, Meckel’s cartilage; nc, nasal cartilage;

s, squamosal cartilage. Scale bar= 500 um. (Adapted from Alam et al., 2022)

3.4.4.3 Snrpb"c*- mutants were found to have both endochondral and intramembranous
bone ossification defects

Skeletal bones are formed from either cartilage through the endochondral ossification process,
or through a more direct process called the intramembranous ossification process, that does not
require any cartilage intermediate. To investigate ossification in the Snrpb™*" mutants, |
stained E17.5 mutants with Alizarine red and Alcian blue. Both parietal and interparietal bones
were hypoplastic in groups 2 and 3, whereas in group 4 mutants, they were not formed (Figure
3.15 A). In addition to interparietal bone deformities, other neural-crest-derived bones such as
the temporal and alisphenoid bones were missing, while the frontal and nasal bones were
hypoplastic in groups 2 and 3 (h=5) (Figure 3.15 B). These mutants also showed nasal clefts
and palate abnormalities, and the mandible was also abnormal (Figure 3.15 B, C). The
zygomatic arch also failed to form in group 3 mutants (Figure 3.15 B). In all groups of the
mutants, | also saw a hypoplastic basisphenoid bone, which is a derivative of both mesoderm
and neural crest cells (Figure 3.15 B). When analyzing the mandibles, | found that the mandible
formed in groups 2 and 3 E17.5 Snrpb™**- embryos were both asymmetrical and bilaterally

smaller when compared to that of controls (Figure 3.15 D, T-test, p<.0001). Distal ends of the
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jaws were abnormally shaped, while the proximal elements of the mandible such as the
coronoid, condylar, and angular processes were not found in mutants (Figure 3.15 C).
Additional defects found in mutant embryos included a missing tympanic ring, hypoplasia, or
absence of the hyoid, and missing tracheal cartilages. Like at E14.5, | also found ectopic bones
in the middle ear (n=4 of 7) (Figure 3.15 E).

From the analysis of the skeletal components, | concluded that in Snrpb™c* mutants, NCCs
can form cartilages, whose development is disrupted due to the mutation. | also found
deficiencies in ossification of bones that are derived from both intramembranous and
endochondral processes. Intriguingly, | found that skeletal components that are derived from
mesodermal cell lineages are also abnormal in Snrpb™**" mutants, suggesting that interaction

between the two cell types are perturbed by removing one Snrpb allele in NCCs.
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Figure 3.15: Abnormal craniofacial skeletal development was seen at E17.5 with hypoplastic
or missing cartilages and bones. (A, B) Representative images of Alcian Blue and Alizarin
Red-stained E17.5 normal (Snrpb" or Snrpb“*) and Snrpb”«*~ mutant embryos showing
craniofacial abnormalities of varying penetrance. (A) Sagittal view showing hypoplasia or
absence of neural crest cell-derived bones (labeled in green font) in Snrpb™<*~ mutants. The
missing hyoid bone and tracheal cartilage are indicated by red arrows. (B) Ventral view of the
skull showing palatal and maxillary clefts (stars) in group 2 and 3 Snrpb™*~ mutants,

respectively. (C) Representative images of the lower jaw of a normal embryo and two
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Snrpb™<*~ mutants, showing asymmetric mandibles with no discernable angular, coronoid or
condylar processes. (D) Both left and right mandibles are significantly shorter in Snrpb"c*~
embryos (***P<0.0001, unpaired, two-tailed t-test), compared to control embryos. (E)
Representative higher-magnification images of the inner ear of a control and Snrpb”«*~
embryo. an, angular process; As, alisphenoid bone; bo, basioccipital bone; bs, basisphenoid
bone; cn, condylar process; cp, coronoid process; fb, frontal bone; hb, hyoid bone; in, incus;
ip, interparietal bone; mc, Meckel’s cartilage; ml, malleus; mn, mandible; MX, maxilla; nb,
nasal bone; nc, nasal cartilage; ob, occipital bone; pb, parietal bone; PMX, premaxilla; pl,
palatine; PPMX, palatal process of maxilla; Sq, squamous bone; st, stapes; Za, zygomatic arch.

Scale bars= 500 um (Adapted from Alam et al., 2022)

3.4.5 Snrpb"c*- mutants have abnormal cranial and axial nerve development

In addition to the craniofacial skeletons, neural crest cells give rise to cranial nerves (CN) and
axial nerves such as the dorsal root ganglia (DRG). To find if those derivatives of neural crest
cells are abnormal in the Snrpb™*~ mutants, | stained the neurofilaments of the mutant
embryos. Though only two group 2 E10.5 Snrpb™®* embryos were analyzed and looking at
more mutants would rule out natural variation of cranial nerves, both CN and DRG were
abnormally formed in the mutants. The cranial ganglia were reduced in size, and all had
abnormal projections into the pharyngeal arches (Figure 3.16 B). The ophthalmic branch of the
trigeminal nerve (CN V) was reduced and did not extend over the lens, the maxillary projection
appeared disorganized and missing. The mandibular projection was reduced and ectopic
branching was found in CN V in the mutants. Furthermore, the proximal portions of the
geniculate (CN VII) were thicker and formed unusual bundle-like structures in the Snrpb"c*-
mutants. Similarly, the glossopharyngeal nerve (CN [X) was abnormally thicker in the

proximal region before the pharyngeal arch, had ectopic projection into pharyngeal arch 2, and
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reduced projection into pharyngeal arch 3. Finally, the proximal portion of the vagus nerve
(CN X) was relatively normal but had an abnormal thickening at the distal end with reduced
projections into the heart. Furthermore, the dorsal root ganglia, which are derived from trunk

neural crest cells were reduced in size and bifurcated at the proximal ends (Figure 3.16 D).

Figure 3.16: Abnormal cranial and dorsal root ganglia formation in Snrpb”«*~ mutants.
(A, B) Representative images of E10.5 somite-matched control (Snrpb“*) (A) and Snrpb™*~
(B) group 2 embryos stained with antibody against neurofilament (2H3). (B) Snrpb«*/~
mutants (n=2) showed abnormal projections of nerves to the pharyngeal arches (cranial
ganglion v and vii) and heart (cranial ganglion ix), and absence and abnormal bundling of
cranial nerves (all are indicated by black arrowheads). (C, D) Compared to controls (Snrpb-*)
(C), the dorsal root ganglia are bifurcated and reduced in mutants (black arrowheads). (D) fl,
forelimb; hrt, heart; 1 and 2, pharyngeal arch 1 and 2; drg, dorsal root ganglia. Scale bar=500

pm (Adapted from Alam et al., 2022)
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3.4.6 MicroCT scan revealed abnormal brain and additional craniofacial anomalies along
with abnormal cardiac neural crest cell derivatives in the Snrpb"*- mutants

To look at the non-skeletal structures, | did microCT scans of Snrpb™*" mutant embryos at
different stages. At all stages, E12.5 (n=1), E14.5 (n=1) and E17.5 (n=1), the brain was
abnormal with a thin cerebral cortex, and the lateral ventricles were enlarged (Figure 3.17).
The scan also uncovered additional facial defects such as, the group 4 E14.5 embryo did not
have nasal septum and nasopharyngeal cavity. However, the oropharynx, tongue and pituitary
gland were present in that mutant (Figure 3.17 A). For the group 2 E17.5 mutant embryo, |
found the aorticopulmonary septum, which is derived from cardiac neural crest cells and
separates the blood from the pulmonary artery and aorta, did not differentiate while it was
formed in the wild-type control embryo (Figure 3.17 B-E). Furthermore, the thymus gland, a
derivative of the third pharyngeal pouch, also failed to form in this mutant embryo (Figure 3.17
F).

The morphological analysis indicates that Snrpb is required for the formation of structures that
are derived from or induced by neural crests along the anterior-posterior axis. | also assume
that cardiac anomaly might contribute to the death of Snrpb™**-embryos and pups, especially

for the ones with milder skeletal defects as shown in a group 1 PO mutant.
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Figure 3.17: Micro CT scan of Snrpb™c*- mutants show abnormal heart, brain, palate and
thymus developments. (A) Midsagittal MicroCT images of a control, (Snprb~*) embryo with

normal morphological landmarks in the brain and face, and a Snrpb™c*" group 4 mutant with
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an enlarged lateral ventricle in the brain. The missing nasopharyngeal cavity and nasal septum
can also be seen. (B) and (C) Transverse MicroCT images of the chest region of an E17.5
control embryo (Snrpb“*). Panel (C) show higher magnification of the heart (red box in panel
B) from posterior to anterior (left to right of the panel), and the aorticopulmonary septum (white
arrowhead) separating the aorta and pulmonary arteries in the control embryo (n=1). (D) and
(E) Transverse MicroCT images of the chest and heart region of an E17.5 group 2 Snrph"¢¢*-
mutant. (E). in the higher magnification of the heart (red box in panel D) the aorticopulmonary
septum is missing (red arrowhead). (F) Mid-sagittal view of the same group 2 Snrpb"c*"
mutant showing absence of the thymus (red arrowhead) which can be seen in the control
embryo (white arrowhead). (G) Sagittal views of a control and a group 2 E17.5 embryo show
the fused palatal shelves (white arrowheads) in the control, and clefts in the palate and the
maxilla in the Snrpb™c* mutant (red arrowheads). lv, lateral ventricle; Ns, nasal septum; Nc,
nasopharyngeal cavity; Pg, pituitary gland; Tg, tongue; Op, oropharynx; LV, left ventricle; RV,
right ventricle; Ao, aorta; Pa, pulmonary artery; Bs, basisphenoid bone; Th, thymus; Mx,

maxilla. (Adapted from Alam et al., 2022)
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3.4.7 Neural crest cells were significantly reduced in the craniofacial region of the E10.5
Snrpb mutant embryos

In order track Snrpb™c* heterozygous neural crest cells and their progenitors, | introduced the
ROSA lacZ (Soriano P, 1999) and ROSA mT/mG (Mazumdar et al., 2007) reporters into the
Snrpb mutant line. In the double-fluorescent Cre ROSA mT/mG mice, cells express membrane-
localized tdTomato (mT, in red) unless they are expressing Cre-recombinase. Recombination
leads to Wnt-1 expressing cells to express membrane green fluorescent protein (GFP, in green)
meaning that the neural crest and their derivatives will fluoresce green. When we visualized
GFP-positive Cre-expressing cells in control (n=3) and morphologically normal Snrpb¢¢*-
mutants (n=3), no difference was found at E9.5 (Figure 3.18 A-F). The fluorescence expression
of tdTomato was widespread in both controls and mutant embryos. At least 3 sections were
analyzed per embryo. Similarly, using ROSA lacZ reporter revealed a comparable proportion
of X-Gal positive cells in the head and pharyngeal arches (Figure 3.18 G-I) with no statistically
significant differences between wild-type and Snrpb™c*" embryos at E9.5 morphologically
normal (n=1) and abnormal (n=2) (3 sections analyzed per embryo of each genotype),
suggesting the neural crest cells migrated to those regions. At the later stage of E10.5,
quantification of X-gal positive cells in morphologically abnormal group 2 mutant embryos
(n=4) showed a reduced proportion of X-gal positive cells in the head region (Figure 316 J-L),

and this difference was statistically significant when compared to wild type (T-test, p=.003).

These data suggest that in Snrpb™c*- mutants neural crest cells are born, able to exit the neural
plate border and migrate into the developing craniofacial region as at E9.5 there is no
significant difference in the number of neural crest cells between the wild-type and mutant
embryos. However, there are fewer neural crest cells in the craniofacial region of E10.5
mutants, suggesting increased cell death or reduced proliferation of the neural crest cells that

might contribute to the phenotype | see at later embryonic stages.
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Figure 3.18: Neural crest cell number is not affected in E9.5 Snrpb"°®*- mutants but becomes
significantly lower at E10.5 in the craniofacial region. (A) Representative images of DAPI

stained E9.5 control (Snrpb™) and (C) group 1 Snrpb™* embryos carrying the mT/mG
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reporter, in lower magnification. Green-fluorescence marks Wntl-cre-expressing cells. (B)
and (D) Higher magnification of the craniofacial region (boxes in A and C) of control and
mutant embryos, respectively, showing similar proportion of GFP+ cells in the mutant embryo.
(E) and (F) A magnified view of the pharyngeal arch of cryosectioned embryos (n=4) of
controls and mutants, respectively. There was no significant difference in the numbers of neural
crest cells between the two genotypes. (G) Representative images of an X-gal stained E9.5
control and a group 2 Snrpb™*" embryos. (H) Cryosection in a group 2 embryo and
quantification of X-gal positive blue cells between control (n=3) and mutant (n=3) embryos.
(9) and (K) Control (n=4) and Snrpb™<*~ group 2 mutant (n=4) embryos at E10.5. (L)
Quantification of the area stained with X-gal showed a significant reduction in mutants (n=3)
compared to control littermates (n=3) (unpaired, two-tailed t-test, **P<0.005). Error bars
indicate standard error of mean (SEM) hb, hindbrain; mb, midbrain; fb, forebrain; 1/2,
pharyngeal arch 1 and 2 respectively; pa, pharyngeal arch; nt, neural tube; ncc, neural crest

cells; mc, mesenchymal core. Scale bar= 500 um (Adapted from Alam et al., 2022)

3.4.8 Snrpb mutation in the neural crest cells causes increased cell death in the
craniofacial region in the mutants

To determine if reduced proliferation and/or increased apoptosis contribute to the reduced
number of X-Gal positive Snrpb heterozygous cells, E9.5 and E10.5 embryos were analyzed
after Phosphohistone H3 immunostaining and TUNEL assay. A statistically significant
increase in TUNEL positive cells in the developing head region of E9.5 Snrpb™*" embryos
(T-test, p=.029) (n=4; 3-group 1/normal and 1 group 2, at least four sections were analyzed per
embryo) were found when compared to controls (Figure 3.19 A, B). However, no significant

difference in proliferation was found between E9.5 control and Snrpb™c*" embryos (n=4; 3-
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group 1/normal and 1 group 2) or at E10.5 (n=5; 1 groupl/normal and 4 group 2) (Figure 3.19
C). This data indicates that Snrpb heterozygous cells migrate into the developing head region
and the pharyngeal arches. However, a group of these cells undergoes apoptosis and are lost in

mutant embryos by E10.5.
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Figure 3.19: An increased cell death in the craniofacial region was seen in the Snrpbne*-
E9.5 mutants. (A) Representative images of sections of TUNEL-stained E9.5 control (Snrpb™
or Snrpbt*) on the left and Snrpb”<*~ mutant on the right embryos. (B) Quantification showed
an increase in the percentage of TUNEL-positive nuclei (red in A) in the craniofacial region of
mutants (n=3) (unpaired, two-tailed t-test, *P<0.05). However, the Snrpb"**" mutant embryos
did not show any significant decrease in proliferation in the same stage. (C) Graph shows the
quantification of percentage of PH3 positive cells. Error bars indicate standard error of mean
(SEM). nt, neural tube; pa, pharyngeal arch; hm, head mesenchyme. Scale bar=50 um.

(Adapted from Alam et al., 2022)
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3.5 AIM 1 conclusion:

To understand the role of SNRPB in embryonic development, | set my first aim to generate
amouse model for CCMS by reducing Snrpb expression. I successfully introduced LoxP sequences
in introns 1 and 3 of Snrpb to develop a conditional allele. This allele could be used to remove
Snrpb from targeted tissues, resulting in a decrease of Snrpb expression. In addition, | generated a
novel 61 base-pair deletion mutation in the intron 2, near the regulatory alternative exon 2 of Snrpb.

In the Snrpb A61-mutant model, |1 found phenotypes that resembles CCMS
abnormalities such as craniofacial malformations and limb defects in a subset of mutants. Also,
a subgroup of both heterozygous and homozygous mutants had skeletal defects in the
craniofacial region, ribs and limbs. | found the deletion mutation reduces SNRPB protein levels
in a subgroup of the mutants. Though it was non-significant, it is possible that mutants with the
lower SNRPB levels show phenotypic abnormalities at later stages. However, around five
percent of the Snrpb?6¥* mutants (n=15/306) and six percent of the Snrpb 4V 461 mutants
(n=11/168) had phenotypic and skeletal abnormalities. Thus, though this model could
phenocopy CCMS, due to low penetrance of the phenotypes, it has limited its use as a tool to
study the syndrome and role of SNRPB in embryonic development.

In the next Snrpb mutant model, a global heterozygous deletion of Snrpb (Snrpb*) was
done using the conditional knockout mice. | found constitutive heterozygous elimination of
Snrpb is embryonic lethal before organogenesis and thus these mutants cannot be used as model
of CCMS. However, with further investigations it can be used to gain insight of SNRPB’s role
in early embryonic development.

By using Mespl-Cre transgenic mice, | removed Snrpb from mesodermal cell lineage
to model the rib anomalies of CCMS. Snrpb™**" mutant model recapitulated some of the

craniofacial defects such as micrognathia and ear abnormalities along with rib and limb
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malformations. With future studies, these mutants will be useful to understand SNRPB’s role
in mesodermal cells and their derivatives.

Finally, to model craniofacial abnormalities of CCMS in mice, | removed one allele of
Snrpb from the neural crest cells (NCCs). The Snrpb™c* mutants phenocopied most of the
craniofacial structure abnormalities at a variable expressivity. The neural crest cell derived
craniofacial cartilage and bone formation was interrupted in these mutants. Furthermore, a
CCMS cardiac abnormality, cardiac septal defect were found in these mutants. From the results
that I demonstrated for Snrpb NCC-specific mutant model, I conclude that this is an efficient
mouse model to study the contribution of SNRPB in craniofacial development, that is perturbed

in CCMS patients.
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B. RESEARCH FINDINGS OF AIM 2

Based on the data generated in Aim1, | hypothesized that mutation of Snrpb in neural crest
cells causes splicing aberrations in genes required for craniofacial development, thus resulting
in the phenotypes in Snrpb™*~ mutants. As the mutants showed abnormal craniofacial
development at E9.5, | sequence RNA from E9.0 embryos to capture what splicing changes
cause the phenotypes later in the mutants. Doing RNA sequencing from the mutant heads
before they become abnormal will provide us information on change in splicing or gene

expressions that drive the abnormal craniofacial development.

3.6 RNA sequencing reveals mutation of Snrpb in the neural crest cells causes overall

splicing aberrations

3.6.1 An increase in skipped exon and intron retention was predominantly captured in
the transcriptome analysis of the Snrpb"°®*- mutants

To identify the molecular etiology of the malformations seen in the Snrpb™* mutants, |
collected heads of E9.0 Snrpb™*"- embryos (11-13 somite pairs), prior to morphological
defects. RNA was isolated from those embryos and used for RNA sequencing analysis.
Surprisingly, gene expression analysis did not reveal a major distinction between mutant (n=3
pools) and wild type (n=3 pools) embryos, and the samples did not cluster by genotype. This
was further validated by differential gene expression (DEG) analysis, which identified only 76
DEGs: 50 upregulated and 26 downregulated, in the mutant embryos. This low number of
DEGs is consistent with the lack of a phenotypic difference at this developmental stage. The
DEGs identified were characterized into molecular pathways, where P53 signaling pathway

was the most upregulated one followed by components of the spliceosome (Figure 3.20A).
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Splicing analysis, however, revealed a large number of transcripts that were abnormally
spliced. 722 significant (FDR = 0.1) differentially spliced events (DSE) between the Snrpb"¢*
(Het) and wild-type (WT) samples were identified. The most abundant of these DSE have
skipped exons (SE) and retained introns (RI) (Figure 3.20 B). A strong tendency towards
increased exon skipping and intron inclusion in the mutant samples were observed; there were
more SE (273 in Het versus 83 in WT) and RI (191 in Het versus 21 in WT) (Figure 3.20 B).
However, though SEs were more likely to be alternative exons (non-constitutive) in
heterozygous (p=0.0034) versus wild type (Figure 3.20 C-D), expression of transcripts with SE
of constitutive exons was significantly reduced in mutants (p=0.0035) when compared to wild
type (Figure 3.20 E-F). Consistent with the absence of significant gene expression changes,
DSEs in Snrpb™* embryos did not lead to significant changes in inclusion of PTC-containing
exons or introns (Figure 3.20 G-J). However, pathway analysis indicated that DSES genes were

significantly associated with mRNA processing (Figure 3.20 K).

Those global trends in splicing are consistent with those previously found in cell culture,
suggesting that SNRPB deficiency results in increased skipping of alternatively spliced exons

resulting from reduced recognition of splicing signals (Correa et al., 2016).
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Figure 3.20: Snrpb™<*~ mutant heads show aberrant splicing, mostly increased exon
skipping and intron retention. (A) Differentially expressed genes (DEGs) identified in
Snrpb™<*~ (Het) mutants were grouped into molecular pathways. (B) Splicing events in
Snrpb™<*~ mutants compared to controls (Snrpb™). (C-F) In Snrpb™*~ mutants, exon
skipping was significantly higher for non-constitutive exons (NonCE) when constitutive (CE)
versus (NonCE) was examined (unpaired, two-tailed t-test). (G) and (H) Presence of a
premature termination codons (PTCs) in exons that are more skipped in mutant (G) and wild-

type embryos (H) do not impact exon inclusion level. (1-J) No effect of PTCs in exons that are
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more skipped in mutant (1) and wild-type embryos (J) on the expression of genes carrying those
exons. (K) Pathway analysis of genes with DSEs. ns, not significant; *P<0.05, **P<0.01.

(Adapted from Alam et al., 2022)

3.6.2 Distinguishable sequence features were not found to be associated with the events
of increased skipped exon and intron retention in the Snrpb™¢*- mutants

We next investigated if specific sequence features contributed to the aberrant splicing in the
mutant embryos. We compared alternative events preferentially found in the mutants to two
control groups: 1) events preferentially found in the wild-type embryos, and 2) a set of 1000
randomly chosen alternative events. Specifically, we aimed to test whether aberrant events in
the mutants were associated with weaker splice signals. We saw 5’SS strength was significantly
higher in Snrpb™* heterozygous when compared to Snrpb wild type embryos (Figure 3.21 A),
while the 3’SS was comparable between mutants and Snrpb wild types (Figure 3.21 B). While
there was a very slight trend towards weaker splice site scores (MaxEntScan, Yeo et al., 2004)
of RI in mutant as compared to Snrpb wild type embryos, the differences were small and not
statistically significant (Figure 3.21 C, D). We also analyzed the strength and position of
predicted branch point (BP) signals (LaBranchoR, Paggi and Bejerano, 2018), but again did
not find notable differences (Figure 3.21 E-H), except for a slight preference for a more distal
branch point location of mutant-specific SE events (27 bp in mutant versus 25 bp in the random
set, p= 0.026). Though the GC content in retained introns was slightly increased (Figure 3.21
I-J), no statistically significant difference was observed when we looked at general base
composition in SE and RIs (Figure 3.21 K-N). No statistical differences in the length of SEs
and RIs were found, although RIs were generally shorter in mutants when compared to wild-

type. Finally, we scanned for the frequency of RNA-binding protein motifs around the mutant-
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specific events (rMAPS2, Jae Y Hwang et al. 2020), but did not identify significant enrichment

of recognition signals of known splicing factors.

Overall, we did not find a compelling indication that the splicing aberrations present in mutants
are linked to identifiable sequence features. The slight preference for stronger 5° SS, branch
point site location (BPS) and intronic nucleotide composition are notable but will need further
scrutiny using more sensitive experimental designs.

Thus, the relatively large number of splicing aberrations, as compared to differentially
expressed genes, detected at this developmental stage supports the hypothesis that these general
splicing defects precede aberrations in gene expression and initiate the molecular cascade that

leads to phenotypic changes.
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Figure 3.21: Increased branch point and 5’ splice site strength might contribute to aberrant
splicing in Snrpb™c* mutants. (A-D) Splice site weakness assessment (MaxEntScan scores):
comparative analysis of the 5 'splice site strength (A, C) and 3’ splice site strength (B, D) of
exons that are more skipped (A, B) and introns that are more retained (C, D) in mutant embryos
and wild-type embryos, respectively. (E) Highlights a significant difference in the strength of
the BP sites (t-test). (F) A mean comparison test (t-test) of the BP Distance from the 3’SS of
the exons that are more skipped in mutant compared to the wild-type embryos. (G) Highlights
a mean comparison test (t-test) of the LaBranchoR predicted BP Score from the introns that
are more retained in mutant embryos in comparison to those more retained in the wild-type
embryos, with no significant difference. (H) A mean comparison test (t-test) of the BP Distance
from the 3’SS of the introns that are more retained in the mutant compared to the wild-type
embryos. -Significance cutoffs used: p-value > 0.05 [ns] and p-value <= 0.05[*]. (1) and (J)

show a GC content analysis of the 23bp sequences, upstream the LaBranchoR predicted BP of

136



exons that are more skipped (1) and more retained (J) in mutant and wild-type embryos. (K-L)
A (consensus) motif analysis of the branchpoint site (23bp around the LaBranchoR predicted
branchpoint [BP]) from exons that are more skipped in mutant embryos (K) and wild-type
embryos (L). (M—N) A (consensus) motif analysis of the branchpoint sites (23bp around the
LaBranchoR predicted BPS) from introns that are more retained in mutant (M) and wild-type

embryos (N). (Adapted from Alam et al., 2022)

3.7 P53 was found to be overexpressed due to splicing aberrations in Snrpb"*- embryos

but it is not solely responsible for the craniofacial anomalies

3.7.1 Aniincrease in nuclear P53 was found in the Snrpb™*-embryo heads, which is linked
with the increased exon skipping of two P53 key negative regulators: Mdm2 and Mdm4

As | aimed to find the key transcripts that, due to splicing errors, give rise to the craniofacial
abnormalities seen in Snrpb™* mutants, first | looked at genes that could be associated with
the upregulated pathways. In our RNA sequencing analysis, | found a significantly increased
skipping of two major regulators of P53 pathway: exon 3 of Mdm2 and exon 7 of Mdm4. These
events were confirmed RT-PCR (Figure 3.22 A-B). We also found levels of the P53-regulated
genes Trp53inpl, Ccngl, and Phlda3 were increased, and that this increase was statistically
significant when levels of Ccngl, and Phlda3 were compared between E9.0 Snrpb wild type

and mutant embryos, but not at E9.5 (Figure 3.22 C-D).

Based on the previous reports of increased levels of nuclear P53 because of same exon skipping
in Mdm2 and Mdm4, in cells and mice for spliceosomal mutations (Beauchamp et al., 2021,
Alstyne et al., 2018, Correaet al., 2016), as well as the increased cell death | saw in our mutants

(Figure 3.22) along with the P53 regulated gene upregulation, | looked at nuclear P53 by
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immunohistochemistry. This revealed a significant enrichment of nuclear P53 in E9.5 mutant

heads (Figure 3.22 E-F).

Thus, | conclude that the increased exon skipping in Mdm2 and Mdm4 results in increased
nuclear P53, and levels of P53 target genes in Snrpb"©*"- embryos, before morphological
abnormalities. Since P53 activation can lead to increased apoptosis, | postulate that increased

P53 activity contributes to the apoptosis of Snrpb"c*- mutant cells.
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Figure 3.22: Increased exon skipping in two regulators of Mdm2 and Mdm4, and increased
P53 expression was found in Snrpb”<*~ mutant heads. (A, B) RT-PCR showing long (FL)
and short transcripts (AE) produced in Mdm2 (A) and Mdm4 (B) in E9.0 control and Snrpb”*/~
embryos. Lower panels show quantification of the ratio of Mdm2 and Mdm4 exon-skipped
transcripts over the FL transcript (unpaired, two-tailed t-test, *P<0.05). Error bars indicate
standard deviation (SD). (C) Levels of P53 target gene expression in groupl E9.0 Snrpb™c¢*~
and control embryos (unpaired, two-tailed t-test, *P<0.05). (D) Levels of P53 target genes in
control and Snrpb™<*~ embryos. (E) and (F) Representative images of sections of heads of
E9.5 control (n=3) and Snrpb"c*"(n=3) embryos to detect P53 (brown). Error bars indicate
standard error of mean (SEM). FL, full length transcript; AE3, transcript with exon 3 skipped;

AE7, transcript with exon 7 skipped. (Adapted from Alam et al., 2022)
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3.7.2 Reducing levels of P53 in neural crest cells does not restore normal craniofacial
development in Snrpb™¢* embryos

As | hypothesized, P53 could drive the craniofacial malformations in Snrpb™**"- embryos by
causing cell death, I reduced P53 levels in the mutants to test if it rescues abnormal
development. | crossed Trp53'%®"*; Wntl-cre2'9 mice and Snrpb'™®* mice and collected E10.5
and E17.5 Snrpb"*-; P53 double heterozygous embryos for analysis. | found no
significant difference in the proportion of Snrpb™c*; P53"*- embryos with mild to severe
craniofacial defects (n=4/4), when compared to Snrpb™“* mutants (n=3/3) (Figure 3.23 A, B).
| then generated Snrpb™**- with two mutant Trp53 alleles in their neural crest cells (Snrpb"c*"
: P53"¢") for cartilage and skeletal analysis. E14.5 Snrpb™*": Trp53" mutant embryos
(n=2) resembled Snrpb™*" mutants found in group 2 (Figure 3.23 C). Similarly, E18.5
Snrpb™*; Trp53""- mutant embryos (n=4) were morphologically like group 2 Snrpb"®*-
mutants; they had microcephaly, a shorter snout and micrognathia (Figure 3.23 E). Cartilage
and skeletal preps revealed reduced ossification of the frontal bone, cleft palate, and
asymmetric and abnormal development of the lower jaw.

To determine whether homozygous deletion of Trp53 improves or rescues the survival of
Snrpb™* embryos, | allowed these mice to go to term and followed survival from PO to P21,
when the surviving pups were weaned. Of the 35 pups born, ten died within the first 2 days of
life. Carcasses were recovered for five of these dead pups, and genotyping revealed that they
were all Snrpb™°”~; Trp53™c’". None of the surviving pups (n=25) were Snrph""":
Trp53™c~/~; chi-square analysis at P21 revealed this to be a significant deviation from expected
Mendelian segregation (P=0.032). When | assumed that the dead pups were Snrpb"c*;
Trp53"c7~ embryos and performed a similar analysis, the significant difference was no longer

found. Thus, the data suggest that the other six pups that died between P1 and P2 were likely
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Snrpb™c*~; Trp53™c/~mutants. In fact, Snrpb™*""; Trp53" /" pups have not been found at

P21 (n=0/36, four litters).

My data suggest that homozygous loss of Trp53 alleviates the most severe defects associated

with reduced levels of Snrpb and allows these mutant pups to survive to birth.
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Figure 3.23: Knockdown of P53 in the neural crest cells does not rescue craniofacial

abnormalities in Snrpb™*- mutants. (A) Phenotypic abnormalities in E17.5 Snrpb"c*-

141



embryos heterozygous for Trp53. (B) Representative images of skeletal staining of E17.5
control and Snrpb"®¢*"; P53"¢*"- embryos. (C) Representative images of E14.5 control and
Snrpb"*-: P53 embryos showing micrognathia and hypoplasia of the head and outer ear
in the mutant. (D) Representative images of E14.5 control and Snrpb"c*"; P53"¢" embryos
after Alcian blue staining of cartilages. (E) Representative images of E18.5 control and
Snrpb™*: Trp53"" embryos (n=4). (F) and (G) Representative images of Alcian blue and
Alizarin red stained skulls of E18.5 control and E18.5 Snrpb™*"; Trp53"*" embryos. (F)
Cranial base view shows hypoplasia of the nasal bone, cleft palate (arrowhead) and hypoplasia
of the tympanic ring in the Snrpb™**: Trp53"“ mutant. (G) Top view of the calvaria shows
reduced ossification of the frontal bone, reduced ossification, and reduced ossification of the
nasal bone in the mutant. (H) Representative images of the lower jaws of a control and a
Snrpb™c*": Trp53"*" mutants showing asymmetrical and abnormal development of the mutant
mandible. Arrowhead in control indicates the angular process which is not discernable in the
mutant (arrowhead). nt, neural tube; hm, head mesenchyme; E, ear; Y, eye; M, mandible; fl,
forelimb; mc, Meckel’s cartilage; nc, nasal cartilage; nb, nasal bone; tr, tympanic ring; pl,

palate. Scale bar= 500 um (Adapted from Alam et al., 2022)
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3.8 Genes required for craniofacial development are abnormally spliced in Snrpbnec-

mutants

To identify additional abnormal splicing events which could explain craniofacial
malformations in Snrpb™c*- embryos, | queried the MGI database to determine if any
transcripts with statistically significant DSEs were required for craniofacial development
(Bogue et al., 2017). I identified 13 transcripts required for craniofacial development or stem
cell development with significant increases in exon skipping (Table 3.4). Increased exon
skipping in 5 of these genes: Pdpkl, Rere (Atr2), Mcphl, Nfl, and Dyrk2, is predicted to
introduce a pretermination codon. The remaining exon skipping events are not predicted to
result in PTC but may alter gene expression and/or function. In fact, all except one of these
DSEs were in constitutive exons. | then queried our RNAseq dataset to determine if the
expression level of these genes was altered in Snrpb mutants. | found no significant changes in
levels of transcripts with PTC or Non-PTC skipped exons. Then by RT-PCR, | validated the
exon skipping events that were identified by the RNAseq analysis in 3 transcripts- Smad2,
Pou2fl and Rere (Figure 3.24), although the percent spliced events for Smad2 and Pou2fl were
below 10% and not significant when the ratios of short/long transcript in control and mutant
were compared. | postulated that abnormal increases in exon skipping in these 13-transcripts,
which are required for normal craniofacial development, may contribute to craniofacial defects

in Snrpb™“* mutants.
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Table 3.4: Increased SE of craniofacial developmental genes in Snrpb"c*~ mutants.

Transcripts required for normal craniofacial development with a significant increase in skipped

exons are not all predicted to result in PTC. (Adapted from Alam et al., 2022)

Gene Skipped |PTC Phenotype Constitutive
name Exon exon
Smad?2 Exon3 | No | Mandible hypoplasia (Nomura and Li, 1998) No
LoxI3 Exon2 | No | Cleft palate, short and bent mandible (Zhang et No
al., 2015)
Ror2 Exon 8 | No | Midface hypoplasia, truncated Meckel’s, Yes
middle ear defect (Schwabe, G.C. et al., 2004)
Nisch Exon 6 | No | Shortsnout (Crompton, M. et al., 2017) Yes
Pou2fl | Exon4 | No | Abnormal nasal placode development when Yes
removed with Sox2 (Donner, A.L. et al., 2006)
Roll Exon 3 | No | Abnormal frontal bone, short snout, abnormal Yes
maxilla and mandibular morphology (Mouse
Genome Informatics and the International
Mouse Phenotyping Consortium, 2014)
Freml | Exon32 | No | Midface hypoplasia, asymmetry, short snout Yes
(Vissers, L.E. et al., 2011)
Smc3 Exon5 | No | Upturned snout (White, J.K. et al., 2013) Yes
Pdpk1 Exon 3 | Yes | Abnormalities in the head, nasal cartilage Yes
(Lawlor, M.A. et al., 2002)
Rere Exon4 | Yes | Small pharyngeal arch (Zoltewicz, J.S. et al., Yes
(Atr2) 2004)
Mcphl | Exon 13| Yes | Microcephaly (Gruber, R. et al., 2011) Yes
Nfl Exon 56 | Yes | Head hyperplasia, aorticopulmonary septal Yes
defect, heart defects (Brannan, C.I. et al., 1994)
Dyrk2 Exon 2 | Yes | Cleft palate (Yoshida, S. et al., 2020) No
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Figure 3.24: Transcripts with exon skipping events are found in heads of E9.0 Snrpb control
and mutant embryos. (A-C) Sashimi plots for the exon skipping events found for Smad2 (A),
Pou2fl (B) and Rere (C). Under each sashimi plot, representative gel for RT-PCR showing the
presence of transcripts with the predicted exon skipping event. The location of primers used to
amplify transcripts is shown on the right. No significant difference was found in the ratio of
short/long transcripts (unpaired, two-tailed t-test). Error bars in the graphs indicate standard

error of mean (SEM). FL, full length; AE, skipped exon. (Adapted from Alam et al., 2022)
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3.9 Wild-type levels of Snrpb are required for normal expression of Fgf8, Shh and Msx2
The surface cephalic ectoderm, of which the facial ectoderm zone (FEZ) is a subregion, is
essential for integrating proper growth of the craniofacial skeletons and brain and patterning
the underlying neural crest (Griffin et al., 2013). The severe malformations found in the face
and brain of Snrpb mutants suggest that the FEZ might not have formed. Therefore, | used in
situ hybridization to examine expression of Shh and Fgf8, which are expressed in surface
cephalic ectoderm and together help to define the FEZ (Griffin et al., 2013). At E9.5 before the
FEZ forms, Shh was expressed in the ventral-most region of the neural tube, the floor plate, as
well as the ventral prosencephalon of Snrpb wild type and Snrpb™®*- embryos (Figure 3.25 A,
n=4; 3 group 1 and 1 group 2). At this stage, Fgf8 was expressed in the mandibular epithelium,
the frontonasal prominence, and the midbrain/hindbrain junction of control and Snrpb"®*"
mutant embryos. However, the expression domain of Fgf8 was abnormally expanded at these
sites (n=4; 2 group 2 and 2 group 1) (Figure 3.25 B). Furthermore, expression of Msx2, a
downstream target of Fgf8 in the underlying neural crest cells (Griffin et al.,2013) was also
abnormal in E9.5 Snrpb™c*" embryos. In Snrpb™** embryos (n=6), Msx2 was expressed in
the distal region of pharyngeal arches 1 and 2 (Figure 3.25 C). However, in Snrpb™*"- embryos,
Msx2 expression was abnormally extended proximally in these arches (n=4; 3 group 1 and 1
group 2) (Figure 3.25 C). In situ hybridization analysis revealed that normal levels of Snrpb
are required in the neural crest cells to restrict expression of Fgf8 and its downstream target

Msx2 in the developing head and face in both morphologically normal and abnormal embryos.

In E10.5 group 2 Snrpb™* mutant embryos missing the frontonasal prominence, expression
of Shh was found in the diencephalon and the ventral forebrain (n=3; Figure 3.25 D).
Furthermore, ectopic Shh expression was found in the dorsal and ventral optic lens (arrows in
Figure 3.25 D). In group 1 mutant embryos, the lateral and medial nasal processes were further

apart than in wild type embryos but, Shh expression was found in the developing mandibular
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periderm, and bilaterally on the surface ectoderm of the medial nasal prominences (arrows in
Fig 3.23 G, n=1). In E10.5 wild type embryos, Fgf8 was expressed on the surface ectoderm of
the mandible, the maxillary prominences, and frontonasal prominences. In group 2 Snrpb"*"
mutant embryos with a hypoplastic frontonasal and maxillary prominences, expression of Fgf8
was found on the mandibular ectoderm and in the region where the maxillary prominence
would normally form (n=2) (Figure 3.25 E). In group 1 E10.5 Snrpb™*" embryos, Fgf8
expression in the lateral nasal prominence was reduced, while ectopic expression of Fgf8 was
found on the surface ectoderm of the medial nasal process, towards the midline (n=3, Figure
3.25 H). Similarly, in E10.5 group 2 Snrpb™**- mutants missing the frontonasal and maxillary
prominences, Msx2 expression was expressed in the maxillary and in the mandibular region of
the hypoplastic first arch (n=3). In group 1 Snrpb™*" mutants, Msx2 was expressed in the
lateral and medial nasal prominences, although expression appeared reduced but ventrally
expanded in the medial frontal nasal region (n=2; Figure 3.25 F). Thus, in Snrpb™*"embryos
where the lateral and medial nasal prominences formed, reduced expression of Fgf8 in the

ectoderm results in abnormal expression of Msx2 in the underlying neural crest.

| postulate that DSEs in genes important for midface development led to abnormal expression

of Shh, Fgf8 and Msx2 expression and mis-patterning of the developing craniofacial region.
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Figure 3.25: Shh, Fgf8 and Msx2 are mis-expressed in Snrpb™e*~ embryos. (A) Shh at E9.5
was expression in the control and Snrpb™<*~ embryos. (B) Lateral (top row) and ventral
(bottom row) views of embryos showing that expanded expression (arrowheads) of Fgf8 in the
group 2 (n=4) mutant embryos. (C) Extended Msx2 expression (arrowheads) to the proximal

region of pharyngeal arches 1 and 2 in group 1 mutant (n=2). (D) At E10.5, top row: lateral
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view of embryos showing Shh expression in a control and group 2 mutant embryo. Ectopic
expression was found in the dorsal and ventral optic lens (arrowheads) of the mutant. Bottom
row: ventral view showing expression of Shh on the oral ectoderm in a control and group 2
mutant (right) embryos. (E) Top row shows representative images of lateral views of a control
embryo and mutant embryo. Fgf8 expression was observed on the mandibular ectoderm and in
the region where the maxillary prominence would normally form (n=3); ectopic expression
was also detected in the lens. Bottom row shows frontal view of abnormal Fgf8 expression in
the mutants (black arrowheads). (F) Top row: lateral (left) and ventral (right) views of Msx2
expression in E10.5 control embryos. Bottom row: E10.5 group 1 Snrpb™<*~ mutant (left) with
reduced and ventrally expanded Msx2 expression in the medial frontal nasal region. On the
right, in a group 2 Snrpb”*~ mutant Msx2 was expressed in the region where the maxillary
prominences would form and in the mandibular region of the hypoplastic first arch. (G, H)
E10.5 embryos showing Shh expression in the developing mandibular periderm, and bilaterally
on the surface ectoderm of the medial nasal prominences of control (left) and group 2
Snrpb™<*~ (right) embryos (H) Abnormal Fgf8 expression in group 2 mutants (yellow
arrowhead) while compared to control E10.5 embryo. 1, 2, pharyngeal arches 1 and 2; FNP,
frontonasal process; HB, hindbrain; HT, heart; MB, midbrain; MP, mandibular process; NP,
nasal process; OR, optic region. Black arrowheads indicate abnormal expression in the mutants.

Scale bar=500 um (Adapted from Alam et al., 2022)
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3.10 AIM 2 Conclusion:

| aimed to find the genes and/or pathways that are associated with craniofacial
abnormalities in the neural crest cell specific Snrpb mutant mouse model. | found, mutation of
Snrpb in neural crest cells causes in a significant rise in exon skipping and intron retention.
Similar splicing changes were found in glioblastoma cell line upon SNRPB knockdown (Correa

et al., 2016).

In these mutants, there were many genes that had higher exon skipping. Of them, two
P53 regulators: Mdm2 and Mdm4 had increased skipping of exons 3 and 7, respectively. These
exon skippings cause increased stability of P53 resulting in an elevated cell death in the Snrpb
mutant heads and lead to craniofacial abnormalities. However, normal craniofacial
development cannot be restored by genetically reducing or removing P53 from the neural crest

cells, suggesting involvement of other molecules to drive the craniofacial phenotypes.

Though 1 did not find many differentially expressed genes in the mutants that might
contribute to the craniofacial malformations, I found exon skipping of 13 genes key for
craniofacial development, including Smad2, Rere and Pou2fl. | also found misexpression of
Shh, Fgf8, and Msx2 in the Snrpb™*"- mutants, which are crucial for facial morphogenesis. |
conclude, the misregulation of gene expression along with the P53-mediated cell death is

responsible for the abnormal craniofacial development in the Snrpb mutant mice model.
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CHAPTER IV

GENERAL DISCUSSION
Splicing is an essential and ubiquitous process that generates mature mMRNAs and increases the
number and diversity of proteins from the genome (Chen and Manley, 2009; Nilsen and
Graveley, 2010). SNRPB is an indispensable protein that facilitates assembly of the SnRNPs
that carry out splicing. It is known that heterozygous point mutations in the PTC containing
alternative exon 2 of SNRPB causes an increased inclusion of that alternative exon (Lynch et
al., 2014). This increases levels of a non-functional SNRPB transcript result in CCMS, a
craniofacial spliceosomopathy that is mostly associated with rib gap defects (Lynch et al.,
2014; Bacrot et al., 2015; Beauchamp et al., 2020). Though it is suggested, it is not known if a
reduction in SNRPB protein level is causing the CCMS dysmorphologies. Moreover, why
mutation in a common core splicing factor causes tissue-specific abnormalities in CCMS is not
understood. SNRPB has been studied in several human cell lines (Correa et al., 2016; Van
Alystene et al., 2018; Liu et al., 2019; Zhan et al., 2020) and its knockdown causes a general
splicing anomaly (Correa et al., 2016). However, contribution of SNRPB in embryonic

development has never been shown.

In my PhD project, | hypothesized that SNRPB reduction causes tissue-specific gene-splicing
differences that result in specific malformations of CCMS, such as craniofacial and rib defects.
Thus, | tried to understand the role of SNRPB in embryonic development by using CCMS
mouse model as a tool. While generating a conditional mutant mouse line, I retrieved the Snrpb
intronic A61 mutant allele that mimicked CCMS features in mice. As the phenotypes seen in
the A61 mutant line were poorly penetrant, | moved forward to removing Snrpb constitutively

and tissue-specifically, using tissue-specific Cre lines.
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4.1 The deleted 61 base-pair in intron 2 is a potential novel regulatory sequence of
Snrpb

I have described a novel Snrpb mutant mouse line that had a 61 base-pair deletion in the intron
2. The deletion mutation is proximal to the regulatory alternative exon 2 and almost all CCMS
patients are known to have mutations in the 5’ and 3’ ends of this highly conserved regulatory
alternative exon 2 of the gene (Lynch et al., 2014, Bacrot et al., 2015, Tooley et al., 2016).
Craniofacial malformation such as micrognathia is one of the most prevalent abnormalities in
CCMS that is seen in around 90% of the patients. In the Snrpb A61 mutant model, I have shown
Meckel’s cartilage, that drives the formation of the mandible, was hypoplastic in E14.5 mutants
and consistently, smaller lower jaws were observed in the mutant pups. Rib development is
abnormal in CCMS and through skeletal staining it was found that a group of Snrpb A61
mutants had an extra pair of ribs. | conclude that, Snrpb A61 mutant mice recapitulate CCMS

abnormalities at a low penetrance.

As mentioned before, reduction in SNRPB transcripts was seen in the CCMS patients
suggesting that reduced SNRPB protein levels cause the developmental anomalies in CCMS.
My hypothesis was that the deletion of the 61 base-pair from intron 2 was reducing SNRPB
protein level by incorporating more of the nearby PTC containing alternative exon 2 in the
transcript, that undergoes nonsense mediated decay. | showed that the 61 base-pair deletion
resulted in increased inclusion of the deleterious alternative exon 2 in the mutants and a
reduction in SNRPB protein level in a subset of the mutants (Figure 3.5). These findings
support that this intronic region near alternative exon 2 is important for maintaining SNRPB
levels in mice. This region in intron 2 of human SNRPB might also play a similar role and thus
should be investigated to determine if there are mutations in this region in CCMS patients, who

previously were reported to have no SNRPB mutations (Lynch et al., 2014, Bacrot et al., 2015,
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Tooley et al., 2016). In fact, there are at least two CCMS patients who were not found to have

any mutation in SNRPB, through exome and Sanger sequencing (Lynch et al., 2014).

Intron sequences are known to play roles in regulating splicing and mutations in them are often
found to cause diseases (Busslinger, 1981; Ichikawa et al., 2014; Vaz-Drago et al., 2017).
There are several mechanisms by which such mutations can modulate splicing. Mostly, intronic
mutations activate cryptic splice sites by creating a novel donor splice site or a novel acceptor
splice site. Spliceosomes can recognize these new splice sites and promote the splicing process
that will lead to improper intron removal or inclusion of pseudo-exons. For example, a well-
known deep intronic change is a variant with a point mutation in the CFTR gene responsible
for cystic fibrosis in Polish population. Located in intron 19, this mutation creates a novel donor
site that results in the inclusion of an 84-bp pseudo-exon in the transcript (Anna and Monika,
2018). Like AE2 of Snrpb, that pseudo-exon contains a stop codon causing the transcript to
encode a shorter and non-functional protein. The consequences of intronic mutation can also
be exemplified by a patient with intronic point mutation in COG1, who have been shown to
have donor splice site disruption mediated exon skipping that results in a CCMS like syndrome
(Zeevaert R. et al., 2009a.; Zeevaert R. et al., 2009b). In addition to point mutations in the
intronic sequence that cause pathogenic consequences, intronic deletions can potentially cause
human diseases. Small deletions in the intronic sequence can cause aberrant splicing by 5’SS-
branchpoint space constraint mechanism. Critical shortening of 5'SS-branchpoint minimal
length was defined as a mechanistic basis and primary determinant for abnormal splicing in
human genetic conditions (Bryen et al., 2019). Though it was suggested that shortening of the
spliceosome binding space due to intronic deletion can cause exon skipping, intron retentions
were also shown to be possible due to small intronic deletions such as a 15 bp deletion in DOK7
gene in congenital myasthenic syndrome (Bryen et al., 2019). This space constraint mechanism

could be one possibility of the mutants showing abnormalities with the bigger 61 base-pair
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deletion whereas mutants with the smaller 46 base-pair deletion did not show abnormal

embryonic development in the study.

in silico analysis using available tools will guide if deletion of the 61 base-pair intronic region
IS creating a new splice site or if the sequence has putative sites to bind specific proteins such
as splicing factors, hnRNPs or SR proteins that regulate splicing. Chip-Seq (chromatin
immunoprecipitation with sequencing) assay would be one powerful method for identifying
binding sites for such proteins (Bieberstein et al., 2014) with the 61 base-pair. Transfecting
HeLa cells using SmB-minicassette that previously used by Saltzman et al. (2011) but with the

61 base-pair deletion will be useful to perform such molecular studies.

Compared to the other Snrpb mutant models (Snrpb™*, Snrpb™s*" Snrpb*™") in my study,
where the penetrance of the phenotypes is complete, the A61 mutants have a very low
penetrance. | hypothesize that the inclusion of alternative exon 2 of Snrpb causes reduction of
the protein level below the threshold required for normal development in the abnormal mutant
subgroup (Figure 4.1). It is speculated that below a certain threshold of splicing factors
craniofacial malformations can occur (Beauchamp et al., 2020). My hypothesis needs to be
addressed by further investigation of the correlation between the phenotype and level of protein
being made in specific mutants. One way to approach would be to take morphologically normal
and abnormal embryos and looking at the protein level of individual embryo through western

blot.

154



sorph act atete NN =R NN

-PBS change?
Transcription |-de novo splice site?
-Movel mechanism?

Translation l

-“- = SNRPB threshold

for normal embryogenesis
SNRPB levelsin

the A61 mutants

l

Abnormal embryonic development

Figure 4.1: A schematic depiction of the hypothesis that the incomplete penetrance in the
Snrpb A61 mutant model reflects protein level being made in each specific mutant. The 61-
bp intron allele makes more of the transcripts with alternative exon 2 (AE2, red box) than the
wild type of transcript without AE2 in a subset of mutants, through an unknown mechanism.
This causes more of the transcripts to go through nonsense mediated decay (NMD) and
decrease SNRPB levels in those embryos. When it is beneath the threshold level of SNRPB
required for normal embryonic development, that subgroup of mutants’ normal embryogenesis

is compromised, resulting in the abnormal phenotypes. PBS-protein binding site.
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4.2 Reduction of SNRPB in specific cell types during embryonic development determines
the phenotypic outcome and severity

CCMS has been suggested to be an outcome of a reduced level of SNRPB (Lynch et al., 2014).
However, the level of reduction of SNRPB protein in the patients or in the specific affected
tissue type is not known. Only a single CCMS patient carrying point mutation in the 5’ UTR
of SNRPB that was predicted to result in a null allele had more severe anomalies and failed to
survive gestation (Lynch et al., 2014). In my conditional mutant mouse line, deletion of exon
2, alternative exon 2 and exon 3 upon Cre recombination, generated a shorter Snrpb transcript
of 527 bp that is speculated to encode for a non-functional protein. We found a 70% reduction
in the Snrpb mMRNA expression in the mutants. When S-actin-Cre was used to delete the LoxP-
flanked exons, the resulting Snrpb heterozygous embryos died post-implantation. For the
Snrpb™*"- and Snrpb™s*- mutants, we predict a 70% reduction of Snrpb mRNA and protein
in neural crest and mesoderm, respectively. In both mutants, fully penetrant tissue-specific
phenotypes were seen. Although further studies are required to determine whether there is a
general growth defect or other roles for Snrpb at the early stages of development, my study
suggests that heterozygosity for a loss-of-function allele of Snrpb is lethal. Mutations in the
alternative exon 2 in SNRPB is suggested to make it a hypomorphic allele in CCMS, except
one very severe CCMS case where a 5’UTR point mutation is predicted to result in a null allele.
My results support the hypothesis that SNRPB mutations commonly found in CCMS patients
are not null mutations as null mutations would likely cause a more severe or lethal

abnormalities in CCMS (Lynch et al., 2014).
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Figure 4.2: The Snrpb mutant mice models developed in the study suggest that the reduction
level of SNRPB in specific cell types determines the phenotypic outcome and severity. A

refers to the Snrpb 61 base-pair intronic deletion.

4.3 Normal SNRPB level is essential for both prenatal and postnatal stages

Growth retardation and short stature is commonly seen in CCMS patients who survive infancy
(Lynch et al., 2014; Tooley et al., 2016). CCMS patients have been reported to have birth
weight below the 50th percentile. Growth parameters in childhood were also variable but
tended to follow this trend (Tooley et al., 2016). In addition, SNRPB has been shown to be
postnatally important in human as somatic mutations in SNRPB are emerging as oncogenic
factor in cervical, lung and hepatic cancers (Correa et al., 2016; Yang et al., 2018; Liu et al.,

2019; Zhan et al., 2020).

In my study, | demonstrated that mutating Snrpb either constitutively (Snrpb*") or in specific
cell types such as in neural crest cells (Snrpb™*") and mesoderm cells (Snrpb™*") cause

abnormal embryonic development. Only in the Snrpb™*" line, | found five mutant PO pups
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that were born, of which one had no abnormal phenotype except a slight curvature of bone in
the palate (Figure 3.11). It is not known if the phenotypically normal PO mutant would have
survived to adulthood with that mild skeletal deformity if I had not sacrificed it. In the A61
mutant model, though Snrpb6¥* and Snrpb5/25” animals were born at mendelian segregation,
as | followed five litters of animals, | found a significant number of both heterozygous and
homozygous mutants become sick and die within a year. A subgroup of mutants (~43%) was
also significantly smaller from the wild-type littermates at birth and onward. In addition, while
dissecting at least four of the freshly dead animals that became sick over time, | found lesions
in the spleen and lung of those mice. Taken together, my findings suggest that normal level of

SNRPB is required in both embryonic and postnatal stages.

4.4 Snrpb is required for proper cartilage formation and normal osteogenesis

In my study, Snrpb A61 mutants, Snrpb™c*- mutants and Snrpb™*- mutants showed abnormal
development of cartilages, some of which go through endochondral ossification process. My
data suggest that reduction in Snrpb hinders proper chondrogenesis, a finding supported by the
evidence that Snrpb knocked down Xenopus model have reduced cartilage formation (Park et
al., 2022). Similar findings are shown in vivo (Xenopus and mice) for other splicing factor
mutations associated with human syndromes similar to CCMS (Beauchamp et al., 2021; Park
et al., 2022). Bones that are derived through both endochondral and intramembranous
processes were abnormal in Snrpb mutants. As shown, bones developed through both
intramembranous (such as frontal bone, sphenoid bones, mandible) and endochondral (anterior
facial bones, middle ear bones, hyoid bone) processes were abnormally developed in Snrpb"*"

mutants.

In addition to reduced ossification, | showed neural crest cells with Snrpb mutation can give

rise to ectopic cartilages and bones in some Snrpb”**~ mutants (Figures 3.14, 3.15). Similarly,
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accessory ossicles in the hyoid bone were found after CT scan of two CCMS patients by Tooley
et al. (2016). The wider expression patterns we saw for Shh and Fgf8 in our mutants (Figure
3.25) might be associated with this phenotype. Overexpression of Shh in the non-oral ectoderm
was shown to cause expansion of Fgf8, affecting the rostral-caudal axis of the developing first
arch, and resulting in the formation of ectopic cartilages in chick (Haworth et al., 2007). From
my current data it is difficult to explain how reduced SNRPB levels in neural crest cells cause

an expansion of Shh expression domain.

Though CCMS patients are suggested to have ossification defects in their intramembranous
bone formation (Lynch et al., 2014), my findings suggest that one allele of Snrpb is insufficient
for normal cartilage formation and osteogenesis that occurs through both endochondral and
intramembranous processes. Further investigation on how the skeletal malformations occur in
the mutants could address the following questions: 1. does reduced cells in the head results in
the hypoplasticity of the cartilages and later in bones; 2. differentiation of the neural crest cell
progenitors to become chondrocytes and or osteocytes are disrupted. Moreover, degeneration
of the chondrocytes might also be an underlying cause of the bone anomalies we saw later.
Again, unsuccessful differentiation of cranial neural crest cell derived mesenchymal cells can
be one possibility of the osteogenesis defect in the Snrpb™**'mutants. Runx2 is the first
transcription factor required for determination of the osteoblast lineage and is a differentiation
marker of immature osteoblasts. In the developing head, it is expressed in the neural crest-
derived mesenchymal cells. In mice, neural crest cell specific deletion of Runx2 resulted in
reduced ossification primarily of the anterior half of the craniofacial bones, including the
frontal bone, jugal bone, squamous temporal bone, mandible, maxilla, and nasal bone (Shirai
Y et al., 2019). Looking at Runx2 expression in sectioned embryos could be one way to find if

abnormal osteogenic differentiation happens in the mutants’ developing head and face.
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4.5 Snrpb is required in mesodermal cell lineages for proper craniofacial, cardiac and rib
developments

Though haploinsufficiency of SNRPB is known to cause mostly craniofacial malformation and
rib defects, other structures such as limbs and soft tissues such as heart, kidney or digestive
tract anomalies were also reported in some CCMS patients (Table 1.1). To model CCMS rib
abnormalities and understand the role of SNRPB in mesodermal cells, I removed Snrpb
heterozygously from those cell populations by mating my conditional knockout mice with the
Mesp1-Cre mice. No mutants were recovered at birth suggesting a requirement of normal levels
of Snrpb in the mesoderm for embryonic survival. The developmental abnormalities of head,
face and heart was visible from E9.5 in the Snrpb™**"-embryos and the phenotypes were fully

penetrant at E14.5.

The heart is mostly derived from embryonic mesodermal cells (Figure 1.12) that differentiate
into mesothelium, endothelium and myocardium. Mesothelial pericardium forms the outer
lining of the heart whereas the inner lining of the heart — the endocardium, lymphatic and blood
vessels, develop from endothelium. Phenotypic observation of the embryos showed abnormal
heart in Snrpb™s* mutants. The massive dorsal edema, which is an indication of cardiac
malformation as seen in other mutants with heart anomalies (Schneider et al., 2004), was
observed at E14.5 mutants. This also suggests that the phenotypically normal embryos before
E14.5 might have cardiac malformations that cause their death later. However, the other
possible cardiac defects of CCMS such as cardiac septal defects or outflow tract abnormalities
can only be confidently detected after E14.5 (Schneider et al., 2004). To interpret the fine detail
of any cardiac malformations in addition to pericardium formation or any other visceral organ
defect in the Snrpb Mespl-Cre mutants that might cause their death, it will need serial
histological sectioning or computer tomography imaging of the embryos. However, my

preliminary data suggest normal level of SNRPB is required for proper cardiac development.
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The characteristic feature of CCMS that is unique from Pierre Robin sequence is the
costovertebral anomalies, mostly rib gap defects. Ribs are derived from sclerotome cells of the
somites, a derivative of paraxial mesoderm (Figure 1.12). | predicted removing Snrpb from
mesoderm cells would affect rib formation in mice, that would mimic CCMS. In the E14.5
Snrpb™s*- mutants, the ribs were abnormal with smaller size, irregular spacing and sternum
base was absent (Figure 3.9). However, as | did not recover mutants after E14.5, | could not
investigate if either ossification defect or skeletal degeneration in later stages would cause any
rib gaps in the Snrpb™s*- mutants. Though somites in the mutants looked normal during
phenotypic analysis, it is possible that Snrpb mutation perturbs genes or pathways that are
required for rib development at later stage of sclerotome specification and differentiation.
Transcription factor Pax1 is predominantly expressed in the region of the future vertebral
bodies and intervertebral discs (Deutsch et al., 1988), whereas the Pax9 expression domain
extends more laterally in the region of the future proximal part of the ribs (Neubtiser et al.,
1995). Looking at such markers in the mutants at E10.5 through in situ hybridization can

provide information if the sclerotomes are properly developed in the Snrpb™s* mutants.

4.6 Splicing anomalies are presumably occurring in the Snrpb™s*- mutants that results in
the phenotypes

Further investigations are needed to understand the molecular mechanism by which Snrpb
heterozygous mutation in mesodermal cells causes developmental abnormalities. SNRPB
knockdown in cell lines has been shown to cause aberrant splicing of transcripts (Correa et al.,
2016). In the Snrpb™* mutants, we found significant changes in exon skipping in many genes.
For the phenotypes that we see in the Snrpb™s* mutants, | hypothesize splicing aberrations
such as increased exon skipping occurs in genes that are important in the development of the
structures that are abnormal in this mutant model. As we see craniofacial defects in the

Snrpb™s*- mutants with smaller mandible and head, it is also possible that the mutants undergo
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increased apoptosis or proliferation defects. Increased cell death is suggested to be associated
with craniofacial spliceosomapathies such as loss of neural crest progenitors through apoptosis
was shown in Xenopus model for Nager syndrome (Jones et al., 2008; Mao et al., 2016; Devotta
et al., 2016). Increased exon skipping in Mdm2/ Mdm4 caused increased P53 activity that
presumably leads to higher cell death in the Snrpb™* mutants. Increased exon skipping in
Mdmz2 was shown in Eftud2 neural crest cell specific mutant mice model for MFDM syndrome
(Beauchamp et al., 2021). Hence, in the Snrpb™s*" mutants, Snrpb mutation might cause
increased P53 function through similar Mdm2/ Mdm4 splicing defect to cause malformations,

especially the craniofacial defects.

4.7 Snrpb is presumably required in neural crest cells and their derivatives

To study the role of SNRPB in craniofacial development, | used the Wnt1-Cre2 transgenic
mouse line to generate embryos with heterozygous mutation of Snrpb in their neural tube and
neural crest cells. In Snrpb”*~ mutant embryos, craniofacial development was abnormal with
variable expressivity suggesting that normal SNRPB level is required in the neural crest cells

for the proper head and face development.

Neural crest cells are specified to cranial, cardiac, vagal and trunk neural crest cells- each
having own potential to give rise specific derivative structures. These cells give rise to
craniofacial and dorsal root ganglia in addition to the skeletal components. By staining the
cranial nerves with 2H3 antibody, that marks the cytoplasmic neurofilaments in the neurons, |
saw irregular development of the cranial and axial nerves. The cardiac neural crest cells, on the
other hand, considerably contribute to the formation of the aorticopulmonary septum and
conotruncal cushions. CT scan of one Snrpb™**- E17.5 mutant showed the aorticopulmonary
septum of the embryo did not form. From these findings, | hypothesize that normal level of

SNRPB is presumably required in all neural crest cells and their derivatives. | also propose that
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aorticopulmonary septal defects and or palatal clefts such as the ones found in E17.5 mutants
contribute to death of Snrpb™<*~ embryos, as was found in Eftud2"«~~ mutants (Beauchamp

etal., 2021).

4.8 Heterozygous removal of Snrpb from either neural crest cells or mesoderm cell lineage
can diminish the intercellular crosstalk for craniofacial development

Craniofacial development requires highly precise interactions between the neural crest cell and
the mesodermal cells (Noden 1978; Schneider, 1999; Jiang et al., 2002; Noden and Trainor,
2005; Cibi et al., 2019; M. C. McKinney et al., 2020 and Galea et al., 2021). In the previous
sections, | discussed about my findings that normal level of SNRPB is required in each of these
specific cell type. However, my data suggest that reduced expression of Snrpb in either of these
cells disrupts the crosstalk among neural crest cells and mesodermal cell lineages. In all the
Snrpb™s*" E14.5 mutants, the Meckel’s cartilage, which is entirely derived from the neural
crest cells was abnormally formed. On the other hand, in the Snrpb™**" mutants, | found
mesodermal cell-derived skeletal structures such as parietal bone (Yoshida et al., 2008) were
abnormally developed from being hypoplastic to absent. The hypophyseal cartilage in the
developing head is derived from neural crest cells, but the basisphenoid bone that replaces it
has some mesodermal cell contributions in its caudal portion (Mc-Bratney Owen et al., 2008).
In the Snrpb™*" mutants, we found the basisphenoid bone is reduced at E17.5. As Snrpb
mutation in the neural crest cells results in abnormal development of both neural crest cell and
mesodermal cell lineages, it suggests the interplay between these two cell types are lost in these

mutants.

The ear is derived from the first and second pharyngeal arch and is a composite structure made
from tissues of neural crest, mesoderm, endoderm and ectodermal origin. The lining of the ear
canal is continuous with the skin and the outer surface of the tympanic membrane, both of

which are derived from ectodermal cells. The mammalian middle ear epithelia are of dual
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origin whereas the ossicles and the tympanic ring are primarily of neural crest origin. The
middle ear muscles are of mesodermal origin (Thompson and Tucker, 2013). In the Snrpb"¢¢*-
mutants, the neural crest cell derived skeletal structures such as tympanic ring, stapes, mellus
and incus were abnormally formed. Intriguingly, the ectoderm derived pinna was hypoplastic
in the E17.5 and PO group mutants, suggesting mutation of Snrpb in neural crest cells hinders
the pinna development by interrupting the interplay between the ectoderm and the underlying
NCC derives mesenchymes. It was previously shown that aberrant expression of genes such as
Hoxa2 in first pharyngeal arch neural crest cells causes a duplicated pinna formation by
transcription factor Eyal regulation (Minoux et al., 2013). Again, Tbhx1 mutant mice fail to
form pinna when the gene is deleted from the endoderm derived first pharyngeal pouch (Arnold
et al., 2006). In human, neurocristopathies like Treacher-Collins syndrome, caused by TCOF1

mutations is also associated with pinna deformities (Jones et al., 2008).

More investigations are needed to resolve exactly how Snrpb mutation in neural crest cells
causes mesoderm derived structures to become abnormal or vice-versa or how it results in the
ectoderm derived outer ear dysmorphology, but the findings suggest that the cell-cell
communication to develop the craniofacial components are perturbed by Snrpb

haploinsufficiency in either mesodermal or neural crest cells and their cell lineages.

4.9 P53 mediated increase in apoptosis does not drive CCMS abnormalities

P53 stability and activity are known to be upregulated in response to mutation or disruption in
the level of splicing factors (Correa et al., 2016; Lei et al., 2017; Van Alstyne et al., 2018; Zhu
et al., 2020). In fact, | found increased skipping in two P53 regulators, Mdm2 (exon 3) and
Mdm4 (exon 7), increased nuclear P53 and an upregulation of P53 target genes in the heads of
E9.0 Snrpb"<*~ mutants. In zebrafish and mouse, increased P53 activity contributes to

craniofacial defects, and knocking down or removing P53 genetically reduced apoptosis and
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improved development (Jones et al., 2008; Lei et al., 2017; Mao et al., 2016). Additionally,
administration of P53 inhibitor Pifithrin-a in the pregnant mice improved head and brain
development in embryos with Eftud2 mutation in the neural tube and neural crest (Beauchamp
et al., 2021). However, in my study reducing or removing P53 genetically in the neural crest
cells did not prevent craniofacial defects in Snrpb™<*~ mutant embryos. Although the variable
expressivity found in Snrpb™<*~ embryos makes it difficult to rule out a partial rescue, my

findings indicate that P53 alone is probably not responsible for the craniofacial malformations.

4.10 Splicing anomalies in transcripts and misexpression of genes for craniofacial
development along with P53 mediated cell death causes craniofacial dysmorphogenesis

of CCMS

| found Snrpb is required for normal splicing of key regulators of P53, and transcripts required
for normal craniofacial development, as well as expression of Fgf8 and Shh. I show that
morphological defects in Snrpb mutants were not associated with significant changes in gene
expression but with disruptions in alternative splicing and patterning of the craniofacial region.
| suggest, altered transcript ratios and expression of genes important for patterning the

craniofacial region are responsible for malformations and embryonic death of mutant embryos.

RNAseq is a sensitive method for examining gene expression (Wang et al., 2009), and my data
indicate that reduced expression of Snrpb in mutant neural crest disrupts splicing and
expression of genes important for craniofacial development. In fact, my RNAseq analysis using
the head of morphologically normal E9.0 Snrpb”*~ embryos revealed many more DSEs than
DEGs. I identified 13 transcripts important for craniofacial development that were abnormally
spliced in Snrpb™<*~ embryos. A DSE may perturb gene expression levels, for example with
the introduction of pretermination codon, or alter the activity or localization of the resulting

gene product. For example, the DSE associated with exon 3 of Smad2 is predicted to increase
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the proportion of transcript that encodes a much more potent effector of TGFf/Nodal than the
full-length SMAD2. This shorter protein heterodimerizes with SMAD3 to regulate many
developmental processes, including growth of the mandible (Dunn et al., 2005). Similarly,
increased skipping of exon 8 of Ror2 may disrupt the ability of this receptor to interact with
Wnt5 during midface, ear and jaw development (Schwabe et al., 2004). Furthermore, deletions
of constitutive exons may change the open reading frame, insert a pretermination codon or
generate an unstable transcript that is removed by nonsense-mediated decay. Hence, | predict
that an increase in the proportion of transcripts with a missing constitutive exon will reduce
levels of the associated proteins. Abnormal expression of Fgf8, which is regulated by SMAD2
(Liu et al., 2004), and Rere (Kumar and Duester, 2014) may be one of the consequences of
mis-splicing. Nonetheless, reduced migration of neural crest cells into the frontonasal region
could also explain abnormal expression of Fgf8 and Shh. Although I found no significant
differences in the number of neural crest cells in heads of E9.0 control and Snrpb mutant
embryos, reduced levels of Nisch, which binds to integrins to block cell migration (Ding et al.,
2008), may disrupt migration of a specific subset of neural crest cells that cannot be identified
with my current techniques. In the future, investigation will be required to understand the
contribution of DSEs to abnormal expression of Fgf8 and Shh and to craniofacial defects in

Snrpb mutants.

If, as | postulate, malformations in Snrpb mutants are due to a DSE that leads to increased cell
death and disruption of multiple pathways important for patterning, the variable penetrance
found in mutants may reflect the proportion of cells that undergo cell death and the level of
disruption in patterning. Thus, embryos in which a large number of cells die would have absent
craniofacial structure formations, and resemble group 3 or 4, whereas a lesser amount of cell
death would lead to mutants classified as group 1/2. Furthermore, for those in group 1 and 2,

the severity of craniofacial malformation would then depend on the level of DSEs in the genes
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critical for patterning of the region. The absence of group 3 or 4 Snrpb; Trp53 mutants supports
this hypothesis. Loss of P53 may reduce cell death and allow for development of craniofacial
structures in these mutants. However, DSEs in patterning genes are presumably independent
of P53 and may lead to malformations and embryonic death. Future characterization of cell
death and patterning in Snrpb; Trp53 double mutant embryos, along with RNAseq experiments
using morphologically normal and abnormal mutant heads, may allow us to tease out these

different contributors to craniofacial malformation and aid in identifying DSEs and pathways

regulated by Snrpb.
Neural Crest Cell
Snrpb*’
~ SNRPB level reduced under the threshold
o
o
DSE of many genes
fSE of Mdm2, Mdm4 SE of genes key for
E9.0 l % craniofacial development
.0, Smad2
fP53 activity 9 i
Alters gene expression pattern
7 % cell death and pathways required for
SNRPB threshold required craniofacial morphogenesis,

for normal craniofacial development such as Fng, Msx2and Shh

\7

P53
Craniofacial abnormalities

Severity of craniofacial abnormalities

Figure 4.3: Proposed mechanism of craniofacial abnormalities seen in CCMS mouse model.
Snrpb heterozygosity in neural crest cells causes increased exon skipping of P53 regulators
Mdm2 and Mdm4 that results in increased P53 mediated cell death. Genes pivotal for
craniofacial development with increases exon skippings result in aberrant expression of
molecules crucial for craniofacial morphogenesis signaling pathways. The cell death along
with mis-expressed genes causes abnormal craniofacial development. The severity of the

phenotype depends on the extent of the reduction of SNRPB level and increase of P53 activity.
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CHAPTER V

CONCLUSIONS & FUTURE DIRECTIONS

5.1 Conclusion summary

SNRPB is an essential core component of the small nuclear ribronucleoproteins
(SnRNPs) that is involved in both major and minor spliceosomal processes. The role of SNRPB
in embryonic development is not known except mutation of SNRPB causes a developmental
syndrome, CCMS. During my PhD study, | focused on understanding the role of SNRPB in
embryonic development, by generating mouse models for CCMS. | believe that my work using
the first CCMS animal model shows evidence for both ubiquitous and development-specific
roles of Snrpb during morphogenesis and provides much needed insights into the role of this
splicing factor during embryogenesis. Moreover, with further investigations, the mouse models
that | have established in my project by using tissue specific knockouts for Snrpb can provide

molecular etiology of CCMS, with a hope of finding therapeutic targets in future.

My working model is that dysregulation in the level of SNRPB, even if modest — as is
likely the case with inclusion of the PTC-containing alternative exon 2, perturbs the efficiency
of splicing at the level of spliceosome assembly. This is evident with my mutant line with 61
base pair intronic region of Snrpb, that also provides clue for a possible novel regulation
mechanism of the gene. Furthermore, although cells with reduced levels of Snrpb have an
increased propensity to undergo apoptosis as seen in neural crest cell specific Snrpb
heterozygous mutants, increased DSEs are found before they die. Therefore, | conclude that
splicing changes in important developmental genes, the proportion of cells that undergo
apoptosis, and the timing of apoptosis may all contribute to the abnormal embryonic
development with variable expressivity found in Snrpb heterozygous mice and in CCMS

patients.
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5.2 Future Directions

The aim of this thesis was to understand the role of SNRPB in embryonic development,
through modeling CCMS in mice. The substantial work performed to reach the aim provided
new insights for SNRPB’s role in development and can help future investigations to gain a
more in-depth understanding of how mutation in SNRPB results in specific developmental

anomalies and variable expressivity of CCMS.

A consistent theme throughout the thesis was the emphasis on the level of SNRPB
protein that is required for normal embryonic development. | have suggested that the SNRPB
level is potentially a critical determinant of the severity of the craniofacial phenotypes in Snrpb
mutants (Figure 4.3). To address the question of how much reduction of SNRPB results in
abnormal craniofacial development, Snrpb expression specifically in the mutant cells, in both
phenotypically normal and abnormal Snrpb™c*-embryos could be investigated. Reduction of
SNRPB level in Snrpb™*" mutant heads would be difficult to determine by western blot
because of a higher population of other cell types with wild-type Snrpb. As mentioned in the
previous chapter, the correlation of the protein level with the phenotype could also be drawn
in Snrpb A61 mutants, where the embryos with global Snrpb mutation survive after

organogenesis.

Stability of Snrpb mRNA produced by a single functional allele can also be associated
with the variable expressivity in CCMS and in Snrpb mutant mice models. mRNA stability and
decay can dramatically modulate protein expression. Though no study has been performed that
detects the half-life of SNRPB protein, it was investigated for half-life of SNRPB mRNA in
HeLa cells, where the transcript was found to be long-lived (Tani et al., 2012). Intriguingly, a
later study suggested that a higher RNA stability score (RS-score) for SNRPB is associated

with a cis-acting single nucleotide polymorphism in two Asian populations (Nguyen, 2013).
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Even though additional studies should be commenced to understand if CCMS patients have
specific polymorphisms that correlate with the Snrpb mRNA stability, increased half-life of
Snrpb transcript or perdurance of the protein in specific cell types during development might

be associated with the range of phenotypic variability in Snrpb mutant mice and CCMS.

To directly test the hypothesis that reduced levels of Snrpb is incompatible with
embryonic development, we made mouse embryos with heterozygous deletion of Snrpb. Our
findings confirm that reduced level of SNRPB is responsible for CCMS malformations.
However, for identifying the etiology of the full range of clinical manifestations of CCMS, a
high phenotypic penetrant mouse model with a constitutive reduction of SNRPB level that
survives late gestation will be essential. This can be approached by reducing SNRPB levels to
varying extents using the tamoxifen (TAM)- inducible ER-Cre mice that gives an advantage
of studying genes whose early ablation or overexpression can cause developmental defects or
embryonic lethality (Hayashi and McMahon, 2002; Donocoff et al., 2020). In ER-Cre, Cre is
fused with a mutated ligand-binding domain of ER (Estrogen receptor), which does not bind to
estrogen but binds to tamoxifen with high affinity (Metzger et al., 1995; Feil et al., 1997). ER-
Cre proteins are sequestered in the cytoplasm and upon addition of tamoxifen, tamoxifen-
bound ER-Cre translocate to the nucleus, where it carries out site-specific recombination
between flanking LoxP sites. As the constitutive heterozygous mutants in the study die post
implantation, Snrpb can be deleted later at gestation utilizing the TAM inducible Cre system,
with a potential of generating a complete CCMS model and a better understanding of SNRPB’s

role in embryonic development.
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