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Abstract

Neurulation, the early developmental process that forms the rudiment of the brain and
spinal cord, relies upon the intricate interplay of hundreds of genes in multiple genetic pathways
within the appropriate environmental conditions. Neural tube defects (NTDs), common
congenital birth defects in humans, arise when the process of neurulation is disrupted. Human
NTDs are multifactorial disorders, which means that combinations of many genetic, epigenetic,
and environmental factors interact in order for disease to manifest. Our mouse model of NTDs
develops the perinatal lethal cranial NTD exencephaly (the murine equivalent of anencephaly in
humans) when homozygous for a loss-of-function mutation in the ATP-dependent chromatin
remodeling gene Cecr2. Much like in humans, manifestation of the exencephaly phenotype in
Cecr2 mutant mice is dependent on multiple factors. Work in this thesis focused on identifying
and characterizing the multifactorial nature of exencephaly in both Cecr2 mutant mice and in
humans. A previously established incomplete penetrance of exencephaly in Cecr2 homozygous
mutant mouse embryos is indicative of genetic and/or environmental changes that are
contributing resistance to exencephaly. An updated penetrance analysis that I performed revealed
a reduction in exencephaly penetrance, which demonstrated that genetic and/or environmental
factors are changing over time. Previous work in our lab has shown that the penetrance of
exencephaly in Cecr2 mutant mice is dependent on mouse strain, as Cecr2 mutant BALB/cCrl
mice are susceptible to developing exencephaly but Cecr2 mutant FVB/N mice are resistant. This
inter-strain variability suggests the presence of modifier genes, where the BALB/cCrl genetic
background harbors susceptibility alleles and FVB/N harbors resistance alleles. Prior studies

from the McDermid lab identified a modifier region in mouse chromosome 19 that contains at
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least two modifier loci, which contribute to the difference in exencephaly penetrance seen
between Cecr2 mutant BALB/cCrl and FVB/N. I have further characterized the chromosome 19
modifier region and demonstrated that the two modifier loci are not additive, suggesting that the
modifiers are involved in the same pathway or process. I then used whole exome sequencing of
the two mouse strains to identify candidate modifier genes containing protein-coding variants that
differed between the two strains. With this analysis, combined with previously generated data
from whole genome microarrays, I produced a list of 26 candidate modifier genes that differ in
expression and/or protein code between the two mouse strains. I showed via genetic analysis in
the mouse that the top candidate gene, Arhgap19, is most likely not a Cecr2 modifier. The human
homologue of CECR?2 and the human homologues of the remaining candidate modifier genes
were then sequenced in a cranial NTD cohort consisting of 156 probands. This study in humans
identified protein-coding variants that were predicted to affect protein function in CECR2 and in
17 of the candidate modifier genes, as well as established DNMBP, MMS19, and TJP2 as top
candidate NTD modifier genes.

As an independent but related project, I also characterized a gene-environment interaction
that resulted in circling behavior, a phenotype unrelated to NTDs, in male mice of a specific
genetic cohort in our mouse colony. This study is the first to show that environmental enrichment
in the form of running-wheels can induce abnormal behaviors in genetically susceptible mice.
Additionally, I sought to characterize phenotypes due to homozygous mutation or knockdown of
the Drosophila melanogaster homologue of Cecr2 (dikar) in an effort to produce a more tractable
genetic model to study the molecular function of Cecr2. Results indicated that dikar is

dispensible for normal fly development with no obvious phenotype due to loss of dikar.
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Overall, I have established the Cecr2 mutant mouse as a valuable model for studying the
multifactorial nature of NTDs and have produced several novel candidate NTD genes in mice and
humans. Important future work will be directed towards the functional characterization of
protein-coding variants identified in the human cranial NTD cohort. In the event that a variant is
shown to have a functional impact, expanded sequencing efforts of this variant or the gene it
affects in additional NTD patients will aid in determining the relevance of such a gene in human

NTD etiology.
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General Introduction



1: General Introduction

1.1:  Introduction

Early embryonic development is characterized by rapid growth accompanying
considerable morphogenetic changes, which transforms the single celled zygote into a
multicellular organism with defined tissues and organs. One early embryonic process is
neurulation, which results in the formation of the neural tube; the earliest rudiment of what will
eventually become the brain and spinal cord. This process is highly dynamic, involving complex
morphological movements along the entire rostral-caudal axis of the embryo. Neurulation occurs
during the first 3-4 weeks of gestation in humans, a time at which the embryo is undergoing rapid
growth (reviewed in '). Neural tube defects (NTDs) result from a disruption in the process of
neurulation, and are one of the most common and devastating birth defects in humans. NTDs
have a complex, multifactorial etiology that includes both genetic and environmental
contributions. Mice are often used to model NTDs because of all commonly used animal models,
mouse neurulation most resembles human neurulation. Mice are an attractive model for studying
the complex multifactorial nature of NTDs because mice display a similar NTD etiology as
humans, with gene-gene interactions, genetic background influences, and environmental factors
all contributing to the development of NTDs in mice. A mouse gestation period is 19 days, with
the process of neurulation occurring during embryonic days 7.5 to 10 (E7.5-E10). In this thesis,
the mouse containing a homozygous mutation in Cecr?2 served as a genetic model of human
NTDs. Research performed using Cecr2 mutant mice included studies of gene-gene interactions
in these mice, and led to studies of the genetic contributions to NTDs in a human cranial NTD
cohort and the exploration of the function of the Cecr2 homologue, dikar, in another genetic

model Drosophila melanogaster.
1.2:  Neurulation
Neurulation can be broken up into two distinct processes, primary neurulation and

secondary neurulation. Primary neurulation involves the brain and the majority of the spinal cord,

excluding only the portion of the neural tube caudal to the midsacral region, which is formed by



secondary neurulation. Primary neurulation can be further broken down into four distinct
consecutive events, which are (1) induction of the neural plate, (2) convergent extension, (3)
folding, and (4) fusion (Figure 1.2.1).

The first event is the induction of the neural plate, which is achieved by intricate
morphogenetic signaling that is conserved in vertebrates (Figure 1.2.1A, reviewed in %). The
embryonic ectoderm diverges into neural ectoderm (neural plate) and non-neural ectoderm,
which is accomplished by fibroblast growth factor (FGF), wingless type (Wnt), and bone
morphogenetic protein (BMP) signaling 2 In order to initiate neural ectoderm formation,
induction of the early neural transcription factors, Sox3 and Otx2, is accomplished by FGF
signaling in combination with Wnt and BMP antagonists, while the non-neural ectoderm
transcription factors, Ap2, DIx5, DIx6, Gata2, Gata3, Foxil, Foxi3, and Msx1, are induced by
Wnt and BMP signaling (Figure 1.2.2) . As neural plate induction continues, the FGF/Wnt/BMP
signaling interplay shifts in order to maintain neural and non-neural fates, along with establishing
the border pre-neural crest, characterized by Msx1, Pax3, Pax7, Foxd3, and c-Myc transcription
factor expression, and pre-placodal regions, characterized by Six/, Six4, Eyal, and Eya?2
transcription factor expression (Figure 1.2.2) 2. In mouse, mutations in several genes involved in
FGF, Wnt, and BMP signaling as well as the transcription factors they induce, result in NTDs.
These include the FGF receptor Fgfil °, the Wnt3a * and Wnt5a >° secreted signaling factors, the
Bmp2 " and Bmp5/Bmp7 (digenic) ® secreted signaling factors, as well as the induced
transcription factors Ap2 °, Dix5 '°, Pax3 ', and Msx1/Msx2 (digenic) '*".

The next event in neurulation is convergent extension, a process by which cells within the
neural plate migrate towards the midline and intercalate in order to narrow and lengthen the
neural plate (Figure 1.2.1B) '*. The non-canonical Wnt signaling planar cell polarity (PCP)
pathway largely governs this process, which involves polarizing cells in a planar orientation in
order to allow for and direct morphological movements required for convergent extension. A
depiction of the core mammalian PCP pathway is provided in Figure 1.2.3. There are mutations
in 26 different PCP genes that result in NTDs in mice (listed in http://ntdwiki.wikispaces.com '),
which exemplifies the size and complexity of the PCP pathway and the important role PCP plays
in the process of neurulation.

The third event, which begins while convergent extension is still in progress, is the

bending and folding of the neural plate. This event involves the formation of a medial hinge point



(MHP) and two dorso-lateral hinge points (DHLPs) (Figure 1.2.1C). Along with planar cell
polarity, another type of cell polarity called apicobasal polarity exists within the neural
epithelium. The apical side of the neural epithelial cells initially face outwards, or dorsally, in the
neural plate and will eventually face towards the inner lumen of the closed neural tube. The basal
side of the neural epithelial cells initially face ventrally and will eventually face away from the
inner lumen of the closed neural tube. Within the cell, apical compartments are characterized by
the presence of apical proteins, including the PAR3-PAR6-atypical protein kinase C (aPKC)
complex, located within the tight and adherens junctions, and basal compartments are defined by
basolateral proteins such as the Lethal giant larva (LGL)-Scribble-Discs large (Dlg) complex '°.
During the process of hinge point formation, cells within the MHP and DLHPs must undergo
apical constriction, which involves nuclear migration to the basal region of the cell and
remodeling of apical epithelial junctions. Cellular apical constriction is important for the bending
of the neural plate at these regions. Using the neurulating chick embryo as a model to study
apicobasal changes within the MHP, Eom et al. (2011) demonstrated that a blockade of BMP
signaling, which can be achieved by the BMP antagonist noggin, is necessary and sufficient for
MHP formation '’. They went on to show that a BMP blockade was capable of inducing both
apical constriction and basal nuclear migration '’. They also established that the cells at the MHP
display a partial loss of polarity induced by a BMP blockade. This results in targeting LGL to the
apical compartment that leads to endocytosis of apical membrane proteins as shown by
immunofluorescent labeling of endosomes containing PAR3 '”. The DLHPs form under a
complex interplay of morphogenetic signals, where Shh signaling from the notochord along with
BMP signaling from the ectoderm inhibits DLHP formation. However, these signals are
counteracted by the BMP antagonist noggin emanating from the dorsal neural folds, which is
sufficient for DLHP formation '®'?. Taken together, these findings indicate that inhibition of
BMP signaling by noggin plays a role in both MHP and DLHP formation. An essential regulator
of apical constriction at the neural tube hinge points is Shroom, which encodes for an actin
binding protein that results in impairment of cranial neurulation when mutated *°. The medial and
dorso-lateral hinge points do not form uniformly along the neural tube. The cranial neural tube
contains the MHP and is unique in that the adjacent neural folds are initially biconvex, and then

switch to a biconcave shape as neurulation progresses '. As for the spinal region, the upper spine



only has the MHP, the midspine has both the MHP and the DLHPs, and the caudal spine only has
DLHPs .

The final event is fusion and adhesion of the neural fold tips resulting in the formation of
a tube separate from the overlying ectoderm (Figure 1.2.1D). Fusion occurs by the formation of
21,22

cell membrane protrusions resembling lamellipodia and filopodia

small GTPases, Racl and Cdc42 **. Adhesion is assisted by ephrin-A/EphA interactions ***°. In

, which are regulated by the

humans and mice, fusion does not happen simultaneously along the neural tube. Rather, there are
discrete sites of initial contact. In humans, the initial site of closure occurs at the hindbrain-
cervical boundary, with a second closure site at the most rostral end of the neural tube *°. Mice
share these two closure sites, which are termed closure 1 and closure 3 respectively. However,
mice also appear to have a unique closure site around the fore-mid brain boundary, called closure
2, that forms after the initial closure site (closure 1) but before the rostral closure site (closure 3)
(Figure 1.4.1) *°. In mice, the position of closure 2 is generally located at the fore-mid brain
boundary, but is highly variable *’. For example, closure 2 has a more caudal position in the
DBA/2 mouse strain, a more rostral position in the NZW strain, and the complete absence of
closure 2 in the SELH strain **. Although the SELH mouse strain is susceptible to the cranial
NTD exencephaly, the fact that 83% of SELH embryos go on to develop normally demonstrates
that closure 2 is dispensable for successful neural tube closure in mice *. The presence or
absence of closure 2 is still controversial in humans (reviewed in *). Originally, it was proposed
that humans likely possessed this closure site because of the similarities of NTDs between mice
and humans *°. This hypothesis was corroborated by Nakatsu et al (2000), who observed fifteen
human embryos at different stages of neurulation, with a second closure site at the mid-hind brain
boundary seen in three embryos *'. However, studies of neurulating human embryos performed
by Sulik et al (1998) and O’Rahilly & Muller (2002) failed to identify this mid-hind brain closure
site 2. A review by Copp (2005) attempted to reconcile these contradictory findings by
suggesting that the presence or absence (and possibly the location) of closure 2 is variable, much
like what has been seen between various mouse strains *°. He also suggested that closure 2 may
be absent in humans due to its dispensability for neural tube closure, as was seen in the SELH
mouse strain, as well as the observation that human embryos have proportionately smaller heads
than mouse embryos at the time of neurulation *’. It is important to understand the differences

observed between humans and animal models in order to best interpret human neurulation when



utilizing animal models. Although mice and humans may differ in the number of initial neural
tube closure sites, the underlying mechanisms of fusion of the neural folds are likely conserved at
the molecular level. Once initial contacts have been made, the neural tube proceeds to “zipper-
up” away from the initial closure sites and undergo remodeling events that lead to separation of
the neural epithelium from the overlying non-neural ectoderm. The last regions of the neural tube
to close are called neuropores, which are found approximately midway between the initial closure
sites as well as at the most caudal portion of the neural tube. The molecular mechanism for
separation of the neural tube from the overlying epithelium remains unclear (reviewed in **);
however, it has been shown that apoptosis is not required for these remodeling events **.
Disruptions in any of the four major neurulation events (neural plate induction, convergent
extension, folding, and fusion) result in abnormal neurulation and ultimately in open neural tube

defects, which are discussed in more detail in section 1.3.

neural plate farkng Figure 1.2.1: Neurulation. The process of
* = neurulation can be broken down into four
- - events. The first event is induction of the
B neural plate (A), followed by convergent
— ' _ —s extension as illustrated by individual cell
- movement towards the midline (B). Thirdly,
folding occurs by forming the MHP** and
o * the DLHPs* (C). Lastly, fusion of the neural
*x

fold tips results in a closed neural tube

separate from the overlying epithelium (D).

Secondary neurulation is the process by which the most caudal portion of the neural tube
forms ***°. A population of mesenchymal tail-bud cells coalesces and undergoes a mesenchymal-
to-epithelial transition mediated by Racl and Cdc42. This forms an epithelial rod, which

undergoes cavitation in order to form a lumen continuous with the primary neural tube *’. When



this process is disrupted, the resulting neural tube defects are closed (covered with skin) since
secondary neurulation occurs under an already formed non-neural ectoderm. These types of
NTDs often include a tethered spinal cord, which involves attachments between the spinal cord
and surrounding tissues within the spinal column, resulting in limited movement **. As studies

contained herein focus on the genetics of primary neurulation, secondary neurulation will not be

discussed any further.
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Wnt, BMP FGF, aWnt, aBMP | Wnt, BMP

I Pre-neural ectoderm.  Induced transcription factors: Sox3, Otx2

Mon-neural ectoderm. Induced transcription factors: Ap2, DIx5/6, Gata2/3, Foxil/3, Msx1
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I Meural ectoderm. Induced transcription factors: Sox2, Sox3, Otx2, Ghx2, N-Myc
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I Pre-placodal. Induced transcription factors: Six1/4, Eyal/2

Mon-neural ectoderm.  Induced transcription factors: Ap2, Dix5/6, Gata2/3, Foxil/3

Figure 1.2.2: Neural plate induction. In the earliest stage of neural plate induction, inducing
signals FGF, Wnt antagonists (¢Wnt) and BMP antagonists (aBMP) trigger expression of pre-
neural ectoderm transcription factors, whereas Wnt and BMP signaling induce expression of non-
neural transcription factors (A). FGF, Wnt, and BMP signaling changes within the neural
ectoderm region in order to establish border pre-neural crest and pre-placodal regions, with
induced transcription factors for each region displayed (B). All information for this image was

acquired from Groves and Labonne (2014) 2,
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Figure 1.2.3: Planar cell polarity (PCP) pathway in mammals. Red arrows signify the PCP
signaling pathway. Known physical interactions are denoted with solid black arrows and known
genetic interactions are denoted with dashed black arrows. The Drosophila homologue of
Ankrd6, Diego, is known to interact with Frizzled, Disheveled, and Vang, but this has not been

studied in mammals. Image adapted from Greene et al. 2009 *°

1.3:  Open neural tube defects

Open neural tube defects (NTDs) occur when the process of primary neurulation is
disrupted and results in exposure and degeneration of sensitive neural tissue in utero. Open NTDs
are grouped into three major classifications: spina bifida, anencephaly (or exencephaly in mouse),

and craniorachischisis. Spina bifida affects approximately 1-10/1000 human births worldwide **



*2_ Spina bifida occurs when the posterior neuropore fails to close, and although spina bifida is
the only open NTD compatible with life, it is a debilitating condition that greatly affects quality
of life. Anencephaly has a similar incidence as spina bifida, affecting approximately 1-10/1000

human births worldwide *°*?

, and is a result of failure of cranial neuropore closure.
Craniorachischisis is the most severe form of open NTD, with an incidence ranging from 0.1-
11/10,000 births in various populations ****. It is characterized by an entirely open neural tube
due to failure of the initial closure site to fuse. In humans, it is well established that NTDs have a
complex, multifactorial etiology that likely involves a combination of multiple genetic,
environmental, and epigenetic factors that interact with each other.

Neural tube defects have a strong genetic component in humans as evidenced by the 3-5%
risk of having an NTD affected pregnancy if there is a first-degree relative with an NTD, or a 1-
2% risk if there is a second-degree relative with an NTD *2. NTD studies of twins are more
subjective due to comparisons between “like-sex vs. unlike-sex” twins instead of the more
conventional monozygotic vs. dizygotic twins, as well as small sample sizes and limited data.
These twin studies indicated rates of NTD concordance in all twins that range from 3.7% to 18%
(reviewed in **). Also, some ethnic groups have higher risk than others. NTD phenotypes are
associated with several syndromes, some of which are monogenic and others that involve large
chromosomal abnormalities **. A whole genome linkage study utilizing families with high
incidence of NTDs identified regions on chromosomes 7 and 10 that are associated with the NTD
phenotype, which means that these regions likely contain NTD susceptibility genes *°. Since
1994, more than 130 studies looking for associations between known single nucleotide variants
(SNVs) in specific candidate genes and NTDs were published **. To date, no genome-wide
association studies (GWAS) have been published on human NTD cohorts. Most of the patient
samples utilized for these association studies were obtained from patients diagnosed with spina
bifida. These samples were easier to acquire due to spina bifida being compatible with life,
although some other NTD types were included in some of the studies. These studies were
successful in identifying 31 candidate genes in several biological processes and pathways
associated with human NTDs, including but not limited to the folate metabolism pathway,
glucose metabolism, DNA repair, and apoptosis (Table 1.3.1) *. However, replication studies are
recommended in order to further validate many of these reported associations, as it is possible

that associations may differ between populations or findings may be spurious due to single



studies with small sample sizes. For example, a meta-analysis of 25 studies with conflicting
results regarding the association between the MTHFR C677T polymorphism and NTDs found
that there was indeed an association; however, this association only appears to be in Asian,
Caucasian, and mixed populations but not in African populations *’. It is possible that the
associated SNVs are not directly responsible for the disease, but may be in linkage disequilibrium
with the disease-causing sequence variant, which may or may not be located within the gene of
interest. Functional analyses (detailed in section 1.5) are required to determine if the associated
variants affect protein function, which has been done for one associated SNV in MTHFR. This
MTHFR variant alters an alanine to a valine at position 222 and results in an ~30% reduction in
enzymatic activity **. Published studies have failed to identify associations between NTDs and
SNVs within an additional 89 genes involved in various pathways, including folate metabolism,
methionine cycle, methylation, glucose homeostasis, oxidative stress/apoptosis, retinoid
metabolism, DNA repair, regulation of gene expression, cell recognition/migration, and planar
cell polarity (reviewed in **). These 89 genes were also good candidates based on what was
known about the genetic pathway they functioned in and/or the fact that they were identified as
NTD genes in mouse models. The association studies that did not identify variants within these
89 genes were included in the same or similar studies that identified the associated variants in the
31 genes described above (reviewed in **). This may be due to the fact that the study designs only
looked for associations of certain SNVs, which themselves may be functionally benign and not
linked to the causal mutation. Association study design neglects all other known SNV and fails

to detect novel SNVs or small insertions/deletions.

Table 1.3.1: Genes containing SNVs associated with NTDs in humans (reviewed in *).

Gene name Biological process Reference(s)
SLCI19A41 Folate/vitamin B12 transport De Marco et al. (2003) *
Pei et al. (2009) *°
CUBN Folate/vitamin B12 transport Franke et al. (2009) >'
MTHFR Folate metabolism Shaw et al. (2009) >
Martinez et al. (2009) >
TYMS Folate metabolism Shaw et al. (2009) >
Martinez et al. (2009) >
DHFR Folate metabolism Martinez et al. (2009) >
MTHFDI Folate metabolism Shaw et al. (2009) *
MTHFD? Folate metabolism Shaw et al. (2009) >
MTHFDIL Folate metabolism Parle-McDermott et al. (2009) >*
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Gene name Biological process Reference(s)
MTRR Folate metabolism Shaw et al. (2009) >
CHKA Methylation Enaw et al. (2006) >
NATI Methylation Jensen et al. (2005) *°
ICMT Methylation Franke et al. (2009) >’
PCMTI Methylation Zhu et al. (2006) >’
PRMTI Methylation Franke et al. (2009) >’
SARDH Methylation Franke et al. (2009) °'
TRDMTI Methylation Franke et al. (2009) >’
CBS Transsulfuration Shaw et al. (2009)
Martinez et al. (2009) >
CTH Transsulfuration Franke et al. (2009) >’
GLUTI Glucose transport Davidson et al. (2008) °°
HK] Glucose transport Davidson et al. (2008) *°
LEPR Glucose transport Davidson et al. (2008) *°
UCP2 Energy metabolism (glycolysis) | Davidson et al. (2008) *°
TXN2 Apoptosis/oxidative stress Wen et al. (2009) >’
APEX] * DNA repair Olshan et al. (2005) ©°
XPD DNA repair Olshan et al. (2005) ©°
PAXI Transcription Volcik et al. (2002) '
PAX7 Transcription Volcik et al. (2002) '
PAXS Transcription Volcik et al. (2002) '
PAX3 Transcription Lu et al. (2007)
T. brachyury Transcription Shields et al. (2000)
NCAM1 Cell communication/migration Deak et al. (2005) **

* Associated SNV demonstrated a protective affect for spina bifida.

Hypotheses regarding the frequencies of SNVs contributing to common, multifactorial
diseases are currently in flux. There has been a shift away from the concept that common variants
(allele frequency >1%) are significant contributors to common disease risk and towards rare
variants (allele frequency <1%) with high penetrance as the major culprits for several common
diseases (reviewed in 65). Unlike patients with other common diseases, such as diabetes and heart
disease, patients with NTDs most often do not reproduce, meaning that the genetic components
contributing to NTDs are under a higher selective pressure. This supports the hypothesis that rare
variants with large effect are likely contributing to NTD etiology. Therefore, recent NTD studies
have employed a more unbiased approach by utilizing sequence technologies on candidate genes
or whole exomes. Sequencing studies can be used to confirm associations identified in previous
studies, as well as complement association studies by capturing additional variants, including rare

or novel variants. Sanger sequencing is a well-established methodology that can be employed;
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however, this method can become quite labor intensive and expensive if used to sequence large
or several candidate genes in patient cohorts. High-throughput next generation sequencing (NGS)
technologies are now being utilized to overcome the costs and labor of Sanger sequencing.
Custom NGS technologies can be employed to capture entire coding and known regulatory
regions of a selection of candidate genes, whole exome sequencing (WES) can be performed to
capture all known coding and non-coding exons of the entire exome (all known genes within the
genome), and whole genome sequencing would capture almost the entire genome. Many NTD
studies involving sequencing candidate genes in a patient cohort have been performed since
2007, and have been successful in identifying rare or novel variants (Table 1.3.2). Focus has been
directed towards sequencing planar cell polarity genes, which was successful in identifying rare
variants of interest in CELSRI, FZD6, PRICKLEI, VANGLI, VANGL2, FUZ, SCRIB, DACTI,
DVL2, and LRP6. Recently, whole exome sequencing of affected child and unaffected parent
trios by Lemay et al. (2015) identified de novo (not in either parent of the patient) loss-of-
function mutations in 5 genes, 2 of which are known NTD genes (SHROOM3 and PAX3), as well
as several de novo missense mutations ®. This study underscored the potential role of severe de
novo mutations in NTD etiology as well as demonstrated the utility of sequencing approaches for
unraveling the genetic architecture of NTDs. Unlike in association studies, where SNVs may
simply be linked to the causal mutation, sequencing studies aim to directly identify causal
mutations. Therefore, variants identified in sequencing studies are often followed up with
bioinformatic analyses (in silico predictions of deleteriousness such as SIFT and Polyphen2) and
functional analyses. For example, yeast two-hybrid assays identified impaired protein-protein
interactions due to protein-coding variants in VANGLI " and VANGL2 ®*, cell culture assays
identified cellular mislocalization or functional impairments due to protein-coding variants
identified in CELSRI *, SCRIB **, FUZ ", DACT1 "', and LRP6 **"*, and in vivo zebrafish
assays established that protein-coding variants in PRICKLE] are capable of antagonizing the
wildtype allele of PRICKLEI 7. Interestingly, all of the rare variants identified in the human
NTD cases in these studies were heterozygous, meaning that the effect of these variants would

have had to act in a dominant fashion.
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Table 1.3.2: Genes containing rare, novel, or de novo variants that alter the amino acid sequence

(nonsense, missense, frameshift) identified in human sequencing studies.

Gene name Biological process Reference(s)
CELSRI Planar cell polarity Robinson et al. (2012) *
Allache et al. (2012) ™
FZD6 Planar cell polarity De Marco et al. (2012) "
PRICKLE] Planar cell polarity Besoi et al. (2011) "
VANGLI Planar cell polarity Kibar et al. (2007) ®’
Kibar et al. (2009) ¢
VANGL?2 Planar cell polarity Lei et al. (2010) *®
Kibar et al. (2011) "/
FUZ Planar cell polarity Seo etal. (2011)
SCRIB Planar cell polarity Robinson et al. (2012) ©
DACTI Planar cell polarity Shi et al. (2012) "'
DVL2 Planar cell polarity De Marco et al. (2013)
LRP6 Planar cell polarity Allache et al. (2014)
Lei et al. (2015) ”°
SHROOM3 Cell morphology, cytoskeleton Lemay et al. (2015)
PAX3 Transcription Lemay et al. (2015)
MFAPI Pre-mRNA processing Lemay et al. (2015)
DDX3X RNA helicase Lemay et al. (2015)
WBSCR28 Unknown Lemay et al. (2015)
GRHL3 Transcription Lemay et al. (2015)
LRFNI Unknown Lemay et al. (2015)
TTLLI11 Microtubule dynamics Lemay et al. (2015)
PTPRS Cell signaling Lemay et al. (2015)
HIPIR Endocytosis Lemay et al. (2015)
C170rf80 Unknown Lemay et al. (2015)
HUWE] Ubiquitination/apoptosis Lemay et al. (2015)
INF2 Actin dynamics Lemay et al. (2015)
RPILI Microtubule dynamics Lemay et al. (2015)
SLC244RG Transcription Lemay et al. (2015)
SLC22413 Small molecule transport Lemay et al. (2015)
ITGAX Immunity/complement Lemay et al. (2015)
TRIM10 Unknown Lemay et al. (2015)
STK31 Kinase activity Lemay et al. (2015)
FOXF?2 Transcription Lemay et al. (2015)
ATAD? Chaperone/chromatin remodeling | Lemay et al. (2015)
PTBPI Pre-mRNA processing, RNA Lemay et al. (2015)
metabolism, RNA transport
GIGYFI Unknown Lemay et al. (2015)
IP6K1 Inositol metabolism Lemay et al. (2015) 00
SLAIN2 Microtubule dynamics Lemay et al. (2015) 00
DENNDG6A Endocytosis, cell junctions Lemay et al. (2015)
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Gene name Biological process Reference(s)

FAMI29B Apoptosis Lemay et al. (2015)
HNRNPL Pre-mRNA processing Lemay et al. (2015)
U2SURP Unknown Lemay et al. (2015)
ANKRD32 Unknown Lemay et al. (2015)
PREPL Unknown Lemay et al. (2015)
BAGI Apoptosis Lemay et al. (2015)
LCMT?2 Methyltransferase activity Lemay et al. (2015)
PHF14 Proliferation Lemay et al. (2015)
TLR4 Immunity Lemay et al. (2015) *°

Sequencing technologies are able to capture SNVs as well as small insertions and
deletions. However, due to size limitations of sequence reads, these methodologies are not very
robust at capturing large duplications or deletions, herein referred to as copy number variants
(CNVs), that involve one or more genes. Chen et al. (2013) utilized a different methodology,
comparative genome hybridization, in order to identify novel CNVs greater than 30 kb in size in
NTD patients *. This study identified an enrichment of novel CNVs in cases compared to
controls, with 55 novel CNVs (40 genic CNVs) in cases and 26 novel CNVs (19 genic CNVs) in
controls. The authors also found that cilia genes were particularly affected by novel CNVs in
cases (41 cilia genes) compared to controls (12 cilia genes). This study further demonstrated the
highly complex genetic etiology of NTDs.

Environmental influences also play an important role in the occurrence of NTDs
(reviewed in 15). Reduced maternal intake of folic acid has long been established as an NTD risk
factor *'. Supplementation with 4 mg/day of folic acid has been shown to reduce the frequency
of NTDs by 70% *; however, lower doses of folic acid (0.4 mg/day) only reduce risk by 36% *,
demonstrating that there is a dose-related effect. These findings led to mandatory folic acid
fortification of wheat flour in Canada beginning in 1998 in order to ensure all women of
childbearing age were receiving a minimum of 400 pg/day *. This action led to a 46% decrease
in the occurrence of NTDs *’. Folic acid fortification was also implemented in the United States
in 1998 * resulting in a 20% reduction in NTD occurrence *°. Similar fortification campaigns
have been implemented in over 75 countries, reducing the incidence of NTDs by an estimated 15-
25% worldwide *°. As most fortified foods are wheat products, the differences in percent
reduction of NTDs between countries may be due to cultural differences in diet. For example,

some of the highest rates of NTDs in the United States are amongst Hispanic groups who
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preferentially use corn masa flour in lieu of wheat flour in their diets; therefore, there has been a
recent push to fortify corn masa flour in the United States °'. Other significant environmental risk
factors for human NTDs are maternal diabetes °*, maternal obesity **, and maternal hyperthermia
9495 As only a fraction of pregnancies affected by folate deficiency, diabetes, obesity, and
hyperthermia result in NTDs, it is most likely that these environmental effects do not act alone,
but rather interact with other environmental factors and/or pre-existing genetic variants in the
embryo. Epidemiological studies have shown that folic acid fortification can alleviate the risk of

NTDs in diabetic pregnancies **’

, thereby exemplifying an environment-environment
interaction. Candidate genes involved in biological processes affected by folic acid and diabetes,
such as folate and glucose metabolism, have directed research to look for genetic associations
between these candidate genes and NTDs. Variants within 9 genes involved in folate transport or
metabolism, as well as variants within 4 genes involved in glucose transport and glycolysis, have
been associated with NTDs in humans (Table 1.3.1). A primary example of a gene-environment
interaction is that the risk associated with the folate metabolism gene MTHFR C677T variant has
been shown to be alleviated with folic acid supplementation °®. The authors looked at 98 mothers
that were homozygous for the ‘T’ allele and in which serum folate levels were known, and found
that the risk of anencephaly affected pregnancies reduced by 18% for each 1 ng/ml increment in
serum folate **. Studies in mice have yet to show that folate deficiency is sufficient to cause
NTDs in the absence of a genetic mutation; however, folate deficiency can exacerbate NTD
frequency in some mice already genetically predisposed to NTDs (reviewed in ).
Environmental effects can also act through alterations of the epigenome, which can lead
to global changes in gene expression that can affect neurulation. The epigenome refers to all
modifications to the genome that can be inherited without altering the genetic code. Epigenetic
mechanisms can be grouped into three major types: DNA methylation, histone modification, and
nucleosome positioning. DNA methylation is an epigenetic modification that occurs at CpG
dinucleotides through the action of DNA methyltransferases. Although DNA methylation of the
vast majority of the genome is accomplished and stably maintained before embryonic
implantation, which occurs prior to neurulation, regions enriched in CpG dinucleotides (CpG
islands) remain unmethylated and are the major targets of transcriptional regulation via DNA
methylation *. Folate metabolism is important for the biosynthesis of S-adenosylmethionine

(SAM), the universal methyl donor that is used for DNA and protein methylation '®. As folate
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deficiency has been shown to alter methylation patterns leading to changes in gene expression in
wild-type mice '%', it is suggested that NTD prevention by folic acid fortification may partially
act through preventing erroneous DNA methylation '°. DNA is packaged around nucleosomes,
which are protein complexes consisting of 8 histone proteins (detailed in section 1.6). Histone
modification involves the covalent attachment of various chemical groups, including but not
limited to methyl groups, acetyl groups, and ubiquitin, to histone tails. It is theorized that these
modifications affect nucleosome interactions, which alters DNA packaging and ultimately DNA
accessibility to transcription factors and other DNA/chromatin binding proteins '**. A study in
mice revealed that there are alterations in histone methylation and acetylation in embryonic
neural stem cells isolated from chemically induced diabetic pregnancies '**. Another study
utilizing chemically induced diabetic mouse models demonstrated that gene expression is more

104 These two studies

variable in NTD affected embryos compared to unaffected littermates
provide evidence that environmentally induced alterations in histone modification and/or gene
expression may play a role in NTDs. Nucleosome repositioning is another epigenetic mechanism
that can regulate gene expression. The movement or ejection of nucleosomes is achieved by
ATP-dependent chromatin remodelers (detailed in section 1.6), which recognize histone
modifications as binding sites. Therefore, environmental insults that alter histone modifications
can result in inappropriate nucleosome positioning, and ultimately dysregulated gene expression.
Another type of epigenetic regulation involves microRNAs, which do not encode for proteins but
rather act to regulate the translation of targeted mRNAs into their protein products. Genetic
mutation that alters the expression or binding capabilities of microRNAs to their target mRNAs
could have implications regarding translation of one or more mRNAs derived from NTD genes.
Gu et al. (2012) demonstrated that there is an alteration in microRNA expression profiles
between normal pregnancies and NTD affected pregnancies '>. These findings suggest that
microRNAs are another epigenetic mechanism that plays a role in NTD etiology.

In humans, cranial NTDs are twice as common in females compared to males, and this
phenomenon was also seen in all mouse models of exencephaly where the penetrance of

. .1
exencephaly was analyzed between sexes (reviewed in '*°

). Although it is still unknown what the
underlying cause of this sex difference is, it is unlikely due to differences in gonadal hormones.
Neurulation completes ~1 day before the gonads begin to differentiate and release hormones in

mice and ~16 days before gonadal differentiation in humans '*. Studies in mice have also
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indicated that this sex difference is not due to delayed development of female embryos compared
to males 107, or early male death 28,35,108 Furthermore, studies in mice mutant for the autosomal
gene, Trp3, demonstrated no protective effect conferred by the Y chromosome; however, there
was an association between exencephaly and the presence of two X chromosomes '%. These
findings led Juriloff and Harris (2012) to propose an elegant hypothesis regarding the underlying
mechanism of this sex difference '°. They postulated that the requirement of an entire X
chromosome to be inactivated via epigenetic mechanisms after each cell division could titrate out
important epigenetic factors required for neurulation. Therefore the presence of an X
chromosome requiring inactivation is suggested to be a susceptibility factor that can exacerbate
existing deficiencies in neurulation.

Human primary neurulation is very dynamic and complex, with several processes
involving many molecular pathways and hundreds of genes leading to the development of NTDs
when disrupted. As research progresses, we are learning that NTDs result from an elaborate
interplay of genetic, environmental, and epigenetic insults. This leads to the theory that there are
many underlying causes of NTDs, where the causes of some NTD cases may not share any

similarities with the causes of other cases.

1.4:  Mice as models of neurulation and neural tube defects

Mice are commonly used as genetic models of NTDs, with over 300 NTD mouse models
established to date (http://ntdwiki.wikispaces.com '*). Mice are unique from all other commonly
used NTD genetic models in that embryonic development occurs in utero, and therefore mouse
early development, environment, and maternal contributions are most similar to humans in
comparison to other models. The process of neurulation and the manifestation of NTD
phenotypes are very similar in mice and humans (Figure 1.4.1). Most of the NTD mouse models
contain known gene mutations that confer a significant NTD risk, with over 300 NTD genes
identified in mice. A comprehensive and growing list of these mouse NTD genes, along with
mouse models with inheritable NTDs where the gene has not been identified, is publicly
available in the online repository http:/ntdwiki.wikispaces.com "°. Genes involved in almost
every important cellular function have been implicated in NTDs. Mutations have been identified

in several genes required for cell signaling, such as SHH, BMP, and FGF signaling, which play a
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role in neural plate induction as well as hinge point formation. Many additional NTD genes are
involved in primary cilia formation and/or function, where the primary cilium is essential for
correct SHH signaling and planar cell polarity. NTD causing mutations in several genes within
the PCP pathway, integral to convergent extension, have been identified in mice, as well as a
number of genes important for cell adhesion, which is required for neural fold tip fusion and
neuroepithelial integrity. There are also genetic mutations affecting cell cycle, proliferation,
survival, cellular transport, metabolism, and the cytoskeleton that result in NTDs in mice, as well
as within genes that play more global roles within the cell such as transcription, translation, and
epigenetic regulation. Several mouse models of NTDs demonstrate gene-gene interactions, with
some models requiring more than one mutation in order for NTDs to manifest, and some models
showing changes in penetrance in the presence of genetic modifiers or on various genetic

backgrounds (discussed in detail in Chapter 3).

Figure 1.4.1: Mouse as a genetic
model for neural tube defects. Of
all commonly used models of
neurulation, mouse most closely
resembles human neurulation. The
major difference lies in closure site
2 at the mid brain region, which is

variable in mice and may or may

not be present in humans. Red

asterisks denote closure initiation sites, green asterisks denote neuropores.

NTDs in mice are also susceptible to environmental influences. Studies in several mouse
genetic models of NTDs have shown that folic acid supplementation is capable of reducing risk
for 10 mutant alleles tested, increasing risk for three mutant alleles tested, or having no effect in

11 mutant alleles tested (reviewed in '°), exemplifying gene-environment interactions. It is
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interesting to note that different mutant alleles for the same gene can respond differently to folic
acid supplementation, where mice mutant for the gain-of-function Lrp6Cd allele show lower rates
of NTDs when supplemented with folic acid ''*'"!, whereas folic acid supplementation had a
detrimental effect on mice mutant for the Lrp6 null allele ''2. In another case, mice heterozygous
for the Grhi2™™*" allele had a detrimental response to folic acid supplementation but mice
homozygous for this same allele did not show any response at all ''*. Folic acid supplementation
in diabetic mice reduced the rate of NTDs from 28.4% to 6.0% ''*, demonstrating an
environment-environment interaction and corroborating the human epidemiological studies
mentioned in section 1.3. Too much folic acid was also shown to be detrimental in mouse
diabetic pregnancies, as high doses resulted in premature differentiation of neural progenitors '"°.
Certain mouse NTD models are also affected by other environmental influences including
maternal hyperthermia, inositol, fumonisin, and ethanol (reviewed in '>''°). These findings
support the multifactorial nature of NTDs in mice, which is similar to what is seen in humans,

and also demonstrate the importance of taking environmental influences into consideration when

performing genetic studies in mice.
1.5:  Other models of neurulation and neural tube defects

Although Drosophila melanogaster (fruitflies) are invertebrates, and therefore do not
possess a neural tube, many of the basic molecular pathways important for neurulation were
originally characterized in Drosophila. The Hedgehog (Hh) gene was first identified in
Drosophila by Nusslein-Volhard and Wieschaus (1980) "7, who later went on to win the 1995
Nobel Prize in Physiology or Medicine for their groundbreaking work in the genetics of
Drosophila embryonic development. Since Hh was discovered, the majority of the Hh signaling

%) The genes

pathway members were identified and characterized in Drosophila (reviewed in
and mechanisms involved in the PCP pathway were also discovered and characterized in
Drosophila (reviewed in '"°, detailed in Chapter 4). Although gross morphological processes in
Drosophila are not easily extrapolated to humans, Drosophila has proven to be invaluable for
elucidating the basic molecular function of genes and genetic pathways involved in embryonic

development and important for vertebrate neurulation.
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Neurulation is mechanistically different in non-mammalian vertebrates. In chicken, the
sequence of closure events is different, with the initial contact site occurring at the midbrain

120 This is then

region rather than at the hindbrain-cervical boundary as seen in mice and humans
proceeded by a second closure site characterized by multiple sites of contact between the neural
folds, which occurs at the hindbrain-cervical boundary '*°. The neuropore formed between these
two sites of closure quickly proceeds to zipper-up '?°. The remaining cranial neuropore then
closes in a zipper-like fashion, and finally the caudal neuropore closes by forming a series of
temporary button-like contact points between the apposing neural folds and then closing '*°. In
Xenopus, closure of the neural tube occurs simultaneously along the entire rostral-caudal axis 2.
Zebrafish neurulation is a process that involves the formation of a neural keel that develops into a
solid neural rod, which finally undergoes cavitation '**. This process is not to be confused with
mammalian secondary neurulation as the zebrafish neural keel is derived from a neural plate,
which is more similar to mammalian primary neurulation, and not from mesenchymal tail-bud
cells as is seen in mammalian secondary neurulation. Although less similar to human neurulation,
these models are attractive for studying the dynamics of neurulation as embryonic development
does not occur inside the mother and therefore allows for better visualization and manipulation.
Also, many of the important molecular pathways and processes, such as PCP and convergent
extension, are highly conserved.

As mentioned in section 1.3, many of the genetic variants identified in human NTD cases
require functional studies in order to determine if these mutations affect protein function. Such
studies can be performed in vivo, which is a common methodology performed in zebrafish '>.
Zebrafish in vivo studies usually involve the knockdown of the zebrafish homologue, analysis of
the resulting phenotype, rescue with a wildtype copy of the human homologue, and comparison
to rescue attempts with a human homologue containing the variant of interest. Functional studies
can also be performed in cell culture, which typically involves the transfection of the variant
containing human homologue into cell culture and comparison to cells transfected with the
wildtype human homologue. Cell culture assays are usually designed to specifically suit the gene

being tested, and can include comparing functional outputs such as enzymatic efficiencies,

protein-binding efficiencies, or appropriate cellular localization capabilities.
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1.6:  ATP-dependent chromatin remodeling

The gene Cecr2, which functions in ATP-dependent chromatin remodeling, is central to
this thesis. Therefore, the purpose of this section is to describe ATP-dependent chromatin
remodeling and its importance in the process of neurulation.

DNA, the largest macromolecule in the cell, needs to overcome the major topological
challenge of being packaged into the nucleus of the cell. This is accomplished by the formation of
chromatin, which consists of DNA in complex with nucleosomes, where nucleosomes are protein
complexes consisting of histone proteins or variant histone proteins. Canonical nucleosomes are
octameric protein complexes composed of two copies of each of the H2A, H2B, H3, and H4
histone proteins. The histone octamer wrapped with 147 bp of DNA is referred to as a
nucleosome. When the histone H1 or H5 linker protein is associated with the nucleosome, which
most often occurs within more tightly packaged DNA, this structure is referred to as the

124
chromatosome

. Histone variant proteins can replace the canonical histone proteins within the
octamer resulting in more specialized nucleosomes that can distinguish some parts of the
chromatin from others. For example, transcription start sites are flanked by nucleosomes that
contain the histone variant H2A.Z in lieu of H2A '**. Another example is H2AX, which is
phosphorylated at serine 139 to form YH2AX following DNA damage '*® in order to recruit DNA
repair machinery to the sites of DNA double-strand breaks '*’.

The presence of chromatin can interfere with many processes involved in DNA
metabolism, including DNA replication, transcription, accessibility to DNA binding proteins,
repair, and recombination '*°. To overcome this, protein complexes called ATP-dependent
chromatin remodelers are capable of relaxing DNA wrapped around histones to make the DNA
more accessible, re-positioning of nucleosomes, ejection of nucleosomes, or exchange of histones
within nucleosomes for histone variants '*. The energy required to perform these tasks is
obtained from the hydrolysis of ATP.

There are four families of ATP-dependent chromatin remodelers (reviewed in '>°). All
four families share a common ATPase domain that is comprised of two parts, the Asp-Glu-xx
box helicase (DExx) domain and the helicase superfamily c-terminal (HELICc) domain,

separated by an insertion of a varying number of amino acids. Both of these domains provide the

protein with helicase activity, which is the ability to unwind DNA or RNA. The SWI/SNF
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(switching defective/sucrose non-fermenting) family also possesses a C-terminal helicase-SANT-
associated (HSA) domain and an N-terminal bromodomain. The HSA domain is responsible for

8, and

binding nuclear actin-related proteins to regulate ATP-dependent chromatin remodelers '*
the bromodomain aids in targeting the chromatin remodeling complex to chromatin by
recognizing acetylated lysine residues on histone tails '*. The INO8O (inositol requiring 80)
family is similar to SWI/SNF in that it contains a C-terminal HSA domain, but is unique in that it
lacks a bromodomain and the insertion of amino acids between DExx and HELICc is much larger
than in the other three families. The CHD (chromodomain, helicase, DNA binding) family is
characterized by having a Tandem chromo domain in lieu of a bromodomain, and this is the only
domain other than the ATPase domain. Lastly, the ISWI (imitation switch) family possesses only
a SANT (Swi3, Ada2, N-cor, and TFIIB) domain and a SLIDE (SANT-like ISWI) domain in
addition to the ATPase domain. The SANT domain is implicated in interacting with histones '*°
and the SLIDE domain recognizes and binds to the DNA component of the nucleosome '*'. There
are several chromatin remodeling complexes within each family, and many of these chromatin
remodeling complexes are highly specialized and involved in unique biological processes.
Certain remodeling complexes play an important role in neurulation, demonstrated by the
fact that genetic mutations in various subunits of ATP-dependent chromatin remodeling
complexes have been shown to result in neural tube defects. The BAF complex, a member of the
SWI/SNF family of remodelers, is one such remodeler involved in neurulation. Heterozygous
loss-of-function of the ATPase domain containing subunit, Brgl (Smarca4), predisposes mice to
the development of exencephaly, whereas homozygous mutation in Brg/ results in lethality
around the time of implantation . Also, mice with a heterozygous null mutation affecting the
BAF155 protein, another subunit of the same BAF complex, results in exencephaly with reduced
penetrance . Much like Brgl, a homozygous mutation affecting the BAF155 protein results in

133

early embryonic lethality prior to neurulation ", thereby demonstrating that the BAF complex

plays a critical role in early embryonic development. Currently, there are two hypotheses as to
how impairment in BAF function results in exencephaly. One hypothesis is that the maintenance

and differentiation of neural progenitors are not properly regulated, resulting in decreased

134,135

proliferation and therefore an overall reduction of neural progenitors . The other hypothesis

is based on recent evidence that the BAF complex occupies the promoter of Vangl/l in embryonic
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stem cells ", and therefore may be involved in regulating Vangl! transcription. Vangl! is a PCP
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137-13 9, and has been shown to

gene that has been associated with neural tube defects in humans
result in craniorachischisis in mice that contain a heterozygous mutation in Vangll as well as in
Vangl2 "*°. Both of these hypotheses require further study before conclusions can be made
regarding the mechanism by which mutations affecting the BAF complex result in neural tube
defects.

The gene Cecr2, which is a focus within this thesis, encodes a subunit of the ISWI family
CERF complex '*'. A homozygous mutation in Cecr2 results in exencephaly in a proportion of
mice '*!. Theories regarding the mechanism by which mutations in Cecr2 result in exencephaly
include misregulation of Alx/ and Dix5, genes known to be involved in neurulation '*,

suggestive evidence that Cecr2 may be involved in PCP '*

, and the implication that Cecr2 is
involved in DNA double-strand-break (DSB) repair '**. ATP-dependent chromatin remodelers
function in DNA replication, DNA repair, and gene regulation, all of which have been shown to

be important for the process of neurulation.

1.7: Cecr2

A homozygous loss-of-function mutation in Cecr2 in our mouse model results in the NTD

tal142 13 as well as kidney '* and fertility '*® defects in mice

exencephaly and inner ear defects
that do not develop exencephaly. All Cecr2 mutant mouse experiments described in this thesis
utilized the mutant allele Cecr2°7", with the exception of one experiment involving a more
severe mutant allele, Cecr2™ ™ The Cecr29"" allele contains a genetrap insertion in intron
7, which results in a truncated CECR2 protein fused to B-galactosidase (Figure 1.7.1A-B). The B-
galactosidase moiety allows for expression analyses through the utilization of X-gal staining,
which demonstrated that Cecr? is expressed in the central nervous system, limbs, eyes, and nasal
epithilium in E13.5 embryos '*', as well as the neural epithilium and head mesenchyme at the
time of neurulation and the late embryonic cochlear duct portion of the inner ear (Figure 1.7.1C-
H) '**. There is an ~14-fold reduction of wildtype Cecr2 transcript in homozygous mutant
Cecr2°™¢ 11-14 somite neurulating embryos '*%. The presence of a small amount of full-length
CECR?2 protein in homozygous mutant Cecr2°"*"* mouse has been confirmed by western blot
(Niri, unpublished data). The more severe Cecr2™ " mutant allele contains a deletion of

Cecr2 exon 1 and approximately 1 kb of upstream sequence, resulting in an ~260-fold reduction
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in transcript compared to wildtype levels '*?, with no visible CECR2 protein on western blot
(Niri, unpublished data). The presence of some wildtype mRNA and a lower exencephaly
penetrance in Cecr2°"" homozygous mutant mice compared to Cecr2™" "™ homozygous
mutant mice indicates that the Cecr2°7"* allele is hypomorphic, which is likely due to splicing
around the genetrap cassette.

CECR?2 has been shown to form at least two chromatin remodeling complexes, one of
which was characterized in HEK293 cells and was shown to contain the catalytic ISWI protein,
SNF2L '*!. The other CECR2 complex was characterized in testis and embryonic stem cells and

was shown to include the catalytic ISWI protein, SNF2H '

, as well as probably SNF2L. It is not
clear whether SNF2H and SNF2L are in two separate CECR2 complexes or the same complex.
Snf2l and Snf2h are the only two mammalian members of the ISWI family of chromatin
remodelers, both of which are expressed in the mouse embryo throughout development (80%
identical at the nucleotide level in humans). However, Snf2/ and Snf2h display differential
expression patterns indicative of non-redundant roles in development '*’. Specifically, studies
have indicated that SNF2H is predominantly expressed in undifferentiated progenitor cells,
whereas SNF2L is expressed in differentiated cells '*"'**. Based on these findings and additional
studies, Pépin et al. (2007) proposed that complexes containing SNF2H are likely responsible for
assembling and spacing nucleosomes during replication in proliferating undifferentiated cells,
and complexes containing SNF2L are likely involved in regulating gene transcription during

. . .. . . 14
terminal differentiation (reviewed in '*’

). Since ISWI proteins lack a bromodomain, which
recognizes and binds to chromatin, SNF2L and SNF2H form complexes that contain at least one
member of the bromodomain adjacent to zinc finger (BAZ) family of proteins °°"**. Along with
targeting the ISWI complex to chromatin, BAZ proteins have also been shown to augment ISWI
catalytic activity and enable chromatin assembly 153155 'CECR2, along with RSF-1, BPTF, TIPS,
ACF1, and WSTF, are the six members of the BAZ protein family in mammals. Members of the
BAZ protein family share certain functional domains, which includes a DDT domain, at least one
AT-hook, and a bromodomain and/or PHD type zinc finger domain. The DDT domain is a key
motif in the BAZ family as it functions to bind to the catalytic ISWI component of the complex
136157 The AT-hook helps to stabilize the interaction between the ISWI complex and chromatin
by binding to the minor groove of AT-rich DNA "**. Bromodomains recognize and bind to

159-161
4

acetylated lysines on histone tails of histones H3 and H , whereas PHD finger domains
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recognize and bind to methylated histone tails '**'®>. CECR2 contains the characteristic DDT
domain, a single AT-hook, and a bromodomain (Figure 1.7.1A).

The NTD phenotype in Cecr2 mutant mice demonstrates a reduced penetrance in the
FVB/N mouse strain compared to the BALB/cCrl mouse strain. This difference between strains
suggests there are genetic modifiers, where one or more genetic variants that differ between these
two strains renders BALB/cCrl susceptible and/or FVB/N resistant to the development of Cecr2-
associated exencephaly. Previous work in the McDermid lab identified a region on chromosome
19 that contains at least two modifier genes '°*'®°. Initial gene expression analyses between
strains identified Arhgapl9 as a strong candidate modifier gene located within the chromosome
19 region '%°
A CECR2 Wildtype

D N | Figure 1.7.1: CECR?2 and the
PPT ook Bromodeman CECR26™"* protein. The CECR2

B CECR 2GT45biE

poT AT-hook  B-galactosidase

protein contains a DDT domain, an
AT-hook, and a bromodomain (A).
The Cecr2°™ allele produces a

truncated CECR2 protein lacking the

bromodomain and fused to f3-
galactosidase (B). X-gal staining
reveals Cecr2 expression in the
central nervous system, eye, limb-
buds, and nasal epithelium in an

E13.5 homozygous mutant embryo

displaying exencephaly (C) and a
phenotypically normal heterozygote (D). X-gal staining reveals Cecr2 expression in the neural
epithelium at the time of neurulation in a mutant embryo (E), with no staining observed in a
wildtype age-matched control (F). Cecr?2 is also expressed in the late embryonic cochlear duct
(G,H). GT represents the Cecr2°™ bic allele, + represents the wildtype allele. Arrowheads point at
the neural epithelium. C,D modified from Banting et al. (2005) ! E-H modified from Dawe et
al. (2011) .
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Although a homozygous mutation in the gene Cecr2 results in exencephaly in our mouse
model for NTDs, a loss-of-function mutation in human CECR?2 has not yet been associated with a
disease phenotype in humans. In humans, CECR? is one of the 14 genes found to be within the

1 ..
66, a condition

chromosome 22q11 region that is triplicated in cat eye syndrome (CES)
characterized by defects in the eyes, ear auricles, heart, skeleton, kidneys, anus, and mental
development. The CES phenotype is highly variable, but anencephaly or other NTDs have never
been reported in patients with CES. This could indicate that overexpression of CECR2 does not
adversely affect neurulation on its own, or that CES has not yet been observed in any aborted or
perinatal lethal cases of anencephaly. The specific effects of CECR2 overexpression in cat eye
syndrome are currently unknown, although a three-generation family with a triplicated region of
only the 3 genes CECR2, SLC25418, and ATP6VIEI show a subset of cat eye syndrome

. . . . 1 I. IH "
phenotypes, including renal, anorectal, and auricular malformations '®’. As the Cecr2™- /"

mutant allele results in renal abnormalities in FVB/N mice '+

, it is possible that the triplication of
CECR? contributed to the renal phenotype in this family. No mouse duplication or triplication

including CECR?2 has been produced.

1.8:  Hypothesis

The overarching hypothesis of this thesis is that there are identifiable genetic modifiers
present within the mouse chromosome 19 modifier region that renders one mouse strain
(BALB/cCrl) susceptible and another mouse strain (FVB/N) resistant to the development of
Cecr2-associated exencephaly. The following objectives were employed in order to test this

hypothesis:

e To further our understanding of how genetic modifiers affect exencephaly and small inner
ear penetrance in Cecr2 mutant mice, I characterized the penetrance of exencephaly and
small inner ears in congenic BALB/cCrl (susceptible to exencephaly) and FVB/N
(resistant to exencephaly) Cecr2 mutant mouse strains, as well as sub-interval congenic
Cecr2 mutant mouse lines containing genomic modifier regions derived from FVB/N on

an otherwise BALB/cCrl genetic background (Chapter 3).
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As a mutation in Cecr2 is known to result in exencephaly in mice, we predict that variants
within human CECR2 may contribute to human NTD etiology. To test this, I identified
and characterized mutations in human CECR?2 in a human cohort consisting of 156

probands (Chapter 3).

Arghap19, which was the top candidate modifier gene, was tested as a modifier gene by

performing genetic analyses in mouse (Chapter 3).

Although Arhgap19 was the top candidate modifier, more than one modifier gene is
known to exist within the chomosome 19 modifier region. Therefore, I identified
additional candidate modifier genes of Cecr2-associated exencephaly containing protein-
coding mutations that differ between BALB/cCrl and FVB/N mouse strains, which will
be added to the list of candidate modifier genes that are differentially expressed between

BALB/cCrl and FVB/N (Chapter 3).

The presence of DNA variants that alter protein function in human homologues of
candidate modifier genes provide further support that these genes are involved in
neurulation. Therefore, I identified and sought to determine if mutations in the human
homologues of candidate modifier genes of Cecr2 contribute to cranial NTD etiology in a

human cohort consisting of 156 probands (Chapter 3).

Understanding the basic molecular function of Cecr2 would provide insight into how
mutation in Cecr2 disrupts neurulation. I performed phenotypic analyses of the
Drosophila melanogaster Cecr2 homologue, dikar, to determine if Cecr? is involved in

planar cell polarity or DNA double-strand break repair (Chapter 4).

A specific cohort of male mice containing homozygous mutation in Arhgap!9 developed
abnormal circling behavior. Although this was not related to Cecr2-associated
exencephaly, I explored the genetic and environmental contributions to this circling
phenotype and uncovered a unique gene-environment interaction that required the

presence of a running-wheel for the circling behavior to manifest (Chapter 5).
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Chapter 2

Materials and methods
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2.1:  Mouse husbandry

Approval from the Animal Care and Use Committee of the University of Alberta was
obtained for all experiments involving mice (University of Alberta AUP 00000094). Our mouse
colony is maintained under the technical supervision provided by Sciences Animal Support
Services (SASS). All mice were subjected to a 14 hour light/10 hour dark cycle and an ambient
temperature of 22 + 2 °C. Mice were housed in ventilated cages (cage dimensions 31.8 cm x 16.5
cm x 12.7 cm), with a maximum of 5 adult mice housed together in a single cage. Non-breeding
mice were fed LabDiet Laboratory Rodent Diet 5001 and breeding mice were fed LabDiet Mouse
Diet 9F 5020. For environmental enrichment, all mice were provided with cotton nestlet material,
wood shavings and either a cardboard house (standard housing), or with a running-wheel attached
to a dome for housing. Breeding mice were never housed with running-wheel domes. Individual
mice were identifiable by ear notching, which was performed at 2 weeks of age. The ear-skin was
clipped in a pattern that represented a particular number. Ear-skin biopsies were collected for
genomic DNA extraction and genotyping.

Two mouse strains were used for this research. BALB/cCrl, a sub-strain of BALB/c,
originated from Charles River Laboratories. A BALB/cCrl breeding colony has been maintained
at the University of Alberta initially at the Health Sciences Laboratory Animal Services (HSLAS)
unit for approximately 40 years and then at SASS from 2008 to present. BALB/cJ, another sub-
strain of BALB/c, was purchased from Jackson Laboratories and bred within our colony. The
second strain, FVB/N, was originally purchased from Jackson Laboratories and bred within our
colony. The FVB/N strain used to generate the FVB/129P2 line discussed in Chapter 5 was

purchased from Charles River Laboratories.

2.2:  Embryo collection and exencephaly penetrance analysis

Pregnant mouse dams were euthanized by either CO, asphyxiation or cervical dislocation
as per standard operating procedures, and embryos of various stages of development were
dissected in 1X PBS or DEPC treated 1X PBS. Embryos of a desired developmental stage were
obtained by setting up timed matings, which involved looking for the presence of a seminal plug

to verify mating occurred. Tail biopsies or extra-embryonic membranes were taken for DNA
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extraction. The presence of exencephaly was observed and recorded for embryos 10.5 days post-
fertilization (E10.5) and older. Statistical analyses comparing the penetrance of exencephaly
between two groups of mice were performed using the y* test-of-independence. Some embryos
were either stored at -80 °C for future RNA extraction or were prepped for histological

examination.
2.3:  Small inner ear penetrance analysis

Timed matings were set up to obtain E17.5 embryos. Pregnant mouse dams were then
euthanized, and E17.5 embryos were dissected in 1X PBS or DEPC treated 1X PBS. Tail
biopsies were taken for DNA extraction and genotyping. The presence of exencephaly was
observed and recorded. Inner ears were removed from the embryo, fixed in 0.5 mL of 4%
paraformaldehyde in 1X PBS and horizontally rotated on a Lab-Line Orbital Shaker rotator for
1.5 hours on ice. Inner ears then went through 3 washes in 1X PBS, 1 wash in 25% ethanol, 1
wash in 50% ethanol, 1 wash in 70% ethanol, and 2 washes in 100% ethanol. Each wash utilized
1 mL of solution and was 5 minutes long. Inner ears were stored in 100% ethanol at -20 °C until
imaged. Imaging of inner ears was done on an Olympus SZ61 dissecting microscope with a
Microscope Digital Camera MDC 320 and ScopePhoto software. Inner ears were measured from
images using ImageJ software. Statistical analyses comparing the penetrance of small inner ears

between groups of mice were performed using one-way ANOVA followed by Tukey’s post-hoc.
2.4:  DNA extraction

Genomic DNA was acquired from ear-skin biopsies (juvenile/adult mice), tail-skin
biopsies (E10.5 to E18.5 mouse embryos), extra-embryonic membranes (E8.5 to E9.5 mouse
embryos), or single adult Drosophila. Tissue was incubated overnight in a 0.5% SDS, 0.1 M
NaCl, 50 mM Tris-Cl pH 8, 0.5 uM EDTA, and 0.0375% proteinase K lysis solution in a 60 °C
water bath, precipitated with 8 M potassium acetate, chloroform extracted, precipitated with
100% ethanol, cleaned with 70% ethanol, and resuspended in TE buffer pH 8. Extracted genomic

DNA was stored at -20 °C when not in use.
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2.5: Cecr2°™%¢ genotyping

Generation of the Cecr2°™" mutant mouse line was originally detailed in Banting et al.
(2005) '*!. In short, a B-geo genetrap vector was introduced into Cecr2 intron 7, resulting in a
truncated CECR2 protein lacking exons 8 to 19 but encoding for a protein consisting of the first 7
CECR?2 exons fused to -galactosidase. A multiplex PCR reaction was performed on extracted
genomic DNA samples in order to simultaneously amplify the Cecr2 wildtype allele (376 bp
amplicon), the Cecr2™"
sexing (266 bp amplicon). The 20 ul PCR reaction contained 1X PCR buffer (25 mM Tris pH 9,
50 mM KCI, 1.5 mM MgCl,, and 0.02 mg/mL bovine serum albumin (BSA) in milliQ water),
0.25 mM dNTPs, 1 uM of each primer (Cecr2 Intron7 F4, Cecr2 Intron7 R4, pGT1R4, SRY
FOR, and SRY REV), 1 U of Taq polymerase (generated in house at MBSU by Dr. Michael

Pickard), and ~75 ng of template DNA. Integrated DNA Technologies was the supplier for the

mutant allele (573 bp amplicon), and the male specific Sry gene for

primers (see Appendix A for primer sequences). PCR reactions were run on a Peltier
Thermocycler-200 (MJ Research) with the following cycling conditions: (1) 94.0 °C for 1 minute
and 30 seconds, (2) 94.0 °C for 15 seconds, (3) 60.0 °C for 20 seconds, (4) 68.0 °C for 40
seconds, (5) repeat steps 2-4 36 times, (6) 68.0 °C for 5 minutes, (7) 4.0 °C hold. Orange G
loading buffer was added (1X final concentration) to the PCR products, which were then loaded
onto a 2.0% agarose gel and underwent gel electrophoresis at 130 V for 1 hour. All genotyping

PCR reactions were run alongside a no-template control PCR reaction.
2.6:  Cecr2™ M genotyping

Generation of the FVB/N Cecr2™"'"™ mutant mouse line was originally described in
Fairbridge et al. (2010) 142 Briefly, a germline deletion of exon 1 and 1 kb of upstream sequence
was mediated by LoxP-Cre by crossing Chimeric mice heterozygous for a floxed Cecr2 exon 1 to
BALB/c-Tg(CMV-cre)1Cgn/J mice from Jackson laboratories. For genotyping, a multiplex PCR
reaction was performed on extracted genomic DNA samples in order to simultaneously amplify
the Cecr2 wildtype allele (~200 bp amplicon) and the Cecr2™ "™ mutant allele (~450 bp
amplicon). The 20 ul PCR reaction contained 1X PCR buffer (25 mM Tris pH 9, 50 mM KCl, 1.5
mM MgCl,, and 0.02 mg/mL bovine serum albumin (BSA) in milliQ water), 0.25 mM dNTPs, 1
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uM of each primer (Ingenious SDL2, LoxCECR2 DEL3R, and IngeniousLox 1), 1 U of Taq
polymerase (generated in house at MBSU by Dr. Michael Pickard), and ~225 ng of template
DNA. Integrated DNA Technologies was the supplier of the primers (see Appendix A for primer
sequences). PCR reactions were run on a Peltier Thermocycler-200 (MJ Research) with the
following cycling conditions: (1) 94.0 °C for 3 minutes, (2) 94.0 °C for 30 seconds, (3) 60.0 °C
for 30 seconds, (4) 72.0 °C for 1 minute and 20 seconds, (5) repeat steps 2-4 35 times, (6) 72.0
°C for 7 minutes, (7) 4.0 °C hold. Orange G loading buffer was added (1X final concentration) to
the PCR products, which were then loaded onto a 2.0% agarose gel and underwent gel
electrophoresis at 130V for 1 hour. All genotyping PCR reactions were run alongside a no-

template control PCR reaction.

2.7:  Sanger sequencing

Unless otherwise noted, all Sanger sequencing reactions were performed as described
here. A portion of the PCR products to be sequenced were first run on a 2.0% agarose gel to
estimate DNA concentration by comparing to a sample of known concentration. PCR clean-up to
remove leftover primers and dNTPs prior to the sequencing PCR was achieved by combining 5 pl
of PCR product with ExoSAP mixture (10 U of Exonuclease I (Exo) and 5 U of Shrimp Alkaline
Phosphatase (SAP) diluted in milliQ water to a final volume of 2 pl per reaction), and incubated
at 37 °C for 30 minutes immediately followed by an 80 °C incubation for 15 minutes to
deactivate the Exonuclease I and SAP enzymes. These incubations were performed on a Peltier
Thermocycler-200 (MJ Research). Samples were then kept at 4 °C until further use. Based on the
previous estimation of DNA concentration, ~150 ng of DNA template was used in the Sanger
sequencing PCR reaction. The 10 pl PCR reaction also included 2 pl BigDye sequencing premix
(version 1.1 for amplicons < 200 bp, version 3.1 for all other amplicons), 3 ul of BigDye buffer,
and 0.1 uM of the appropriate primer (either the forward or the reverse primer used in the initial
PCR or a primer nested within the target sequence). The PCR reaction was run on a Peltier
Thermocycler-200 (MJ Research) for 25 cycles of 95 °C for 30 seconds, 50 °C for 15 seconds, 60
°C for 1 minute and 30 seconds, and held at 4 °C. PCR product was transferred to a 1.5 mL
centrifuge tube and DNA was precipitated by addition of 2 pl of NaOAc (3 M)/EDTA (125 mM)
pH 8 and 80 pl of ice-cold 95% ethanol, and then incubated at -20 °C for 15 minutes. Samples
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were then centrifuged at 14000 rpm for 15 minutes, supernatant was discarded, and pellets were
washed with 500 pl of 70% ethanol. Samples were vortexed and centrifuged at 14000 rpm for 15
minutes, supernatant was discarded, and pellets were air-dried for 30 minutes. Samples were then
delivered to the Molecular Biology Services Unit (MBSU) for resuspension in 10 pl of milliQ
water, addition of 4 ul of resuspended template to 10 pl of highly deionized formamide, loading
and running on an ABI 3730 automated sequencer (Applied Biosystems).

In the event that >48 samples underwent Sanger sequencing, initial PCR products were
transferred to a 96 well plate, rather than a 1.5 mL centrifuge tube, and the rest of the procedure
was performed with the following changes at the MBSU. The BigDye sequencing PCR was run
on an eppendorf Mastercycler thermocycler under the same cycling conditions as described
above. The samples were precipitated in a 96 well plate by the addition of 2 ul of NaOAc (3
M)/EDTA (125 mM), 50 pl of 95% ethanol, and incubation at room temperature rather than -20
°C. DNA was then spun down in a Sorvall® Legend RT centrifuge at 2500 X g for 30 minutes at
4 °C, and supernatant was removed by inverting the plate into a container lined with kimwipes
and pulse-spun for 10-20 seconds at 185 X g. DNA pellets were washed with 70 ul of 70%
ethanol and centrifuged at 1650 X g for 15 minutes at 4 °C. Supernatant was removed the same
way as was done for the previous spin, and the pellets were dried in a Speedvac®Plus SC110A
attached to a UVS400 Universal Vacuum System (Savant) for 5-10 minutes. Samples were then
prepared and loaded on the ABI 3730 sequencer as described above.

Plasmid DNA underwent a simplified procedure, as the Economy Sequencing Service
offered by the MBSU was utilized for these samples. Samples for sequencing were prepped by
mixing 575 ng of plasmid (final concentration 57.5 ng/ul), 2.5 pmoles of sequencing primer (final
concentration 0.25 uM), and nuclease free water (Integrated DNA Technologies) up to a total
volume of 10 pl in a 1.5 mL centrifuge tube. Prepped samples were then delivered to MBSU for

the Sanger sequencing service.

2.8:  Whole exome sequencing of BALB/cCrl and FVB/N

Whole genomic DNA samples were obtained from a single adult female BALB/cCrl and
a single adult female FVB/N mouse from our colony following the protocol given in section 2.4.

These samples were then sent to Duke University where Deidre Krupp, a graduate student of Dr.
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Allison Ashley-Koch and Dr. Simon Gregory, performed whole exome sequencing. Deidre
utilized the Agilent SureSelect XT Mouse All Exon kit, which was based on the mm9 mouse
genome assembly and was designed to capture 49.6 Mb of coding sequence that covers 221,784
exons within 24,306 genes, which is the complete mouse exome according to the UCSC mm9
genome build. The mouse genomic DNA was fragmented to ~250 bp, ligated with barcoded
library prep adapters, then hybridized to biotinylated exon probes followed by streptavidin
enrichment, and then sequenced on an Illumina HiSeq 2000 next generation sequencing platform.
100 bp paired end sequence reads were generated from the captured mouse DNA template and
aligned to the mm9 (2007) mouse genome assembly using the alignment tool program Burrows-
Wheeler Aligner (BWA) 1% The alignment program produced SAM files, which were converted
to BAM files using SAMtools '®. The initial PCR step to amplify target DNA can introduce
duplicate reads, which then can artificially inflate coverage at a site resulting in false positive
variant sequence calls. These duplicate reads were removed from the alignments using the
program, Picard (http://picard.sourceforge.net/). Multiple quality metrics were assessed, which
included the fraction of reads that were mapped to the reference sequence, fraction of correctly
paired reads, fraction of duplicate reads, percentage of usable bases on target (whole exome
target = 200 bp), depth of coverage metrics, mean base quality by cycle, insert size distribution,
where the insert refers to the genomic DNA between the two adapters, and GC bias, using the
programs BamValidator (http://genome.sph.umich.edu/wiki/BamUtil: validate), Picard, and the
Genome Analysis Toolkit (GATK) '"°. BAM files were then uploaded into GATK for further
processing and variant calling following GATK’s recommendations for “best practice variant
detection”, which involved local realignment around indels, as erroneous variant calls can result
from misalignment around indels, base quality score recalibration, as recalibrated scores have
been shown to be more informative and accurate compared to quality scores directly given by the
sequencing machine, and variant calling by GATK’s “Unified genotyper” within the targeted
exome intervals (= 200 bp). Integrative Genomics Viewer (IGV) was then used to further
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evaluate the sequence alignment and variant calls *'. Deidre then provided me with a summary

of all SNV and indel calls, a summary of the quality metrics (Table 2.8.1), and BAM files.
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Table 2.8.1: Summary of whole exome sequencing quality metrics.

Exome % Mapped % Duplicates Coverage
BALB/cCrl 98.8 5.5 76.9x
FVB/N 98.7 6.0 72.1x

I then proceeded to select the best candidate variants and conduct further analyses, which
was restricted to the chromosome 19 modifier region. Analyses were also restricted to protein
coding DNA sequence, thereby complementing our existing microarray data, which already
identified genes differentially expressed between the two mouse strains '®°. Analyses consisted of
in silico predictions of deleteriousness by the web-based programs Sorting Tolerant from
Intolerant (SIFT) '”?, which uses evolutionary conservation to predict if an amino acid change is

deleterious, Polyphen2 '

, which uses a combination of evolutionary conservation and
biochemistry information to predict if an amino acid change is deleterious, and Genomic
Evolutionary Rate Profiling (GERP) '”*, which uses evolutionary conservation to predict if a
nucleotide change is deleterious. The web-based software for SIFT can be found at
http://sift.jcvi.org/. The web-based software for Polyphen2 can be found at
http://genetics.bwh.harvard.edu/pph2/. GERP scores were assigned to variants by Deidre Krupp
(Duke University), where she utilized the ANNOVAR 173 program, which can be downloaded

from http://annovar.openbioinformatics.org/en/latest/.

2.9:  Exonic sequencing of 25 candidate NTD genes in 156 human anencephaly samples

Next generation sequencing of the coding exons of the genes CECR2, FOXD4, KANK],
GLIS3, TJP2, CSTF2T, RNLS, LIPJ, FAS, BTAFI, CPEB3, TCTN3, EXOSC1, MMS19, DNMBP,
SCD, HIFIAN, HPS6, TMEM180, SFXN2, FAM160B1, TRUBI, PNLIPRP2, NANOSI, and
FAM45A4 was performed on 156 human cranial NTD probands in collaboration with Drs. Allison
Ashley-Koch, Nicholas Katsanis, Simon Gregory, and Erica Davis at Duke University. Ethics
approval was obtained from the University of Alberta Research Ethics Board, project name
“Sequencing genes in a cohort of humans with a neural tube defect” (MS3 Pro00042452) in
conjunction with Duke University Health System Institutional Review Board for Clinical
Investigations, project name “Hereditary Basis of Neural Tube Defects” (CR5_ Pro00016517).

DNA samples from cranial NTD probands were acquired over a long period of time at the Center
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for Human Genetics, Duke University. Specific cranial NTD phenotypes for all probands are
provided in Appendix B. Proband genomic DNA samples were extracted from various fetal
tissues from terminated pregnancies or from cord blood at the time of delivery, resuspended in
nuclease free water, and allocated by the Duke DNA Bank as per their standard operating
procedures. I assayed DNA concentration using Quant-iT PicoGreen dsDNA Assay Kit
(Invitrogen) and transferred 200 ng of DNA for each sample into individual wells of new plates.
Research analyst Karen Soldano (Duke University) dried the DNA samples by speed vac and
resuspended in 40 pl of nuclease free water to obtain a final concentration of 10 ng/ul for all
samples. These samples were then supplied to Dr. Nicholas Katsanis’ lab (Duke University),
where research technician Natalie Mola performed the library preparation and sequencing.
Primers to amplify coding exons were designed using QTAGEN® GeneRead DNAseq Custom
Builder online tool. Coding sequence not captured in the primer design are displayed in Table
2.9.1. The online tool is programmed to design primers that are highly specific to the target
region, meaning the exclusion of some coding regions was likely due to poor primer specificity to
target sequence in these regions. Natalie Mola constructed the library by following the protocol
NEBNext Fast DNA Library Prep Set for Ion Torrent (GeneRead DNAseq Gene Panel Handbook
11/2012). Natalie Mola also performed next generation sequencing using the Ion Torrent
platform, aligned sequence data to UCSC hgl19 (GRCh37), performed variant call analysis using
both QTAGEN® GeneRead and Ion Torrent Suite, and shared these data with myself via
DNAnexus (https://www.dnanexus.com/). I then downloaded and used the software ANNOVAR
'3 to annotate the variant call files with RefSeq '’® gene names, dbSNP137 IDs '’ esp6500
European-American ' * minor allele frequencies (MAF), Genomic Evolutionary Rate Profiling
(GERP) scores '™, Sorting Intolerant From Tolerant (SIFT) scores ' ', and PolyPhen2 scores ' .
In order to include as many low frequency/rare coding variants as possible while keeping the
number of variants manageable for analyses, a MAF cutoff of 0.03 was chosen for variants of
interest. Although a MAF of 0.01 has arbitrarily been defined as “rare” in the literature, all
variants contained herein with a MAF < 0.03 are defined as “rare” for simplicity sake. I validated
all variants with a MAF < (.03 or variants that occurred in the same proband as a variant with a
MAF < 0.03 by Sanger sequencing (one direction) in the proband and in available parental DNA
samples. Primers for Sanger sequencing were designed using Primer-BLAST

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to maximize primer specificity followed by

36



SNPCheck v3 (https://secure.ngrl.org.uk/SNPCheck/snpcheck.htm) to minimize the potential of
known DNA sequence variants interfering with primer binding. I performed all PCR reactions for
Sanger sequencing at Duke University using QIAGEN® HotStarTaq Plus Polymerase (2.5 U per
reaction) and accompanying 10X PCR buffer (1X final concentration). Q-solution supplied along
with the HotStarTaq Plus Polymerase was added to some PCR reactions (1 in 5 dilution) that
performed better when Q-solution was present (see Appendix A master primer list for which PCR
reactions included Q-solution). Primers (0.5 uM final concentration) were supplied by Integrated
DNA Technologies and are listed in Appendix A. dNTP mix (200 uM final concentration) and
template DNA (10-20 ng/ul final concentration) was also added. PCR reactions were run on a
Mastercycler Pro 384 (Eppendorf) with the following touchdown cycling conditions: (1) 95.0 °C
for 5 minutes, (2) 94.0 °C for 30 seconds, (3) 66.0 °C for 30 seconds, (4) 72.0 °C for 1 minute
and 45 seconds, (5) repeat steps 2-4 13 times with -1.0 °C for step 3 each cycle, (6) 94.0 °C for
10 seconds, (7) 52.0 °C for 45 seconds, (8) 72.0 °C for 1 minute and 45 seconds, (9) repeat steps
6-8 25 times, (10) 72.0 °C for 8 minutes, (11) 4.0 °C hold. PCR product along with an aliquot of
5 uM primer in dH20 was then supplied to GENEWIZ, Inc, who then performed PCR clean-up

and Sanger sequencing.

Table 2.9.1: Coding sequence that was not covered by QIAGEN® GeneRead DNAseq

custom primers.

Gene Chromosome Genomic position (hgl9) Genomic size (bp)
FOXD4 9 117456-117469 14
KANK1 9 504751-504754 4
GLIS3 9 3824589-3824603 15
GLIS3 9 4118062-4118074 13
GLIS3 9 4299847-4300035 189
1JP2 9 71789140-71789193 54
7JP2 9 71836081-71836085 5
CSTF2T 10 53456951-53456964 14
CSTF2T 10 53457093-53457104 12
RNLS 10 90033663-90033676 14
RNLS 10 90044716-90044803 88
RNLS 10 90044925-90045101 177
RNLS 10 90341431-90341466 36
LIPJ 10 90353703-90353714 12
LIPJ 10 90356037-90356163 127
LIPJ 10 90356654-90356654 1
LIPJ 10 90362333-90362341 9
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Gene Chromosome Genomic position (hgl9) Genomic size (bp)
FAS 10 90770341-90770357 17
FAS 10 90773100-90773109 10
FAS 10 90775264-90775542 279
BTAFI 10 93716982-93716998 17
BTAF1 10 93719542-93719556 15
BTAF1 10 93726394-93726412 19
BTAF1 10 93741400-93741402 3
BTAFI 10 93742344-93742352 9
BTAF1 10 93744139-93744161 23
BTAF1 10 93753451-93753457 7
BTAF1 10 93776206-93776213 8
BTAF1 10 93778677-93778692 16
BTAF1 10 93789112-93789215 104
BTAF1 10 93789341-93789358 18
CPEB3 10 93808501-93808701 201
CPEB3 10 93808818-93808834 17
CPEB3 10 93809179-93809250 72
CPEB3 10 93809523-93809571 49
CPEB3 10 93809674-93809782 109
CPEB3 10 93809882-93809905 24
CPEB3 10 93809990-93810076 87
CPEB3 10 93940720-93940758 39
CPEB3 10 93999495-93999632 138
EXOSCI 10 99198427-99198453 27
DNMBP 10 101769595-101769603 9
SCD 10 102124536-102124587 52
HIFIAN 10 102308777-102308881 105
TMEMI180 10 104221170-104221186 17
TMEM180 10 104235960-104235971 12
TMEMI180 10 104236058-104236268 211
SFXN2 10 104498007-104498320 314
FAM160B1 10 116581503-116581564 62
FAM160B1 10 116581875-116581882 8
FAM160B1 10 116595883-116595905 23
FAM160B1 10 116595962-116595966 5
FAM160B1 10 116602692-116602714 23
FAM160B1 10 116602978-116602985 8
FAMI160B1 10 116606930-116606992 63
FAM160B1 10 116621674-116621682 9
FAMI160B1 10 116621798-116621864 67
FAM160B1 10 116623026-116623043 18
FAMI160B1 10 116623143-116623152 10
FAM160B1 10 116623339-116623344 6
FAMI160B1 10 116659568-116659574 7
TRUBI 10 116735421-116735434 14
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Gene Chromosome Genomic position (hgl9) Genomic size (bp)
TRUBI 10 116736581-116736600 20
TRUBI 10 116736924-116736951 28
TRUBI 10 116737020-116737439 420
NANOS1 10 120789228-120789324 97
NANOSI 10 120789553-120789945 393
NANOS1 10 120792424-120792699 276
NANOS1 10 120792872-120792883 12
FAM454 10 120863611-120863681 71
FAM454 10 120897096-120897099 4
FAM454 10 120897189-120897197 9
CECR2 22 18033625-18033633 9
CECR2 22 18033737-18033741 5

2.10: X-gal staining

X-gal staining was performed on whole mount embryos or on embryonic brains to
analyze the temporal and spatial expression of Arigap9 in mice carrying the
Arhgap19°"P2V8¢ g]lele. T harvested embryos/embryonic brains as described in section 2.2,
and fixed these samples in 4% paraformaldehyde in 1X PBS for 1.5-3 hours. Embryo or brain
samples were then washed 3 times (10 minutes each wash) in LacZ wash solution (2 mM MgCl,,
0.01% deoxycholic acid, and 0.02% IGEPAL diluted in 1X PBS). Samples were then transferred
to X-gal stain (5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, and 5 mg/mL X-gal
diluted in LacZ wash solution) and incubated at 37 °C for 1-2 days. Samples were washed 3 x 10
minutes in 1X PBS, transferred to 100% methanol by performing a series of 10 minute washes
where each wash was incrementally increased by 25% of methanol diluted in 1X PBS, and were
stored at -20 °C until imaging or paraffin embedding. Imaging of whole mount embryos and
brains was performed at the Advanced Microscopy Facility (University of Alberta) using an
Olympus SZ61 dissecting microscope with a Microscope Digital Camera MDC 320 and

ScopePhoto software.

2.11: Paraffin embedding and histology of tissue samples

Fixed tissue samples were transferred from 1X PBS to either 70% ethanol or 100%

methanol by performing a series of washes where each wash was incrementally increased by 25%
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of ethanol/methanol diluted in 1X PBS. Washes were for 5 minutes for small samples, such as
E8.5-E11.5 embryos, or 15 minutes for larger samples, such as E12.5-E16.5 embryos and brains.
Samples were stored in 70% ethanol or 100% methanol at -20 °C. Originally, methanol was used
only for X-gal stained samples (ethanol for all other samples) as it was believed that ethanol
would wash out the X-gal stain. However, I compared X-gal stained samples stored in ethanol
versus methanol and noted no obvious differences; therefore, all following samples were
transferred to and stored in 70% ethanol regardless of whether they were X-gal stained or not.
Samples were then brought to the Advanced Microscopy Facility (University of Alberta) for
overnight processing into paraffin using a Fisher Histomatic Tissue Processor (Model 166). The
next morning, I placed tissue samples in embedding moulds and allowed the paraffin to cool from
60 °C to room temperature. The tissue samples in paraffin blocks were cut into 5-10 um sections
using a Reichert-Jung 2040 microtome. Sections were transferred to a 42 °C water bath and
mounted onto Fisherbrand® Superfrost® Plus Microscope Slides, dried overnight at 37 °C, and
stored at room temperature until used for basic histological analysis or immunofluorescence. For
basic histological analysis, tissue sections were de-paraffinized by 2 x 5 minute washes in
toluene, and then were stained by 2 x 2 minute washes in 100% ethanol and 1 x 2 minute wash in
90% ethanol followed by 15-60 seconds in acidified Eosin, 2 x 2 minute washes in 100% ethanol,
and 2 x 2 minute washes in toluene. Sections were then mounted with DPX mounting medium
and a coverslip (Fisherbrand® Microscope Cover Glass 24x60-1) prior to imaging. Imaging of
stained tissue sections was conducted on a Zeiss Scope A.1 AX10 microscope and Optronics

camera with PictureFrame™ software.

2.12:  Immunofluorescence of neurulating embryos

Wildtype FVB/N and homozygous mutant Cecr2"*"“FVB/N E 8.5 embryos were
collected as described in section 2.2. Embryos were embedded in paraffin, sectioned, and put on
slides as described above (section 2.11). Tissue sections were de-paraffinized by washing 3 x 5
minutes in toluene and rehydrated by a series of washes starting with 2 x 10 minutes in 100%
ethanol, followed by 2 x 10 minutes in 95% ethanol, and finally 2 x 5 minutes in milliQ water.
For antigen retrieval, slides were transferred into 1 mM EDTA pH 8, heated until boiling in a

microwave, and allowed to sit for 10 minutes. This was done three times. Tissue sections were
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blocked in 10% normal goat serum (Sigma) and 0.6% Triton®-X 100 (Sigma) diluted in 1X PBS
for 1 hour at room temperature. Tissue sections were then transferred to primary antibody
solution, which consisted of 1% bovine serum albumin (Sigma), 0.3% Triton®-X 100 (Sigma),
and primary antibody diluted in 1X PBS, and incubated overnight at 4 °C in a humidifying
chamber. Primary antibodies were affinity purified rabbit polyclonal anti-DNMBP
(proteintech™) diluted to 1:1000, and affinity purified rabbit polyclonal anti-MMS19
(proteintech™) diluted to 1:300. Primary antibody was removed with 3 x 5 minute washes in 1X
PBS and then incubated in secondary antibody solution, which consisted of 1% bovine serum
albumin (Sigma), 0.3% Triton®-X 100 (Sigma), and secondary antibody (Invitrogen
AlexaFluor® 488 goat anti-rabbit) diluted 1:200 in 1X PBS, for 2 hours at room temperature.
This was followed by counterstaining for 5 minutes in a 0.1% DAPI in 1X PBS solution.
Secondary antibody and DAPI were removed with 3 x 5 minute washes in 1X PBS. Flouromount
G (SouthernBiotech) and a coverslip (Fisherbrand® Microscope Cover Glass 24x60-1) was then
added to the slide and sealed with nail polish. Immunofluorescent sections were imaged under oil
immersion at 40X magnification on a Nikon eclipse 80i confocal microscope with a CVI Melles
Griot Ion Laser (green 488 nm and blue 561 nm), a Nikon C2-SHS camera, and NIS-Elements

v4.0 imaging software.

2.13:  Cloning of human CECR?2

A previous graduate student in our lab, Graham Banting, inserted a 4395 bp clone of the
human CECR?2 open reading frame (ORF) into a modified Insectselect’™ protein expression
vector pMIB/VS5-His A (Invitrogen) and stored this clone in an E. coli glycerol stock at -80 °C
17 1 then revived the E. coli by streaking a small sample scraped off of the frozen glycerol stock
on an LB-Amp plate (LB agar plate supplemented with 100 pg/mL Ampicillin) followed by
overnight growth at 37 °C. An individual colony was selected and grown overnight in LB-Amp
broth (LB broth (pH 7.0) supplemented with 100 pg/mL Ampicillin) for plasmid selection,
plasmid was extracted using QIAquick® Spin Miniprep Kit according to the manufacturer’s
protocol, and plasmid DNA was quantified by Nanodrop 1000 (Thermoscientific). I employed
Sanger sequencing to confirm the sequence of the CECR2 ORF as described for plasmid DNA in

section 2.7. Sequencing primers are listed in Appendix A.
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Departmental technician, James MacLagan, cloned the CECR2 ORF into the pPENTR™11
Dual Selection Vector (Gateway® Life Technologies). Briefly, he amplified the ORF with the
CECR2-Kpnl-F forward primer that contained a Kpnl restriction enzyme site directly upstream
of sequence complementary to the beginning of the ORF, the CECR2-Xhol-R reverse primer that
contained a Xhol restriction enzyme site directly downstream of sequence complementary to the
end of the ORF (Appendix A) and Phusion® high-fidelity DNA polymerase. PCR template was
then column-purified (QIAquick® PCR Purification Kit), digested with Kpnl and Xhol
restriction enzymes, and ligated to pPENTR ™11 vector linearized by KpnI Xhol double
digestion. Competent DH5a E. coli were transformed with the ligation reaction product and
transformants were selected for by plating on LB-Kan plates (LB agar plates supplemented with
50 pg/mL Kanamycin) followed by overnight growth at 37 °C. James MacLagan selected four
independent colonies, streaked them on LB-Kan agar plates, grew them overnight at 37 °C, and
delivered them to me. I validated the ORF and Gateway® atfL recombination sites with Sanger
sequencing, which was achieved by using the same primers (Appendix A) and same procedure as
was used for the original CECR2 ORF described above with the exception that colonies were
grown in LB-Kan broth (50 pg/mL) rather than LB-Amp broth. I prepared glycerol stocks of E.
coli containing the CECR2 pENTR™11 plasmid by adding 500 pl of overnight culture in LB-
Amp broth to 500 pl of sterile 50% glycerol in a 2 mL sterile screw-cap tube for long-term
storage at -80 °C. If needed, E. coli were revived from the glycerol stock as described above for
the original CECR? clone with the remainder of the glycerol stock never undergoing a thaw cycle

and always stored at -80 °C.

2.14: Site-directed mutagenesis of human CECR?2 plasmid constructs

All site-directed mutagenesis reactions were performed according to the protocol
described in Niederriter et al. (2014) '** on the human CECR2 pENTR™!11 plasmid to introduce
DNA sequence alterations in the CECR2 ORF or in upstream vector sequence. Briefly, I designed
mutagenesis primers using the web-based software PrimerX
(http://www .bioinformatics.org/primerx/) with default parameters, except that the minimum
melting temperature was altered from 75 °C to 78 °C, and primers were supplied by Integrated

DNA Technologies (Appendix A). Four mutagenesis reactions were set up for each DNA
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sequence alteration with varying primer concentrations and presence/absence of DMSO (Table
2.14.1). Mutagenesis reactions were performed on a Peltier Thermocycler-200 (MJ Research)
with the following cycling conditions: (1) 95 °C for 5 minutes (samples were added during this
step to the PCR block once it reached 95 °C), (2) 95 °C for 50 seconds, (3) 55 °C for 1 minute,
(4) 68 °C for 9 minutes, (5) repeat steps 2-4 18 times, (6) 68 °C for 7 minutes, (7) 4 °C hold. 4 ul
of PCR product was electrophoresed on a 0.8% agarose gel, and the best mutagenesis reaction of
the four, based on DNA band intensity, continued throughout the remainder of the procedure. The
remaining three mutagenesis reactions were discarded. Original template DNA was degraded by
addition of 0.5 pul Dpnl restriction enzyme to the remainder of the mutagenesis reaction and
incubated at 37 °C for 2 hours. Competent DH5a E. coli was then transformed with 2 pl of Dpnl
digested mutagenesis product, plated on LB-Kan plates, and grown overnight at 37 °C. Single
colonies were picked for overnight growth in LB-Kan broth at 37 °C, plasmid extraction
(QIAprep® Spin Miniprep Kit), quantification (Nanodrop 1000, Thermoscientific), and Sanger-
sequence validation, which was performed as described for plasmid DNA above (section 2.7).
Initially, only the targeted mutagenesis region were validated by Sanger sequencing in four
clones, because duplication of the primer sequence often occurred (~1/2 of the clones) at the
mutagenesis site. The rest of the ORF and a#fL recombination sites were validated by Sanger
sequencing once a clone that was of the correct sequence at the mutagenesis site was identified.
In the event that a second-site mutation was found elsewhere in the ORF or a#fL recombination
sites, which was not very common, another clone would be Sanger-sequenced. ORF and flanking
vector (including a#fL recombination sites) DNA sequence for all CECR2 plasmid constructs
generated by site-directed mutagenesis are provided in Appendix D. E. coli glycerol stocks were
generated as described in section 2.13 for all CECR2 pENTR™11 plasmid constructs and stored
at -80 °C.
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Table 2.14.1: Four site-directed mutagenesis reactions that vary in primer concentration
and presence/absence of DMSO used for optimal generation of mutagenized CECR2

plasmid constructs.

Reagent Rxn 1 Rxn 2 Rxn 3 Rxn 4
Forward Primer (2.5 uM) 1wl 1wl 0.5 ul 0.5 ul
Reverse Primer (2.5 pM) 1wl 1wl 0.5 ul 0.5 ul
dNTP mix (40 mM) 0.5 ul 0.5 ul 0.5 ul 0.5 ul
5X High Fidelity Phusion® buffer* S5ul S5ul Sul Sul

CECR2 pENTR™11 DNA template (2 ng/ul) 1 pl 1 pl 1l 1l

milliQ H,O 3.8 ul 32ul 4.8 ul 4.2 ul
Phusion® High Fidelity DNA Polymerase* 0.2 ul 0.2 ul 0.2 ul 0.2 ul
Dimethyl Sulfoxide (DMSO)* 0 pl 0.6 ul 0l 0.6 ul
TOTAL 12.5 pl 12.5 pl 12.5 pl 12.5 ul

*Reagents were supplied together (New England Biolabs).
Starting concentrations of reagents are given in brackets.

2.15:  Sub-cloning human CECR?2 plasmid constructs

Human CECR?2 DNA constructs were sub-cloned into the pEZY3 vector (Addgene
plasmid #18672, gift from Dr. Fred Berry) 180 for future transfection and protein expression in
HEK293 cells. Sub-cloning recombination reactions were performed using Gateway® LR
Clonase IT Enzyme Mix. I halved reagent volumes, with 0.75 pl of the CECR2 pENTR™ 11 entry
clone (100 ng/ul), 0.75 pl of pEZY 3 destination vector (100 ng/ul), 2.5 pul of Tris-EDTA buffer
pH 8 (Integrated DNA Technologies), and 1 pl of vortexed LR Clonase I Enzyme Mix combined
in a 1.5 mL centrifuge tube and incubated at room temperature for 2 hours. The sub-cloning
reaction was stopped by addition of 0.5 pl proteinase K (supplied with LR Clonase II Enzyme
Mix) followed by a 10 minute incubation in a 37 °C waterbath. I then transformed competent
DHS5a E. coli with 1 pl of the sub-cloning reaction product, plated on LB-Amp plates, and grew
E. coli overnight at 37 °C. An individual colony was selected for overnight growth in LB-Amp
broth at 37 °C, plasmid extraction (QIAprep® Spin Miniprep Kit), quantification by Nanodrop
1000 (Thermoscientific), and confirmation of the presence of the CECR2 ORF by Sanger
sequencing of the start of the ORF as described for plasmid DNA (Section 2.7) using the T7-F
primer (Appendix A). Plasmid size was also checked by gel electrophoresis. E. coli glycerol
stocks were generated as described in section 2.13 for all CECR2 pEZY3 plasmid constructs and
stored at -80 °C.
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Human CECR2 DNA constructs were also sub-cloned into the pCSDest vector (Addgene
plasmid #22423, gift from Drs. Nicholas Katsanis and Erica Davis) '*! following the same
protocol above. These constructs were validated by Sanger sequencing (SP6-F primer, Appendix
A) and sent to our collaborators, Drs. Erica Davis, Nicholas Katsanis, and Allison Ashley-Koch,
for future in vivo analyses in zebrafish. E. coli glycerol stocks were generated as described in

section 2.13 for all CECR2 pCSDest plasmid constructs and stored at -80 °C.

2.16: HEK293 cell culture maintenance, harvest, and transfection

Dr. Roseline Godbout supplied us with a single cryogenic vial of HEK293 cells (1 mL),
which was stored in liquid nitrogen until use. All cell culture work was performed in a biological
safety cabinet to prevent contamination and anything placed in the biological safety cabinet was
initially thoroughly decontaminated with 70% ethanol. I quickly thawed the cells by placing the
vial in a 37 °C waterbath. The 1 mL of cells were then added to 5 mL of 37 °C cell culture media
(89% Dulbecco’s Modified Eagles Medium - High Glucose (Sigma), 10% Heat Inactivated Fetal
Bovine Serum (Gibco), and 1% Penicillin/Streptomycin (Gibco) in a 15 mL falcon tube. Cells
were spun down at 900 rpm for 5 minutes in a Jouan B3.11 centrifuge. Media was removed and
replaced with 4 mL of fresh media, cells were resuspended, and then transferred to a T25 cell
culture flask (Corning). The flask of cells was grown at 37 °C with 5% CO,.

HEK293 cells were passaged by splitting 1/6 when cells reached ~90% confluency. As
HEK293 cells are adherent, dissociation was accomplished by performing trypsinization, which
consisted of the complete removal of media followed by addition of 2 mL of 0.25% Trypsin-
EDTA phenol red (Gibco) and 2 minute incubation at 37°C. Once cells were completely
dissociated from the flask, I transferred the 2 mL of Trypsin-EDTA cell mixture to a 15 mL
falcon tube containing 6 mL of fresh media to deactivate the Trypsin, and spun down at 900 rpm
for 5 minutes. The media-Trypsin solution was then aspirated off of the pellet of cells, and the
cells were then resuspended in fresh media. I transferred cells in media were to 6 fresh T25 flasks
(4 mL total of cell-media mixture per flask). Media and trypsin-EDTA were always pre-warmed
to 37 °C in a waterbath prior to use.

TransIT-LT1 Transfection Reagent by Mirus was used and the manufacturer’s protocol

was followed for flasks of cells that underwent transfection with DNA plasmid. I performed all
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transfections on cells grown to >70% confluency in T25 flasks. Briefly, 400 ul of Opti-MEM I
Reduced-Serum Medium (Gibco), 12 ul if Trans-IT LT1 Reagent, and 6 pug of plasmid DNA
(diluted in nuclease free water supplied by Integrated DNA Technologies) was warmed to room
temperature, combined in a 1.5 mL sterile centrifuge tube, allowed to sit at room temperature for
20-30 minutes, and added drop-wise to media directly in the flask of cells. All plasmid DNA used
for transfection was purified using the QTAGEN® Plasmid Maxi Kit according to the
manufacturer’s protocol to yield endotoxin-free plasmid preps. Plasmid DNA constructs
consisted of the human CECR2 ORF (wildtype or containing a single base-pair variation that
results in a missense mutation) in the pEZY3 vector backbone (sections 2.14 and 2.15). The flask
of cells was then grown at 37 °C and 5% CO, for ~36-48 hours and then harvested.

HEK?293 cells were harvested at >80% confluency by first trypsinizing the cells and then
adding the cells in trypsin to 6 mL of fresh media. Cells were spun down at 900 rpm for 5
minutes, media was removed, and pellet was washed with 3 mL of sterile 1 X PBS. Cells were
then centrifuged again at 900 rpm for 5 minutes, 1X PBS was removed, and the pellet was
resuspended in 1 mL of 1X PBS. I then transferred this to a 1.5 mL microcentrifuge tube, spun
down the cells at 4000 rpm for 5 min in an eppendorf 5417C centrifuge, and aspirated 1X PBS to
leave only the pellet of cells behind. Cells were either flash frozen in liquid nitrogen and stored at
-80 °C until further use, or immediately underwent protein extraction (section 2.17).

For long-term storage, HEK293 cells were kept in liquid nitrogen. To achieve this, a
single T25 flask of cells at ~90% confluency was trypsinized, added to 6 mL of fresh media in a
15 mL falcon tube, and spun down at 900 rpm for 5 minutes. I then aspirated cell media,
resuspended the cell pellet in cell media with 10% dimethyl sulfoxide (DMSO) and transferred
this to a 2 mL screwcap cryogenic vial (Corning). Cryogenic vials containing cells were
packaged by wrapping in absorbent material and placing in a styrofoam container prior to
overnight incubation at -80 °C. This was done to achieve a slow-freeze to prevent damage to the
cells. The next day, once cells were frozen, I transferred the cryogenic vials to liquid nitrogen for
long-term storage. One vial of cells was revived to ensure cells were viable after freezing and

storage in liquid nitrogen.
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2.17: Protein extraction and quantification

At least 1 flask of cells (>80% confluency) was used for all experiments requiring protein
(1 flask will provide just enough protein for a single immunoprecipitation experiment, 1 flask
will provide enough protein for multiple western blot experiments). I extracted protein from
harvested HEK293 cells by resuspending cells in 300 ul of freshly prepared non-denaturing lysis
buffer (20 mM Tris-HCI pH 8, 420 mM NaCl, 10% glycerol, 1% IGEPAL, 2 mM EDTA, 1X
protease inhibitor) per T25 flask of cells. Cell lysate mixture was rocked at 4 °C for 30 minutes,
and then centrifuged at 15000 rpm at 4 °C in a Beckman Microfuge E™. Protein extract
(supernatant) was transferred to a clean 1.5 mL centrifuge tube and was either flash-frozen in
liquid nitrogen and stored at -80 °C for future use or was used immediately for protein
quantification followed by immunoprecipitation (section 2.18) and/or Western blot analysis
(sections 2.19 and 2.20). Protein was also extracted from a single pooled sample of eleven E8.5
FVB/N mouse embryos that were flash-frozen in liquid nitrogen and stored at -80 °C. The
embryos were thawed on ice and 250 pl of lysis buffer was added to the sample. I homogenized
embryo tissue in a 1.5 mL centrifuge tube using a disposable homogenization pestle. The
remainder of the procedure was conducted as described above for HEK293 cells.

To determine protein concentration, 10 pl of protein extract was diluted 1:10 in lysis
buffer (100 ul final volume) and protein was quantified with the DC™ Protein Assay (Bio-Rad)
according to the manufacturer’s protocol. Absorbance (wavelength 750 nm) was measured on a
Genesys 10uv (Thermo Electron Corporation) spectrophotometer. Protein extracts were then

diluted to equal concentrations for future applications.

2.18: CECR2 immunoprecipitation

CECR2 containing complexes were immunoprecipitated from freshly extracted HEK293
protein. Initially, affinity purified rabbit polyclonal anti-CECR2 antibody (generated in the lab by
Farshad Niri) was bound to Dynabeads® (Novex) by removal of supernatant from 10 pl of
Dynabeads® in a 1.5 mL centrifuge tube with the aid of a magnet to sequester the Dynabeads®,
resuspension of the Dynabeads® in 200 pl of 1X PBS containing 0.02% Tween-20, and addition
of anti-CECR?2 antibody to a final dilution of 1:2000. The Dynabeads® were incubated in
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primary antibody solution for 10 minutes at room temperature with rocking, then the supernatant
was discarded and washed with 200 pl of fresh 1X PBS containing 0.02% Tween-20, which was
then removed from the Dynabeads®. Antigen solution, which contained IP buffer (20 mM Tris-
HCI pH 8, 150 mM NacCl, 10% glycerol, 1% IGEPAL, 2 mM EDTA, 1X protease inhibitor) and
protein extract (~1500 pg of protein), was then added to the Dynabeads®. The minimum total
volume of antigen solution used per reaction was 500 pl to allow for sufficient motion of
Dynabeads® during rocking, which was done at 4 °C for 2 hours to allow CECR2 containing
complexes to bind anti-CECR2 antibody on the Dynabeads®. To remove excess protein extract,
the Dynabeads® underwent 10 washes, 5 minutes each, in 500 pl of high salt lysis buffer
containing Tween-20 (20 mM Tris-HCI pH 8, 420 mM NacCl, 10% glycerol, 1% IGEPAL, 2 mM
EDTA, 1X protease inhibitor, 0.1% Tween-20) at 4 °C with rocking. CECR2 containing
complexes were then eluted from the Dynabeads® and denatured by addition of 10 pl of 4X
NuPAGE™ loading buffer (Invitrogen) and 10 ul of 1M B-mercaptoethanol followed by a 5
minute incubation in boiling water. The eluted sample was separated from the Dynabeads® by
removal of the sample with the aid of a magnet. The sample was transferred to a fresh 1.5 mL

centrifuge tube and either used immediately for protein electrophoresis or stored at -20 °C.
2.19: Protein electrophoresis

Protein extracts that did not undergo immunoprecipitation (described in previous section)
were prepared for electrophoresis by combining extracts with 1X final concentration of
NuPAGE™ loading buffer (Invitrogen) and 100 mM final concentration of B-mercaptoethanol.
Protein was then denatured by incubating samples in boiling water for 5 minutes. Prepped
samples were either used immediately for protein electrophoresis or stored at -20 °C.

Protein samples were electrophoresed according to the previously described Tris-glycine
SDS-PAGE method '**. Protein samples (5-10 pg) were loaded onto and electrophoresed through
a polyacrylamide gel that consisted of a 4% acrylamide stacking gel (12.5% 37.5:1
acrylamide/bisacrylamide (BioRad), 50 mM Tris-HCI pH 6.8, 0.1% SDS, 0.1% ammonium
persulfate, and 0.1% TEMED (Sigma-Aldrich)) and a 7.5% resolving gel (18.75% 37.5:1
acrylamide/bisacrylamide (BioRad), 50 mM Tris-HCI pH 8.8, 0.1% SDS, 0.1% ammonium
persulfate, and 0.1% TEMED (Sigma-Aldrich)). An aliquot of PageRuler Prestained Protein
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Ladder (Thermo Scientific) was loaded into a minimum of 1 well for each electrophoresis run.
Running buffer consisted of 25 mM Tris, 0.19 M glycine, and 1% SDS. Voltage was set to 120 V
for electrophoresis through the stacking gel and 175 V for electrophoresis through the resolving
gel. T used a Mini Protean III™ electrophoresis system (Bio-Rad) apparatus by following the

manufacturer’s instructions.

2.20: Western blot analysis

Protein samples separated by electrophoresis were transferred to 0.45 um pore size
polyvinylidene fluoride (PVDF) membrane (Immobilon®, Millipore) for 30 minutes at 350 mA
in transfer buffer (25 mM Tris, 190 mM glycine, 10% methanol). The PVDF membrane was first
activated by rinsing the membrane in 100% methanol followed by a 5 minute incubation in
transfer buffer. The transfer was set up in a Mini Protean III"™ submerged tank wet transfer unit
(Bio-Rad) following the manufacturer’s protocol and was run for 30 minutes at 350 mA.
Successful transfer was visualized by the presence of PageRuler Prestained Protein Ladder
(Thermo Scientific) markers on the PVDF membrane. The membrane was washed in TBST
(Tris-buffered saline, 0.05% Tween-20) for 5 minutes, and then blocked for 45 minutes in 5%
skim milk (Carnation) in TBST. After blocking, the membrane was rinsed in TBST, and then
incubated in primary antibody diluted in 5% skim milk in TBST overnight at 4 °C. Primary
antibodies used for western blot analysis were (1) affinity purified rabbit polyclonal anti-CECR2
antibody diluted to 1:50000, (2) sheep polyclonal anti-SNF2L antibody (a gift from Dr. David J.
Picketts) diluted to 42 pg/mL, (3) affinity purified rabbit polyclonal anti-DNMBP (proteintech™)
diluted to 1:5000, (4) affinity purified rabbit polyclonal anti-MMS19 (Proteintech™) diluted to
1:500, and (5) mouse monoclonal anti-a-Tubulin (Sigma) diluted to 1:10000 as a loading control.
Antibodies were used separately. In the event that a single PVDF membrane was exposed to
multiple primary antibodies, the membrane was cut and the appropriate sections were placed in
the corresponding primary antibody solutions. The next morning, I washed the membrane 3 X 5
minutes in TBST, and then incubated it in secondary antibody diluted in 5% skim milk in TBST
for 1 hour at room temperature. All secondary antibodies used for western blot analysis were
supplied already conjugated to horseradish peroxidase (HRP) for detection purposes. Secondary
antibodies used were (1) goat anti-rabbit [lgG-HRP conjugate (Bio-Rad) diluted to 1:5000, (2)
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rabbit anti-sheep IgG-HRP conjugate (Santa Cruz Biotechnology) diluted to 1:5000, and (3) goat
anti-mouse IgG-HRP conjugate (Sigma) diluted to 1:10000. All antibodies were used separately.
The membrane was rinsed in TBST, and washed 3 X 10 minutes in TBST. HRP was detected by
incubating the membrane in a 1:1 ratio of SuperSignal® West Pico Stable Peroxide Solution and
SuperSignal® West Pico Luminol/Enhancer Solution (Thermo Scientific) for 5 minutes. The
membrane was then wrapped in Saran wrap, exposed to X-ray film (FUJIFILM) and developed
in a Kodak X-OMAT 2000 automated developer.

2.21: MOD 5/31, MOD 5/+, and MOD 31/+ crosses

Megan Kooistra, a former graduate student, created the MOD 5 and MOD 31 sub-interval
congenic mouse lines as previously described '®. Each sub-interval congenic line contained a
segment of the chromosome 19 modifier region that is homozygous FVB/N on an otherwise
BALB/cCrl genetic background (~98.4% BALB/cCrl) with the MOD 5 and MOD 31 segments
partially overlapping. I performed the MOD 5/31 cross by crossing MOD 5 and MOD 31 mice

heterozygous for the Cecr2°7*

allele to each other to produce embryos that were all at least
heterozygous FVB/N for the entire chromosome 19 modifier region (homozygous FVB/N for the
overlapping region only) and were also either homozygous wildtype, heterozygous, or
homozygous mutant for the Cecr2°7" allele. For the MOD 5/+ cross, I crossed MOD 5 mice
heterozygous for the Cecr2°™ bic allele to congenic Cecr2°™ bic BALB/cCrl mice heterozygous
for the Cecr2°""" allele to produce embryos that were all heterozygous for the FVB/N MOD 5
segment and were either homozygous wildtype, heterozygous, or homozygous mutant for the
Cecr2°™¢ gllele. 1 conducted the MOD 31/+ cross in the same way as the MOD 5/+ cross.
Embryos were collected and exencephaly penetrance was determined as described in section 2.2
and embryos were genotyped for the Cecr2°TP¢ allele as described in section 2.5. The crossing
schemes for producing MOD 5/31, MOD 5/+ and MOD 31/+ progeny is shown in figure 2.21.1,
and genetic backgrounds of the chromosome 19 modifier region for MOD 5, MOD 31, and the

embryos resulting from the above crosses are displayed in Figure 2.21.2.
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Figure 2.21.1: MOD 5/31, MOD 5/+, and MOD 31/+ crossing scheme. Black and/or white
bars represent the chromosome 19 modifier region. Black color represents FVB/N genetic
background and white color represents BALB/cCrl genetic background. In the MOD 5 and MOD
31 lines, the remainder of chromosome 19 and the rest of the genome is BALB/cCrl. The

BALB/cCrl mice (all-white bars) used for the MOD 5/+ and MOD 31/+ crosses were congenic

2GT45bic

GT45bi
Cecr 2 ¢

BALB/cCrl. Only progeny homozygous for the Cecr: allele are shown, as

exencephaly was not seen in any of the heterozygous or homozygous wildtype progeny. The

T i
2G 45bic

Cecr allele is represented by “GT”. The wildtype Cecr?2 allele is represented by “wt”.
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Figure 2.21.2: MOD 5, MOD 31, MOD 5/31, MOD 5/+, MOD 31/+ chromosome 19 modifier
region genetic background. Black represents FVB/N and white represents BALB/cCrl. Half
black-half white boxes represent regions heterozygous for FVB/N and BALB/cCrl. The

remainder of chromosome 19 and the rest of the genome were of BALB/cCrl origin.
2.22:  Congenic Cecr2™"* BALB/cCrl x BALB/cJ crossing scheme

Previous work in our lab has shown Arhgap19 to contain a single base pair insertion in

Exo6non

exon 6 resulting in a homozygous nonsense mutation (herein referred to as Arhgap19 ) in

BALB/cCrl but not in the closely related sub-strain BALB/cJ obtained from Jackson laboratories
19 To test if this nonsense mutation is a modifier of Cecr2-associated exencephaly, a dihybrid

cross was performed with the aid of Leanne Donnelly, a former undergraduate student in the lab.
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We crossed congenic Cecr29™ bic BALB/cCrl heterozygous for the Cecr2°™ bic allele and
homozygous for the Arhgap 19 nonsense mutation to BALB/cJ, which are homozygous wildtype
for both Cecr2 and Arhgap19. We then selected progeny that were heterozygous at both alleles
and crossed them to each other (Figure 2.22.1). The resulting embryos were collected, scored for
exencephaly, and genotyped for the Cecr2™ bic allele. Only embryos that were homozygous
mutant for the Cecr27*%¢ allele were genotyped for the Arhgap 19 nonsense mutation. This was
done by PCR amplification of exon 6 with primers Ar19Ex6-F and Ar19Ex6-R (Appendix A),
which generated a 206 bp amplicon, followed by Sanger sequencing in the forward direction
(section 2.7). Exencephaly penetrance in Cecr2°™ bie homozyogous mutant embryos that

contained at least one wildtype copy of Arhgapl9 was compared to Cecr297

mutant embryos
that were also homozygous mutant for the Arghap19 nonsense allele. Leanne Donnelly provided
much assistance with setting up matings, dissections, phenotyping, genotyping, and preliminary

analyses.

Congenic Cecr25T456 BALB/¢)

BALB/cCrl

ce/+arfar * M ACA
F1 progeny

cef+arf+ e cef+arf+

Embryos
cefoe+f+ cefee;arfar

cefeear+

Campare apencaphaly penetrance betwesn genotypic classes

Figure 2.22.1: Crossing scheme to test if the Arhgap19 nonsense mutation contributes to
exencephaly susceptibility. Only relevant F1 progeny and embryo genotypes are shown. The

13 59

26T4bie gllele is represented by “ce”, the Arhgap197""" allele is represented by “ar”,

Cecr

wildtype alleles are represented by “+”.
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2.23: Total RNA extraction and cDNA amplification for quantitative real-time PCR (qQRT-PCR)

A previous graduate student, Megan Kooistra, collected embryos at the time of
neurulation (~12-14 somites), individually placed embryos in 2 mL centrifuge tubes, flash-froze
embryos in liquid nitrogen, and stored embryos at -80 °C. I then extracted total RNA from frozen
embryos using an RNeasy Lipid Tissue MiniKit (QIAGEN®) according to the manufacturer’s
protocol. RNA was quantified using a Nanodrop 1000 (Thermoscientific) and quality was
assessed with a BioAnalyzer (Agilent Technologies, Inc).

I synthesized cDNA from RNA extracts by using a Superscript® VILO™ ¢cDNA
Synthesis Kit (Invitrogen) according to the manufacturer’s protocol. 1 pg of RNA from a single
embryo was used for each 20 pul cDNA synthesis reaction. Reactions were conducted on a Peltier
Thermocycler-200 (MJ Research) and cycling conditions were 25 °C for 10 minutes, 42 °C for 1
hour, 85 °C for 5 minutes, and 4 °C hold. cDNA was stored at -20 °C while not in use.

2.24: Quantitative real-time PCR (qQRT-PCR) of candidate modifier genes

Assays for qRT-PCR were designed using the Universal ProbeLibrary Assay Design
Center web-based software by Roche Life Science using default settings
(https://lifescience.roche.com/webapp/wcs/stores/servlet/CategoryDisplay?catalogld=10001&tab
=Assay+Designt+Center&identifier=Universal+Probe+Library&langld=-1). Dr. Kirst King-Jones
(University of Alberta) provided qRT-PCR probes, which were originally obtained from the
Universal Probe Library from Roche Life Science, and Integrated DNA Technologies supplied
the primers (see Appendix A for primer sequences and accompanying probes). As all qRT-PCR
experiments were conducted to compare gene expression in neurulating embryos between
BALB/cCrl and FVB/N mouse strains, I Sanger-sequenced cDNA regions targeted by the
primer/probe assay in both strains to ensure no DNA sequence variants were present that could
interfere with primer/probe binding (sequencing primers are listed in Appendix A). This sequence
validation was not performed for three assays (see Appendix A); however, no known variants
exist in mouse under the primer/probe sets for these assays (www.ensembl.org).

All gRT-PCR experiments were run using a 96-well plate format on a StepOnePlus Real-
Time PCR System (Applied Biosystems). Reactions were all a total volume of 10 pl and
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contained 1X TagMan Universal PCR Mastermix (Applied Biosystems), 400 nM of each primer
(forward and reverse), 100 nM of probe, and 2.5 pl of diluted cDNA sample (generated as
described in section 2.23). Reactions were prepared in a MicroAmp Fast Optical 96-Well
Reaction Plate (Applied Biosystems), loaded onto the StepOnePlus Real-Time PCR System, and
cycling conditions were (1) 95 °C for 10 minutes, (2) 95 °C for 15 seconds, (3) 60 °C for 1
minute, (4) repeat steps 2-3 40 times, and (5) 4 °C hold. I first tested qRT-PCR assays for each
target gene for similar amplification efficiency as the endogenous control gene E/mo2. This was
accomplished by generating a standard dilution curve, which consisted of a single cDNA sample
undergoing four dilutions (1:4, 1:16, 1:64 and 1:256) and qRT-PCR reactions for each dilution
(three technical replicates for each qRT-PCR reaction) being run for E/mo2 and each target gene
tested. Successfully validated qRT-PCR assays were then used for qRT-PCR experiments
comparing BALB/cCrl and FVB/N gene expression differences in neurulating embryos. This was
accomplished by setting up qRT-PCR reactions for the target gene along-side the Elmo?2
endogenous control and running the qRT-PCR experiment as described above for assay
validation with the exception that 3 biological replicates for each mouse strain (BALB/cCrl and
FVB/N) were tested and all cDNA templates were diluted 1:10. There were three technical
replicates for each qRT-PCR reaction. Results for gRT-PCR assay validations and experiments
were analyzed using StepOneTM Software v2.0.

I performed a QRT-PCR experiment for the target gene Foxd4 on four mouse strains,
BALB/cCrl, FVB/N, 12982, and C57BL/6. Megan Kooistra designed primers for Foxd4 as
described above, prepared cDNA from three biological replicates for each mouse strain at the
time of neurulation (age-matched by somite number), and stored cDNA at -20 °C. Using these
samples, I set up three technical replicates for each qRT-PCR reaction. For this assay, [ used
SYBR® Green Dye instead of TagMan®, therefore a probe was not required. Each 10 pl reaction
consisted of 1 X SYBR® Green mastermix (Kapa Biosystems), 400 nM of each primer, and 2.5 pl
of cDNA template (1:10 dilution). Results were analyzed with StepOne™ Software v2.0.

To determine gene expression differences, cycle threshold (CT) data obtained from the
StepOne™ Software v2.0 analysis for the three technical replicates was averaged for each
biological replicate. The difference in CT (ACT) between the target gene and the endogenous
control, Elmo2, was calculated by CTarget gene — CTEImo2. Each QRT-PCR experiment required a

reference sample, which was one of the three BALB/cCrl samples for all gRT-PCR experiments.
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The ACT for each biological replicate was then compared to the ACT of the reference sample in
order to obtain the AACT (ACTsample - ACTreference) and AACT for the three biological replicates
were averaged. This average was used to obtain fold-change (FC) between strains, where FC =
2"AACT Statistical analysis of gene expression was calculated using type 2, 2-tailed t-Test and

95% confidence intervals were plotted as error bars.

2.25:  Generation of FVB/129P2 (Arhgap19°"*PP2V88) circling mice

The FVB/129P2 line was homozygous for the genetrap mutation Arhgap19°"*P02V5% in

intron 2. The founder male was generated by BayGenomics as previously described ', A
pedigree showing the generation of the line is shown in Figure 5.2.1 (Chapter 5). I crossed the

chimeric founder male mouse to FVB/N females (Charles River Laboratories) to generate

QGH(YHD020)Byg

progeny heterozygous for the Arhgap 1 allele. These progeny were then backcrossed

to FVB/N mice or interbred to produce homozygotes. The FVB/129P2 line resulted from a single
breeder pair homozygous for the Arhgap9°'HP0205e

consists of 81.25% FVB/N and 18.75% 129P2 (from the original 129P2 ES cell line containing

allele. The genetic background of this line
the Arhgap 19 mutation).
2.26:  Arhgap19°MP120BE genotyping

In order to determine the genotype of mice carrying the Arhgap19°""P7?V%%¢ gllele, 1
performed two PCR reactions on extracted genomic DNA. Attempts to generate a 3 primer
multiplexed PCR were unsuccessful; therefore, two individual PCR reactions were performed on
each sample. One PCR reaction utilized primers Ar19In2WT-F and Ar19In2WT-R within intron
2 to amplify the wildtype allele (457 bp amplicon). The other PCR reaction utilized primers
Engeo-F and Engeo-R located within the genetrap cassette to amplify the mutant allele (960 bp
amplicon). Primers were supplied by Integrated DNA Technologies and primer sequences can be
found in Appendix A. PCR cycling programs are displayed in Table 2.26.1. PCR products were

pooled and electrophoresed on a 2% agarose gel.
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Table 2.26.1: PCR programs for Arhgap9°*P??V8%8 genotyping. Programs are named after

their respective primers.

Ar19In2WT Engeo
Temperature Time (min:sec) Repeat Temperature Time (min:sec) Repeat

95°C 3:00 -- 95°C 3:00 --
94°C 0:20 94°C 0:20

67°C; -1°C per cycle 0:20 11X 64°C; -1°C per cycle 0:20 10X
72°C 1:20 72°C 1:00
94°C 0:20 94°C 0:20
57°C 0:20 31X 55°C 0:20 30X
72°C 1:20 72°C 1:00
72°C 10:00 -- 72°C 10:00 --
4°C HOLD -- 4°C HOLD --

2.27: Phenotyping of circling behavior in FVB/129P2 mice

Male mice in our colony are most often housed in social groups of 2-5 mice per cage. In
June 2011 we introduced igloo-style running-wheels for environmental enrichment to all male
and female non-breeder cages in our mouse colony, regardless of age after weaning. In
November 2011 we noted the first circling FVB/129P2 male, and eventually determined that a
percentage of the FVB/129P2 male mice housed with running-wheels developed circling
behavior. Once we suspected a link to the running-wheels, we removed the wheel from most of
the colony cages, except for the experiments discussed in Chapter 5 with FVB/129P2 mice,
which were either given wheels (n = 278) or cardboard houses (n = 43) upon weaning, or
cardboard houses upon weaning followed by wheels at 6 to 12 weeks of age (n = 40). I observed
male FVB/129P2 mice for circling behavior at least three times a week starting at age of weaning
and up until 3 months of age. All observations were made during the light cycle. Although mice
are less active during the light cycle, they do often wake up and become active when researchers
and technicians are in the room. A mouse with circling behavior almost always displayed circling
behavior while awake, which was easily observed without any special efforts made by
technicians or researchers in the room. However, when specifically looking for circling behavior,
home cages were taken into a biosafety cabinet, opened, and mice were observed for
approximately 5-10 minutes. A mouse was scored to have developed circling behavior if it

demonstrated frequent bouts of unidirectional circling when active and preferentially or always
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turned in one direction. Once established in the mouse, the phenotype was obvious and
permanent. Ear-notch numbers were used to identify individual circling mice and ear-notch skin
biopsies were used for DNA extraction and genotyping (sections 2.4 and 2.5). It is possible that
more mice would have circled had they been observed longer than 3 months — this was not tested.
The male FVB/129P2 cages were also tagged so that technicians and other lab members could
leave a note if any abnormal behavior was apparent. Significant differences in penetrance of the
circling phenotype between different groups of mice were calculated using the y* test-of-
independence.

Increased fighting within home cages also occurred in FVB/129P2 cages of males housed
with wheels. This observation was originally noted as wounding, particularly to the hind trunk
and/or tail. Animals in these cages were separated and singly housed with wheels. To avoid
injury to subsequent animals housed with wheels, technicians observed all socially housed males
daily and particularly watched males after cage changing. If mice were fighting, all the males
were separated and housed singly with wheels before wounding occurred. There was no attempt
to determine which of the cage-mates were the aggressors, victims or spectators; therefore,
aggression was not scored for individual mice. However, it was recorded if a mouse was in a cage

that required separation due to fighting.

2.28: Phenotyping pipeline to determine inability to sense gravity due to inner ear defects

Three severely-circling male mice and four male control mice underwent a series of
behavioral tests to screen for vestibular dysfunction using methods described in an established
phenotyping pipeline '**. One of the three circling mice was the male that parented the
FVB/129P2 line and two of his brothers served as controls. The other two circling mice and two
control mice were F1 progeny of the breeder pair that founded the FVB/129P2 line. In brief, the
mice underwent (1) the trunk curl test, where mice with vestibular defects will preferentially curl
their trunks rather than reach for a presented surface when held by their tail; (2) the contact
righting test, where mice with vestibular defects will not right themselves when turned onto their
backs while in a plastic tube; and (3) the swim test, where mice with vestibular defects
demonstrate underwater tumbling. With the aid of Kacie Norton, a graduate student in the lab, all

behavioral tests were video recorded. I reviewed videos to calculate time spent engaging in each

58



type of behavior scored. For the trunk curl test, I held mice by the tail and the first 18 seconds
were scored for the amount of time spent curling their trunk forward, curling their trunk
sideways, or hanging straight down/reaching towards presented surface. To be considered
curling, the mouse trunk had to be bent by 90 degrees or fore and hind paws clasped. For the
contact-righting test, mice were placed inside a clear plastic tube open at both ends with a
diameter of 2.8 cm. Once the mouse was inside, I turned the tube so that the mouse was on its
back. If the mouse righted itself, then the tube was turned again so that the mouse was once again
positioned in its back. Time spent with the head upside down, right side up, or sideways was
scored over a total of 20 seconds starting from the time the mouse was turned onto its back. For
the swim test, mice were placed in a tank of water (tank dimensions 50.8 cm x 40.6 cm x 20.3
cm, water temp. 25 °C) and allowed to swim for 2 minutes. Time spent swimming normally,
swimming in circles, or immobile floating in the first minute was scored. Amount of time spent
underwater tumbling was not scored, as the mouse would be immediately rescued if in this
situation. Only underwater tumbling was looked for in the second minute, which did not occur

for any of the mice tested.

2.29: High performance liquid chromatography (HPLC) analysis of biogenic amines and amino

acids in left and right brain hemispheres

FVB/129P2 mouse whole brain samples were taken from six male mice that circled
(housed with wheels), five male mice that did not circle (housed with wheels), and six male mice
that did not circle and were housed with cardboard houses. All mice were 90 days old at the time
of sample collection. Mice were socially housed (2-5/cage), but were separated and housed singly
if fighting was seen in the cage, as described in section 2.27. All 6 circling mice housed with
wheels were separated due to aggression, where 3 of the 6 circling mice spent their last 21 days
singly housed, and the other 3 mice spent their last 9 days singly housed. All non-circling mice
except one that were housed with wheels required separation due to fighting within the cage,
where 2 of them spent their last 45 days singly housed, one spent his last 21 days singly housed,
and one spent his last 9 days singly housed. The one non-circling mouse housed with a wheel
remained socially housed with one circling sibling (which was not included in this experiment)

for the entire 90 days. Fighting was not observed in all 6 mice with cardboard housing and
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therefore they were socially housed for the entire 90 days. Mice were euthanized by cervical
dislocation. I then removed the whole brain and cut it into left and right hemispheres. The brain
samples were then flash frozen in isopentane cooled on dry ice and stored at -80 °C until further
use. [ brought brain samples to Dr. Glen Baker’s lab where technician Gail Rauw conducted
sample processing for HPLC. Left and right brain hemispheres were independently homogenized
in ice-cold water and then divided into two portions. In order to study biogenic amines, one-tenth
the volume of 1N perchloric acid was added to one portion and precipitated protein was removed
with centrifugation. Concentrations of biogenic amines and their metabolites (dopamine, 3,4-
dihydroxyphenylacetic acid, noradrenaline, 3-methoxytyramine, homovanillic acid, serotonin, 5-
hydroxyindoleacetic acid) and the amino acids tyrosine and tryptophan were measured by HPLC
with electrochemical detection as previously described '**. To study additional amino acids,
ethanol was added to the other portion, and following removal of precipitated protein by
centrifugation, concentrations of the amino acids (aspartate, glutamate, L-serine, D-serine,
glutamine, glycine, arginine, taurine, alanine, gamma-aminobutyric acid) were measured using
HPLC with fluorimetric detection following derivatization, as previously described '**. Gail
Rauw provided the results to me, and I determined statistically significant differences in biogenic
amines, amino acids, and metabolites between groups of mice by averaging left and right
hemisphere concentrations for each mouse and then performing a series of one-way ANOVAs

followed by Bonferroni correction.

2.30: Drosophila stocks and husbandry

All Drosophila used in this study were maintained in foam capped vials (95 mm height,
25 mm radius) containing ~5 mL food. The fly food recipe contained the following ingredients:
50 L of water, 550 g of agar, 215.2 g of sodium phosphate monobasic (FW = 137 g/mol), 135.1 g
of sodium phosphate dibasic (FW = 141.96 g/mol), 787.2 g of yeast, 3321 g of cornmeal, 2097 g
of malt, 455 g of soy flour, 3850 mL of molasses, 145 mL of propionic acid, 145 g of methyl
paraben, and 500 mL of ethanol, which was combined, cooked for 40 minutes, and distributed
into vials. I maintained fly stocks by tipping flies into new vials on a weekly basis.

A summary of all fly stocks is provided in Table 2.30.1. All GAL4 driver stocks were a
gift from Dr. Shelagh Campbell (University of Alberta), who originally ordered them from the

60



Bloomington Stock Center (Indiana University). All RNAIi stocks were a gift from Dr. John
Locke (University of Alberta), who originally obtained them from the Vienna RNAI stock center.
The remaining stocks were a gift from Dr. John Locke, and/or were generated in house from
existing stocks.

Experiments contained herein were directed towards the characterization of the
Drosophila Cecr2 homologue, dikar, which contains 10 exons and is located on the left arm of
chromosome 3. The fly stocks that carried either the dikar® mutant allele, which is a 1423 bp
deletion of exons 1A and 1B that encodes the 5’ untranslated region, plus upstream sequence that
may contain promoter elements, or the dikar’ allele, which is a 1581 bp deletion that
encompasses all of exons 2, 3, 4 and 13 bp of exon 5, were both generated in this lab as
previously described '*. The dikar’ and dikar’ alleles are homozygous viable; however, to
produce heterozygotes, I maintained secondary stocks with the third chromosome balancer TM3
present in a proportion of the flies (dikar’/TM3 and dikar’/TM3).

The parental stock containing the original P{S UPor-P}dikar*“""*

P element used to
generate the dikar’ and dikar’ stocks was lost in the lab, but re-ordered from Bloomington.
However, the P element bearing chromosome was not homozygous viable in this re-ordered
strain, suggesting that the chromosome had acquired a homozygous lethal second-site mutation.
This “parental” stock was not representative or useful in this state; the homozygous lethal needed

KG00884

to be removed. Therefore, I regenerated a homozygous viable P{SUPor-P}dikar parental

line from this stock by performing a series of backcrosses to dikar® and selecting for
recombination events retaining the P{S UPor-P}dikar*“""** allele (had a w+ marker) but without
the second-site mutation (Figure 2.30.1). Backcrossing to dikar® for recombination also improved
the likelihood of a similar genetic background on chromosome 3 and throughout the rest of the
genome, which was desirable for future comparisons between all dikar stocks. I generated two
new lines from 2 independent male founders that were homozygous viable for the P{SUPor-
Pdikar*“""*** allele. Two secondary P{SUPor-P}dikar?""** stocks, one from each of the
founding male stocks, were maintained with the third chromosome balancer 7M3 present in a
proportion of the flies (P{SUPor-P}dikar*®*"**/TM3). These two P{SUPor-P}dikar*“""***

stocks, and not the original homozygous lethal stock, were used for future crosses and

experiments.
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The original chromosome without the P{SUPor-P}dikar*“""*** insert was not available,
so I precisely excised the transgene insert from the P{SUPor-P}dikar*“*"** stock. Two precise
excision stocks homozygous for a wildtype allele of dikar (dikar”") that were on a similar genetic
background as dikar’ and dikar’ for comparison purposes were generated (Figure 2.30.2). The
precise excision event was validated with Sanger sequencing (primers used are listed in Appendix
A). Two new dikar” " stocks were also maintained with the third chromosome balancer TM3
present in a proportion of the flies (dikar”"/TM3).

The Df(3L)ED212/TM3 stock supplied by Bloomington was supposed to contain a
deficiency that encompassed dikar (along with several other genes). PCR analysis using primers
where at least one forward or reverse primer was within the dikar’ or dikar’ deletion indicated
that the Df(3L)EDZ212 deficiency does contain a wildtype allele of dikar (Appendix A).
Therefore, a second deficiency stock, Df(3L)ZN47/TM3, was used for experiments requiring a

deficiency.

Table 2.30.1: Drosophila stocks. All GAL4 stocks were a gift from Dr. Shelagh Campbell
(University of Alberta). The rest of the stocks were a gift from Dr. John Locke (University of
Alberta).

Name Source Notes

RNA1 CG32394 Vienna Targets dikar

24738/GD

RNA1 CG32394 Vienna Targets dikar

100383/KK

RNAi1 CG32393 Vienna Targets dikar

107312/KK

RNA1 CG17697 Vienna Targets frizzled

43077/GD

RNA1 CG17697 Vienna Targets frizzled

105493/KK

RNA1 CG8075 Vienna Targets Vang

100819/KK

RNA1 CG8075 7376/GD | Vienna Targets Vang

HS-2-GAL4 Bloomington | Heat-shock promoter on 2" chr.
HS-3-GAL4 Bloomington | Heat-shock promoter on 3™ chr.
en-GAL4 Bloomington | engrailed promoter
T279-GAL4 Bloomington | Maternal tubulin promoter
eyeless-GAL4 Bloomington | eyeless promoter

actin-2-GAL4 Bloomington | actin promoter on 2" chr.
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Name Source Notes

actin-3-GAL4 Bloomington | actin promoter on 3" chr.

prd-GAL4 Bloomington | prd promoter on 3" chr.

Df(3L)ZN47/TM3 Bloomington | Chromosome 3 deletion that includes dikar

Df(3L)ED212/TM3 Bloomington | Chromosome 3 deletion that was shown not to
include dikar

Sbe A2-3/TM6 Bloomington | Transposase source to excise P element

ash’ e/TM3 In house Source of TM3 balancer moved into dikar stocks

Xa/TM6 In house Used for P element precise excision cross

dikar’ In house Homozygous viable

dikar’/TM3 In house Used for IR

dikar’ In house Homozygous viable

dikar’/TM3 In house Used for IR

P{SUPor-P}dikar*°""* | In house Two stocks from 2 single homozygous viable
founding males

P{SUPor- In house Two stocks created from P{SUPor-P}dikar" """,

P)dikar*®""**/TM3 used for IR

dikar”" In house Two stocks created from P{SUPor-P}dikar" """

dikar”T/TM3 In house Two stocks created from dikar” ", used for IR
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Homozygous lethal A
P{SUPor-P}dikarc®s4/ T3 X Q/l dikar*

Select females carrying the

P element

P{SUPor-P}dikarc°®% [dikar’ S? X 07 " dikar?
Select females carrying the /

P element

P{SUPﬂr—P}dfkarmmgg"’fdikarg? X & dikar?/TM3

K‘ Select single males carrying the P{SUPor-
Pldikar™™8 gllele and the TM3 balancer

dikar®/TM3 ié X CZ\ P{SUPor-P}dikarkco0254/ T3
Cross siblings carrying both the the P{SUPor-
Pldikar™®@5 gllele and the TM3 balancer
P{SUPor-P}dikar<c00884 T\ 3 § X CZ " P{SUPor-P}dikarco0s4/Tp13
/\ Look for homozygous viable progeny and
cross sibliings to each other
P{SUPor-P}dikar*c9%%84 stock

P{SUPor—P}dfkarmm'““§ X (f P{SUPor-P}dikarkGooss4

Figure 2.30.1: Crossing scheme to generate the homozygous viable P{SUPor-P}dikar*“""**
stock to act as a control. The P{SUPor-P}dikar*""** stock is the parental stock from which the
dikar’ and dikar’ deletion mutant stocks were originally generated. The P{SUPor-P}dikar*°""***
allele contains a mini-white gene (red eyes) and a mini-yellow gene (tan body) as selectable
markers. Arrows point to progeny selected from the previous cross. Genotypes in black text
denote progeny selected from the previous cross, genotypes in grey text represent flies from an

outside stock used to cross to the selected progeny.
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P{SUPor-P}dikar*-tb5s4 §

CZ Sbe A2-3/TM6

Select males carrying both the
P element and transposase source
(selected phenotype = Stubble)

P{SUPor-P}dikartcovse4/She A2-3

Xa/TM6 §
ashlie/TM3 §

Select a single male with the P element
excised (dikar*™) and the TM6 balancer
(selected phenotypes — white eyes, Ubx)

dikar'/TM6

Cross siblings carrying the dikar®T allele
and Th3 balancer
(selected phenotypes = Stubble, no Ubx)

dikarV"/TM3 Stock §

dikar*T/TM3 dikar"T/TM3

Cross siblings homozygous for the dikar®™
allele and sequence to ensure excision was
precise (select against Stubble phenotype)

dr'kurwr§ X CZ\ dikar™™

Figure 2.30.2: Crossing scheme to precisely excise the P{SUPor-P}dikar®""*** P element in

o D LA

dikar¥T Stock

order to generate the dikar”” stock. Selectable markers are indicated by “selected phenotypes”
in brackets, with the Stubble phenotype consisting of short bristles, the white eye phenotype is
white eyes instead of red, and the Ubx phenotype is an enlarged haltere. Arrows point to progeny
selected from the previous cross. Genotypes in black text denote progeny selected from the
previous cross, genotypes in grey text represent flies from an outside stock used to cross to the

selected progeny.

65



2.31:  RNAIi in Drosophila to knock-down dikar mRNA and characterize phenotype

RNAi-mediated targeted gene silencing was achieved via utilization of the GAL4/UAS
system in Drosophila. Briefly, I set up reciprocal crosses consisting of ~3 males and ~5 virgins
for each RNAi experiment. One parent was homozygous or heterozygous for the GAL4 “driver”
gene in which a tissue specific, conditional, or ubiquitously active promoter drove expression.
The other parent was homozygous for a “responder” element containing a 300-400 bp inverted
repeat DNA sequence that is complementary to the mRNA targeted for degradation. Recognition
and binding of the driver GAL4 transcriptional activator to the upstream activation sequence
(UAS) of the responder results in expression of the inverted repeat. The transcribed inverted
repeat in the progeny heterozygous for both the GAL4 gene and the inverted repeat sequence
results in the production of hairpin RNAs, which are then processed and bound to the targeted
gene transcript by the RN A1 machinery, resulting in gene-specific mRNA degradation.
Drosophila stocks used for these crosses are summarized in Table 2.30.1 above, and a general
crossing scheme and experimental concept is summarized in Figure 2.31.1.

Two of the GAL4 driver lines required heat-shock in order to express GAL4. All crosses
requiring heat-shock were set up on the same day. Parents were removed from vials 9 days later
and progeny were heat-shocked by submerging the bottom half of the vials in a 38 °C water bath
and incubating for 30 minutes. Progeny were scored after pupal eclosure for planar cell polarity
mutant phenotypes, which consisted of whorls in the wing bristles, misorientation of small thorax
bristles, and misorientation of abdomen bristles. Other obvious phenotypes, such as pupal

lethality and morphological defects, were also noted if observed in any progeny.
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Figure 2.31.1: Crossing scheme and summary of RNAi-mediated gene silencing in

Drosophila. All crosses were set up in reciprocal.

2.32:  Gamma irradiation (IR) of Drosophila embryos/larvae to test dikar function in DNA

double-strand break repair

All IR experiments were performed at the Edmonton Cross Cancer institute, and utilized
the irradation apparatus model CC2-20, type B, which contained Cobalt-60 as the IR source.
Embryonic and/or larval stages were irradiated in their vials with food.

Kathryn Wilfong-Pritchard, an undergraduate student in the lab, aided in determining

sensitivity to IR at various ages and IR dosages. She set up heterozygous crosses for both the

67



dikar’ and dikar’ alleles with 5-8 males and 5-8 virgins per cross. For the crosses, both male and
virgin parents were of the genotype dikar’/TM3 to test the IR sensitivity of the dikar’ allele, and
the same was done for the dikar’ allele. The expected ratio of the resulting viable progeny was 2
dikar” " |TM3 for every 1 dikar® ¥ /dikar” . Parents were tipped into new vials every 2
days, resulting in a series of 3 vials from the same cross that contained progeny ranging from 0-2
days, 2-4 days, and 4-6 days old, all of which underwent a single dose of irradiation (either 15
gray or 30 gray). Control crosses were set up, tipped, and transported to and from the Cross
Cancer Institute alongside the experimental crosses, but did not receive any irradiation (0 gray).
I then performed large-scale IR experiments on 2-4 day old larvae, which were dosed with
22.5 gray of irradation. The crosses were dikar’/TM3 x dikar’/TM3, dikar’/TM3 x dikar’/TM3,
dikar’/dikar’ x Df3L)ZN47/TM3, dikar’/dikar’ x Df(3L)ZN47/TM3, P{SUPor-
P}dikar*""%TM3 x P{SUPor-P}dikar*“""***/TM3 (for both independent lines generated), and
dikar”"/TM3 x dikar”"/TM3 (for both independent lines generated) (Table 2.32.1). Ten vials
were set up for each cross, 8 of which were experimental (22.5 gray), and 2 of which were
control (0 gray). In order to improve number of progeny per vial due to high levels of generalized
death in vials that underwent IR, each cross was set up with 10-13 male and 20-30 virgin female
parents. Each of the 10 vials was tipped 4 times (for dikar’/TM3 and dikar’/TM3 crosses) or 5
times (for dikar’/dikar’ x DE(3L)ZN47/TM3, dikar’/dikar’ x Df(3L)ZN47/TM3, P{SUPor-
P}dikar®®""**|TM3, and dikar”"/TM3 crosses). This resulted in a total of 48 irradiated and 8
control vials for the dikar’/TM3 and dikar’/TM3 crosses, and 50 irradiated and 10 control vials
for the dikar’/dikar® x Df(3L)ZN47/TM3, dikar’/dikar’ x Df(3L)ZN47/TM3, P{SUPor-
P)dikar*®""**|TM3, and dikar""/TM3 crosses. Statistical analyses comparing the ratio of
progeny between irradiated flies and non-irradiated flies were performed using the y* test-of-

independence.
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Table 2.32.1: Fly crosses set up for IR experiments. Progeny homozygous for the balancer
chromosome 7M3 were not viable. Crosses 5 and 6 were set up in duplicate as two independent

stocks were generated P{SUPor-P}** ™ %84/ )13 for and dikar”"/TM3.

Expected | Purpose of

Cross Viable genotypes ratio experiment

Determine if dikar’
dikar*/TM3 x dikar’/TM3 dikar’ldikar’, dikar’/TM3 1:2 homozygotes are IR
sensitive

) ) Determine if dikar’
dikar’/TM3 x dikar’/TM3 dikar’/dikar’, dikar’ | TM3 1:2 homozygotes are IR
sensitive

Determine if dikar’
over a deficiency
dikar*ldikar’ x DF(3BL)ZN47/TM3 | dikar’/Df(3L)ZN47, dikar’/TM3 1:1 encompassing dikar is
IR sensitive (positive
control)

Determine if dikar’
over a deficiency
dikar’/dikar’ x Df(3L)ZN47/TM3 | dikar’/Df(3L)ZN47, dikar’/TM3 1:1 encompassing dikar is
IR sensitive (positive
control)

Determine if parental
P{SUPor-P)**arkG00884,p 3 x P{SUPor-P)**arkG00884:p g UPor-P}dikar "%, ) P element
P{SUPor-Pp)karkG00884, )13 P{SUPor-Pp)ikarkG00884, )13 12 homozygotes are IR
sensitive

Determine if dikar”"
homozygotes are IR
sensitive (negative
control)

dikar™TITM3 x dikar™"/ TM3 dikar™/dikar™", dikar™"/ TM3 1:2

2.33: DNA sequence analysis of Drosophila genes dikar and Gen to detect possible second site

mutations

The exons and splice sites of the genes dikar and Gen were Sanger-sequenced to look for
differences between the 7M3 balancer chromosome and the third chromosome that contained the
dikar deletion alleles. Genomic DNA was extracted as described in section 2.4 from a single
dikar™"/TM3 heterozygous fly, which was used for the template for PCR and sequencing. Initial
PCR reactions were performed on a Peltier Thermocycler-200 (MJ Research) with cycling
conditions (1) 95.0 °C for 3 minutes, (2) 94.0 °C for 20 seconds, (3) 65.0 °C for 20 seconds, (4)
72.0 °C for 1 minute, (5) repeat steps 2-4 11 times with -1.0 °C for step 3 each cycle, (6) 94.0 °C
for 20 seconds, (7) 55.0 °C for 20 seconds, (8) 72.0 °C for 1 minute, (9) repeat steps (6)-(8) 30
times, (10) 72.0 °C for 10 minutes, (11) 4.0 °C hold. DNA concentration of the PCR product was

approximated and cleaned up with ExoSAP as described in section 2.7. I prepped samples for
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sequencing by combining ~225 ng of PCR template DNA, 2.5 pmoles of primer, and nuclease
free water (Integrated DNA Technologies) to 10 pl. Samples were submitted to MBSU where
Sanger sequencing was carried out via their Economy Sequencing Service.

I analyzed chromatograms for the presence of double (heterozygous) peaks, which
indicated a difference between the two alleles in heterozygous flies. Identified DNA sequence
variants were compared to the reference sequence (www.ensembl.org) to determine if any
variants resulted in missense mutations at the protein level. DNA sequence variants of interest
were then Sanger-sequenced in a homozygous dikar” " /dikar” " fly to determine which variant
belonged to which allele. Missense variants were analyzed with SIFT '"* to predict if there were
any functional differences between the protein products of the two alleles. Protein modeling
comparing the protein products of the two alleles was done using the web-based software I-

TASSER 37189
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Chapter 3
Cecr2 and candidate modifier genes of Cecr2-associated exencephaly in mice and humans
Preface

Some of the work in this chapter was published:
Kooistra, M.K., R.Y.M. Leduc, C.E. Dawe, N.A. Fairbridge, J. Rasmussen, J.H. Man, M. Bujold,
D. Juriloff, K. King-Jones and H.E. McDermid. (2012). Strain-specific modifier genes of Cecr2-
associated exencephaly in mice: genetic analysis and identification of differentially expressed
candidate genes. Physiol. Genomics 44:35-46.
Some of the work in this chapter was done as part of various collaborations.
Section 3.5: I contributed MOD 5/31 and MOD 31/+ exencephaly penetrance data for
publication. Section 3.6: Megan Kooistra performed quantitative real-time PCR (qQRT-PCR)
validation for 6 of the candidate modifier genes, whereas I performed qRT-PCR validation for an
additional 10 candidate modifier genes. I contributed Sanger sequencing of qRT-PCR primer-
probe binding sites for publication. Section 3.7: Whole exome sequencing of two mouse strains
was performed in collaboration. I prepared DNA samples for the mouse whole exome sequencing
experiment, and Deidre Krupp performed the library preparation, sequencing, initial
filtering/analysis, and annotation at Duke University. I followed up with final analysis and
validation of variants. Section 3.8: An undergraduate student, Leanne Donnelly, aided with the
BALB/cCrl x BALB/cJ dihybrid cross under my supervision. Leanne set up crosses, dissected
mice, assessed embryonic phenotypes and analyzed data for the first two thirds of embryo
collection. I finished by setting up crosses, dissecting, and assessing phenotypes for the
remaining embryo collection and I performed final analyses. I contributed the
Arhgap19°THP20BE 1m6use line generation, genotyping, and E9.5 embryo X-gal staining for
publication. Sections 3.9 and 3.10: The work that utilized human DNA samples in this chapter
was done in collaboration. I prepared DNA samples for the human sequencing experiment, and
Natalie Mola performed the library preparation, sequencing, and initial filtering/analysis at Duke
University. I followed up with annotation, final analysis, and Sanger-sequence validation of
variants. Drs. Allison Ashley-Koch and Simon Gregory provided human DNA samples, lab
space, and expertise regarding experimental design and data analysis. Drs. Nicholas Katsanis and

Erica Davis shared expertise and provided all resources required for next generation sequencing.
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3.1: Introduction

Neurulation is a highly dynamic process that involves the complex interplay of hundreds
of genes in many genetic pathways. Cecr2 is only one of over 300 NTD genes identified in mice.
However, as a chromatin remodeling protein, CECR2 likely plays critical roles in global
regulation of gene transcription as well as in important DNA metabolic processes including DNA
replication and repair. The disruption of global gene expression, DNA replication/cell
proliferation, and/or DNA repair at the time of neurulation could have a major impact on several
of the important pathways and processes integral to neurulation. Understanding how Cecr2
functions during neurulation will further enlighten the molecular underpinnings of the essential
developmental process of neurulation.

In humans, NTDs are considered to be multifactorial, with many genetic variants in
combination with environmental factors contributing to the phenotypic output in a single patient.
It is currently hypothesized that human NTDs fall under the multifactorial threshold model **'*".
The multifactorial threshold model theorizes that a combination of several genetic and
environmental factors act in an additive fashion to predispose an individual to the development of
a disease, with only those who have accumulated enough of these predisposing factors breaching
the “threshold” and developing the disease (Figure 3.1.1). Multifactorial threshold traits are
characterized by non-Mendelian inheritance. Multifactorial traits demonstrate a higher risk of
disease development in 1* degree relatives that diminishes as the degree of relation becomes
further apart. For example, the risk for a first-degree relative of someone with an NTD is ~2.5%

and the risk for a second-degree relative is ~1% '*°.

Figure 3.1.1: The threshold model of multifactorial
Threshold
disease inheritance. Threshold traits are believed to
be qualitative traits (presence/absence of the disease)

that have an underlying quantitative etiology. Only

frequency

individuals that possess a number of disease factors

Not affected Athected that exceeds the “threshold” go on to develop the

disease.

Number of disease factors
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As most mouse models of NTDs demonstrate Mendelian inheritance with complete or
reduced penetrance, original schools of thought were that neurulation in mice is a simpler process
than in humans and therefore is not the best approximation of human neurulation. However, more
studies are focusing on gene-gene, gene-environment, and environment-environment interactions
in mice. These studies are demonstrating that NTDs in mice are more complex than previously
thought and that mice are currently, and will continue to be, powerful models of the multifactorial

inheritance of NTDs (reviewed in '

). Examples of mouse models demonstrating gene-
environment and environment-environment interactions were discussed in Chapter 1.4. Here, the
focus is on mouse models of gene-gene interactions, which appear to be an important component
of mouse NTD etiology. In this case, a gene-gene interaction refers to a situation where a single
genetic lesion does not cause NTDs on its own, but can result in NTDs in combination with one
or more additional genetic lesions.

Gene-gene interactions in mice have been shown to occur in the same biological pathway
or process, such as the interaction of VanglI¥' and Vangl2" affecting convergent extension '*.
The Vangl2™ allele results in craniorachischisis with 100% penetrance in homozygous mutant
mice and although heterozygous mice do not develop craniorachischisis, they do display
urogenital defects, a looped tail, and occasionally spina bifida '**'**. All mice heterozygous or
homozygous for the Vangl1#' allele were shown to develop normally, albeit with minor
alterations in stereociliary bundle organization in homozygous mice '*°. To test if these alleles
genetically interact, Torban et al. (2008) crossed VangI2"”"* heterozygous mice to Vangl1¢"¢'
homozygous mice. A genetic interaction between the two alleles was revealed, with
craniorachischisis developing in >60% (20/32) of embryos that were heterozygous for both the
Vangl2™ allele and the VanglI® allele '*°.

Gene-gene interactions can also occur in biological processes that are discrete from one
another, such as the interaction of Vangl2"” (convergent extension in the neural epithelium) and

% Vangl2""" mice only occasionally develop spina

Grhi3“ (hindgut endoderm proliferation)
bifida '** and Grhl3" mice develop spina bifida and/or tail flexion defects ~40% of the time '*°.
Stiefel et al. (2003) were the first to publish that embryos with a VangI2""*; Grhi3*" genotype

develop spina bifida close to 100% '**

. However, the authors did not attempt to explain the
relationship between PCP governed convergent extension in the neural epithelium and hindgut

endoderm proliferation. Gustavsson et al. (2007) postulated that Grhi3<" embryos are
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predisposed to spina bifida because posterior neuropore closure is mechanically difficult due to
the excessive ventral curvature in the caudal region, which is a result of reduced proliferation in
the hindgut endoderm '*°. Therefore, it can be hypothesized that Vangl2”" heterozygous mice
possess a slightly shorter and wider neural tube that almost always successfully closes, and
Grhi3<" homozygous mice are capable of overcoming the mechanical opposition induced by
reduction in gut endoderm ~60% of the time; however, embryos that have both a slightly
shorter/wider neural plate as well as a reduction in gut endoderm are unable to successfully close
their neural tube up to 100% of the time as they possess both predisposing factors.

The above examples of gene-gene interactions represent just two of more than 30 mouse
NTD models represented on the NTD Wiki database (http://ntdwiki.wikispaces.com) that require
a mutation in more than one gene (digenic or trigenic) in order for phenotype to manifest or
increase in penetrance °. Furthermore, most monogenic NTD genes have been studied in
congenic mouse strains, where individual variation within a strain is almost eliminated. The
penetrance of NTDs resulting from a single gene mutation can vary from mouse strain to mouse
strain, indicating the presence of other contributing genetic factors and perhaps modeling the
individual variation in the human population. For example, the Pax3 splotch mutation showed
reduced penetrance when moved from the original C57BL/6J mouse strain to a partial FVB/N
background, with the penetrance of exencephaly dropping from 25.7% (9/35) to 11.5% (3/26)
and the penetrance of spina bifida dropping from 100% (35/35) to 73.1% (19/26) '**. The same

1 ROSA
experiment was done for the shroom“f?5433%"

genetrap mutation, where although the penetrance
of exencephaly remained at 100% for both genetic backgrounds, the penetrance of spina bifida
dropped from 87.5% (7/8) to 8.7% (2/23) 14, Although the C57BL/6 genetic background is more
susceptible compared to FVB/N for the above two examples, the C57BL/6 genetic background
demonstrates resistance relative to the 129/SvEv genetic background when mice are homozygous
mutant for A/x/, with exencephaly penetrance dropping from 100% on a 129/SvEv background to
65% on a C57BL/6:129/SvEv hybrid background '*°. An NTD modifier gene within a susceptible
genetic background has been successfully identified in the past. De Castro et al. (2012)
demonstrated that the presence of a lamin B1 variant found within the curly tail mouse (mutant
for Grhl3) genetic background increased the susceptibility of these mice to the development of

NTDs ", The introduction of a wildtype lamin B1 allele into the curly tail mouse genetic

background reduced the NTD rate by ~3 fold. The authors went on to show that the lamin B1
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variant had a functional impact at the molecular level, which ultimately affected cell cycle
progression. Genetic background influences on NTD penetrance are also present in our Cecr2
mouse model, which is a focus of this chapter.

Homozygous mutation in the mouse gene Cecr2 results in exencephaly with reduced
penetrance that varies between the mouse strains BALB/cCrl and FVB/N. Original exencephaly
penetrance analyses performed by Banting et al. (2005) demonstrated that homozygous mutant
Cecr2°™P¢ BALB/cCrl embryos (generation N6) developed exencephaly 74.5% (35/47) of the
time, but that when the Cecr2°7" allele was crossed into the FVB/N background for five
generations, exencephaly penetrance dropped to 0% (0/45) in homozygous mutant embryos '*'. A
deletion of the first exon of Cecr2 and upstream sequence, resulting in the more severe mutant
allele Cecr2™- 1" also displayed variable penetrance in the two mouse strains '**. When the

Cecrztm]. 1Hemc

allele was crossed into the BALB/cCrl genetic background for three to four
generations, homozygous mutant embryos displayed an exencephaly penetrance of 96.0%
(48/50); however, when crossed into the FVB/N genetic background for the same number of

generations, penetrance was only 31.4% (11/35) in Cecr2™!-/Hm

mutant embryos '**. This
extreme difference in exencephaly penetrance suggests the presence of genetic modifiers, where
one or more genetic variants that differ between the two mouse strains renders BALB/cCrl
susceptible and/or FVB/N resistant to the development of exencephaly.

When BALB/cCrl and FVB/N mice carrying the Cecr2°™ bic allele were crossed to
generate BALB/cCrl:FVB/N hybrid embryos, homozygous mutant embryos with exencephaly

were reduced to 2.9% (1/35 mutants) '**

. The significant reduction in exencephaly penetrance in
these homozygous mutant embryos demonstrated that at least most of the FVB/N resistance
alleles are dominant. Therefore, whole genome linkage analysis was performed in the McDermid
lab to identify the FVB/N genomic regions containing the resistance loci '**. The non-penetrant
homozygous mutant BALB/cCrl:FVB/N hybrid embryos were used in the experiment because,
not only were they viable and fertile, they were also more likely carrying the FVB/N resistance
alleles the authors were interested in. For linkage analysis, these mice were backcrossed to
heterozygous Cecr2°™ " BALB/cCrl mice to generate exencephalic embryos along with non-
exencephalic homozygous mutant embryos (penetrance of 28.1%, 101/360 mutant embryos) '**.
Results demonstrated that there was an ~40.1 Mb region on mouse chromosome 19 with an LOD

score of 4.35 that contains one or more major modifiers. Suggestive linkage peaks were also
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found on chromosome 2 and on the X chromosome, demonstrating that there are multiple
modifier loci that differ between the two strains. It is also possible that other loci outside of these
peaks contribute small effects that the linkage analysis did not detect.

Further insight into the chromosome 19 modifier region revealed the presence of more
than one modifier locus '®. This was established by the creation of three sub-interval congenic
mouse lines (herein referred to as MOD 4, MOD 5, and MOD 31), which broke up the
chromosome 19 modifier region into 3 segments, resulting in 4 genetically distinct sub-regions
(Figure 3.1.2, Figure 3.1.3). Each sub-interval congenic line was homozygous FVB/N for a
different segment of the chromosome 19 modifier region on an otherwise BALB/cCrl genetic

background, which also carried the Cecr297

allele. The homozygous FVB/N chromosome 19
sub-regions in MOD 4 and MOD 31 lines do not overlap; however, both lines demonstrated a
significant drop in exencephaly penetrance when compared to the originally established
penetrance of 74.5% in incipient congenic Cecr2°" BALB/cCrl. Exencephaly penetrance in
the MOD 5 line shows a similar drop in penetrance as MOD 4 and MOD 31. The MOD 5
homozygous FVB/N segment completely overlaps with the MOD 4 segment and partially

overlaps with the MOD 31 segment.
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Location Figure 3.1.3: Exencephaly penetrance
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There are over 500 genes within the chromosome 19 modifier region. To identify
candidate modifier genes, a whole genome microarray analysis (Affymetrics Mouse 430 2.0) was
performed on BALB/cCrl and FVB/N embryos at 11-14 somites (~E8.5) in order to find genes
within the chromosome 19 modifier region that are differentially expressed between the two

1% The microarray data was analyzed using two different statistical

strains during neurulation
methods, the GC-RMA/Student’s t-test and the RMA/ANOVA, to identify genes where
expression differed by at least 1.5 fold. A total of 22 genes were identified by GC-
RMA/Student’s t-test analysis (Table 3.1.1), and 11 genes were identified by RMA/ANOVA
analysis with 9 of these genes also represented in the GC-RMA/Student’s t-test analysis (Table
3.1.2). A caveat to the microarray was that not all genes within the genome were represented on
the array. One such gene, Pax2, is within the chromosome 19 modifier region and was a good
candidate modifier as it results in exencephaly when mutated in mice '**. However, quantitative

real-time PCR (qRT-PCR) demonstrated that this gene is not differentially expressed between the

two strains. Another caveat of the microarray was that it only detected candidate modifier genes
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based on differential expression, but neglected candidate genes that contained DNA sequence

variants that may have altered protein function without affecting expression.

Table 3.1.1: Genes within the chromosome 19 modifier region that differ in expression by at

least 1.5 fold using GC-RMA/Student’s t-test analysis. Data obtained from whole genome

microarray using 11-14 somite embryos. Table acquired from Kooistra et al. (2012) '®.

FVB/N vs BALB/cCRL wildtype FVB/N vs BALB/cCRL Cecr2 Gr458ic/Gtassic

Affy probe set  Gene symbol MOD region FC P value Affy probe set  Gene symbol MOD region FC P value
1434911_s_at  Arhgap19 3 2143 3.27E-08 1434911_s_at  Arhgap19 3 20.15  1.26E-05
1444218 at D19Ertd737e 4 497 2.31E-04 1431982_at Arhgap19 3 3.37 5.02E-04
1422318_at Foxd4 1 265 3.08E-02 1444218_at D19Ertd737e 4 2.84 6.7T1E-05
1423875_at Fam160b1 4 227 4.89E-04 1418473_at Cutc 3 1.94  1.16E-04
1423876_at Fam160b1 4 224  3.09E-04 1439561_at 2010012005Rik 3 1.85  7.08E-06
1426867_at Dmrt2 1 211 4.07E-02 1423876_at Fam160b1 4 1.80  7.09E-03
1439561_at 2010012005Rik 3 1.87  8.38E-03 1431337_a_at Famd4ba 4 1.78  2.40E-04
1418473 _at Cutc 3 1.73  6.06E-04 1452012_a_at  Exosc1 3 1.77  1.29E-03
1431982_at Arhgap19 3 1.77  1.50E-02 1422318_at Foxd4 1 1.74  4.65E-02
1438454 _at Pten 1 1.64  3.45E-02 1418873_at Sixn4 4 1.66  3.82E-03
1448186_at Pnliprp2 4 1.64  3.02E-02 1440707 _at Dmnt3 1 -1.50  3.48E-02
1431337 _at Fam45a 4 1.61 1.27E-04 1438561_x_at  Tmem180 3 -1.64  2.02E-04
1424983 _at 2700078E11Rik 4 1.51 1.24E-04 1423023_at Sfrp5 3 -1.75  1.95E-03
1452845 at Hiflan 3 1.50 2.42E-04 1436075_at Sfrp5 3 -1.76  1.31E-02
1435896_at Sfxn2 3 -1.51 6.04E-04 1446838_at Atad1 1 -1.80  1.12E-02
1436075_at Sfrp5 3 -1.53 5.86E-02 1449853 _at Sixn2 3 -1.82  9.09E-03
1415964 _at Sed1 3 -1.54  1.82E-04 1417900_a_at  VidIr 1 -1.84  1.03E-03
1453180_at Rnis 1 -1.57 2.07E-02 1434465_x_at  Vidir 1 -1.95 5.87E-04
1438561_x_at  Tmem180 3 -1.73  3.08E-05 1423141_at Lipa 1/2 -2.27  8.37E-03
1415965_at Sed1 3 -1.87 8.66E-05 1429910_at March5 2 -243  2.58E-04
1428139 _at Tmem180 3 -2.04  2.80E-02 1438258 _at Vidir 1 -2.66 4.25E-06
1423141_at Lipa 1/2 -2.41  7.30E-04 1415824 _at Scd2 3 -2.83 5.65E-04
1415824 _at Sed2 3 -2.67 4.03E-04 1432052_at Exosc1 3 -2.84  1.33E-03
1429910_at Marchb 2 -2.78  2.24E-05 1438207 _at Gbft 3 -3.13  8.84E-03
1432052_at Exosc1 3 -2.99  3.47E-07 1433914 _at Lipo1 1 -5.70  8.35E-05
1433914 at Lipo1 1 -6.26 4.81E-05

FC — fold change
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Table 3.1.2: Genes within the chromosome 19 modifier region that differ in expression by at
least 1.5 fold using RMA/ANOVA analysis. Data obtained from whole genome microarray
using 11-14 somite embryos. All genes within this table except Vidlr and Xpnpep1 are also
included in Table 3.1.2. Table acquired from Kooistra et al. (2012) 165,

ﬁ FVB/N vs BALB/cCRL WT FVBIN vs BALB/CCRL Cecra S#80cHste

Affy probe set  Gene symbol MOD region Fold change P value Fold change P value ANOVA
1434911_s_at  Arhgap19 3 6.12 2.11E-08 5.88 2.14E-07 8.89E-09
1429910_at March5 2 -2.04 5.58E-06 -1.69 9.81E-05 5.89E-04
1424983_a_at  2700078E11Rik 4 1.45 2.15E-05 1.39 3.24E-05 7.96E-04
1428139_at Tmem180 3 -1.29 1.52E-04 -1.38 7.40E-06 1.51E-03
1433914 _at Lipo1 1 -3.74 1.03E-04 -3.52 1.75E-05 2.83E-03
1438258 _at Vidir 1 -1.55 1.02E-03 -2.31 9.78E-06 4.03E-03
1422443 _at Xpnpep1 4 -1.29 1.61E-04 -1.27 3.79E-05 1.01E-02
1444218_at D19Ertd737e 4 3.25 4.72E-05 2.27 2.49E-04 1.03E-02
1432052_at Exosc1 3 -2.33 2.25E-05 -2.12 3.09E-04 1.10E-02
1418473 _at Cutc 3 1.34 7.76E-04 1.55 1.14E-04 2.61E-02
1423875_at Fam160b1 4 1.66 7.60E-06 1.21 1.53E-02 3.82E-02

FC — fold change

Arhgapl9 was a candidate gene of particular interest as it had 21.43-fold lower expression
in BALB/cCrl relative to FVB/N according to microarray GC-RMA/Student’s t-test analysis
(6.12-fold lower according to RMA/ANOVA analysis). It was also discovered that the wildtype
BALB/cCrl mouse strain is homozygous for a ‘T’ insertion within exon 6 that results in the
introduction of a nonsense mutation (herein referred to as Arhgap 197" '*'%° drhgap19
belongs to the GTPase activating protein (GAP) family, which act as negative regulators of Rho
proteins by stimulating the intrinsic GTP hydrolysis activity of Rho *?°. Members of the RhoGAP
family are involved in regulating many cellular processes, including cell adhesion, cell migration,
gene expression, cytoskeletal dynamics, cell proliferation, cell differentiation, and planar cell
polarity 2°'%2. All of these processes have been shown to result in NTDs if disrupted ***. The

Arhgapl gFxtnon

allele produces a truncated protein product that still contains the RhoGAP
domain; however, we hypothesize that the reduced levels of transcript in BALB/cCrl is due to
nonsense-mediated decay.

In this thesis, I reanalyzed and expanded on the penetrance analyses of the wildtype and
MOD lines, solidifying the conclusion that more than one modifier exists on chromosome 19, and
discovering that these modifiers do not act in an additive manner. As part of further

characterizing the congenic Cecr2°™P BALB/cCrl line, penetrance of the small inner ear
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phenotype was also analyzed, with results indicating that small inner ears are secondary to the
development of exencephaly. Small inner ear penetrance analyses were also performed for both
MOD 5 and MOD 31, with results corroborating the observations in BALB/cCrl. In the pursuit of
finding one or more modifier genes of Cecr2-associated exencephaly, I identified additional
candidate modifier genes by whole exome sequencing (WES) of the BALB/cCrl and FVB/N
strains. This resulted in an updated list of candidate genes, which was validated and refined based
on additional information, including what is previously known about gene expression and
function. I excluded the top candidate gene, Arhgap19, based on genetic analysis in mouse.

Although studies in our mouse model have established Cecr2 as an NTD gene, variants
within human CECR?2 have not yet been associated with NTDs in humans. Here, for the first
time, human CECR?2 was sequenced in a cranial NTD cohort consisting of 156 probands, where 9
protein-coding variants of interest were identified. In an effort to identify the top candidate
modifier genes in mouse and the possible contribution of these genes to human NTDs, the human
homologues of the remaining candidate modifier genes (excluding Arhgap19) were sequenced in
the human cranial NTD cohort consisting of 156 probands. DNMBP, MMS19, and TJP2 were

identified as the three top candidate modifier genes.

RESULTS
3.2:  Exencephaly penetrance in congenic Cecr2°"" BALB/cCrl mice is lower than the

penetrance in the earlier N6 generation

An increase in homozygous viable mutant mice was perceived in our colony over a period
of 8 years; therefore, it was important that we re-established what the penetrance of exencephaly
is in the Cecr2 mutant congenic lines. Over time, modifying mutations can accumulate within an
inbred mouse line, which can partially protect these mice from developing exencephaly. Changes
in the environment could also influence the penetrance of exencephaly.

The Cecr2°™% allele was originally generated in a 129P2/Ola mouse genetic
background, and was then backcrossed into either the BALB/cCrl or FVB/N genetic backgrounds
4! The most obvious phenotypic consequence of the Cecr2“"" homozygous mutation when

backcrossed into the BALB/cCrl mouse strain was exencephaly. This was analyzed mainly in the

incipient congenic (between N5 and N9 generations) BALB/cCrl line at generation N6, with
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some inclusion of generation N5 progeny. A penetrance of 74.5% (35/47) exencephaly was
detected '*'. The Cecr2°7" allele was then further backcrossed into the BALB/cCrl genetic
background until a combined total of 10 generational backcrosses was achieved (N10), which
resulted in a congenic mouse line. A perceived increase in homozygous viable Cecr297*%¢
mutant mice led me to re-analyze exencephaly penetrance in this congenic line. A minimum of 8
years passed between these two analyses, with the original analysis being published in 2005 and
the recent analysis on congenic mice being performed in 2013. Results from this re-analysis
yielded a drop in exencephaly penetrance from 74.5% (35/47) observed in the original analysis in
the incipient congenic BALB/cCrl Cecr2°™" line to 54.1% (73/135) in the more recently
produced congenic BALB/cCrl Cecr2°™ ¢ line (Table 3.2.1). A X2 test-of-independence
demonstrated that the exencephaly penetrance in congenic BALB/cCrl was significantly lower
than the exencephaly penetrance obtained from the previous analysis on generation N6 incipient
congenic BALB/cCrl (P =0.014). Also, the Cecr2°"¢ allele did not demonstrate Mendelian
inheritance according to a y* goodness-of-fit test (homozygous mutants = 135, heterozygotes =
310, homozygous wildtypes = 183, P = 0.0242). Banting et al. (2005) also reported fewer
homozygous mutants than expected in the previous analysis, with 47 homozygous mutants, 110
heterozygotes, and 70 homozygous wildtypes; however, this was not statistically significant (P =
0.0873). In the recent analysis, the observed number of 310 heterozygote embryos was close to
the expected number of 314 embryos. If the expected number of mutant and wildtype embryos
were derived from the observed number of heterozygotes (310/2), we would expect 155 mutant
and 155 wildtype embryos. Therefore, results indicate both the loss of mutant embryos as well as
an excess of wildtype embryos. Exencephaly was not seen in any heterozygous or homozygous
wildtype embryos in both the current and previous analyses.

An increased predisposition to the development of exencephaly in females has been
established in many mouse genetic NTD models, as well as in humans (reviewed in 106) 'While
Banting et al. (2005) did not record the sex of the embryos for the original penetrance analysis;
Davidson et al. (2007) collected a series of exencephalic Cecr2°™* bic BALB/cCrl homozygous
mutant embryos for a different study. There were 61 females and 33 males among the mutant
exencephalic embryos, with 64.9% being female and 35.1% being male, which implied that

2GT45bic

female Cecr. mutant mice also had a higher predisposition to developing exencephaly o4,

The recent analysis of exencephaly penetrance in congenic Cecr2°"*"* BALB/cCrl confirms this
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female predisposition to the development of exencephaly in our mouse model, with 67.6%
(50/74) of Cecr2°” #3bic B ALB/cCrl mutant females developing exencephaly, and only 37.7%
(23/61) of Cecr2°™ " BALB/cCrl mutant males developing exencephaly (Table 3.2.1). A x* test-

of-independence revealed that this difference between sexes is significant (P = 0.00053).

Table 3.2.1: Congenic Cecr2¢™%< BALB/cCrl homozygous mutant exencephaly penetrance

analysis.
Female Male Combined sexes N6 Balb/cCrl
(old analysis) 4
Exencephaly 50 23 73 35
Normal 24 38 62 12
Penetrance (%) 67.6 37.7 54.1 74.5

3.3:  Small inner ears are secondary to the exencephaly phenotype

Phenotypic characterization of Cecr2°7*"* BALB/cCrl homozygous mutant mice
revealed that inner ears were also affected, with smaller cochlea and disorganization of

143 .
. Here, the small inner ear

stereociliary bundles observed in mutant mice with exencephaly
phenotype was followed up on, but organization of stereociliary bundles was not assessed for
these embryos. Dawe et al. (2011) addressed the small inner ear phenotype; however, the
penetrance of this phenotype was not quantified and I was interested in determining if small inner
ear penetrance differed between BALB/cCrl and the MOD lines (MOD inner ears are addressed
in section 3.5). The sizes of both inner ears were measured and averaged per embryo for congenic
Cecr2°™P BALB/cCrl homozygous wildtype E17.5 embryos (n = 14) and compared to
Cecr2°™ " BALB/cCrl homozygous mutant E17.5 embryos with exencephaly (n = 5) and
without exencephaly (rn = 9). Overall, inner ear pairs from the same embryo appeared similar to
one another. The smaller inner ear phenotype was only seen in exencephalic Cecr2°*"*
BALB/cCrl homozygous mutant embryos, suggesting that smaller inner ears are secondary to the
development of exencephaly (Figure 3.3.1). One-way ANOVA followed by Tukey’s post-hoc
revealed no significant difference when comparing inner ear measurements of wildtype embryos

to homozygous mutant embryos without exencephaly (P > 0.05, Table 3.2.1). However, there

was a significant inner ear size difference between wildtype embryos and homozygous mutant
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exencephalic embryos (P < 0.001), as well as homozygous mutant embryos without exencephaly

compared to homozygous mutant embryos with exencephaly (P < 0.001, Table 3.3.1).

Length (mm)

25
*
2
) I

Wildtype Non-penetrant Exencephaly

Figure 3.3.1: Small inner ears are
secondary to the exencephaly phenotype in
congenic Cecr2°"* BALB/cCr]l mutant
embryos. Both inner ears were removed
from E17.5 day embryos, fixed in
paraformaldehyde, and imaged. Length was
measured using ImagelJ and the average
length of the two inner ears per mouse was
used for statistical analysis. (A) Homozygous
mutant embryos with exencephaly have
significantly smaller inner ears (denoted with

asterisk) than homozygous wildtype embryos

and homozygous mutant embryos without exencephaly. Error bars represent the 95% confidence

interval. (B) Image of an inner ear from a wildtype embryo and (C) a homozygous mutant

embryo with exencephaly. White lines indicate where measurement was taken.

Table 3.3.1: Statistical analysis of inner ear size comparing E17.5 congenic Cecr2¢7*"

BALB/cCrl embryos wildtype for Cecr2 (WT), homozygous mutant for the Cecr26T4bie

allele but not penetrant for exencephaly (NP), and homozygous mutant for the Cecr26T4bi

allele with exencephaly (E). Inner ear length was averaged for each mouse and then analyzed

with one-way ANOVA followed by a Tukey’s post-hoc test.

Comparison P-value
WT : NP 0.683
WT: E 0.000
NP: E 0.000
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3.4:  Exencephaly penetrance of congenic Cecr2™!- /%™ FVB/N mice is lower than the

penetrance in the earlier N3 generation

The Cecr2™" " mutant allele resulted in a more severe exencephaly phenotype than the

Cecr2°™" allele in the BALB/cCrl background, with 96.0% of 3rd_ 4t generation BALB/cCrl

142 This difference in

penetrance between the two alleles holds true for FVB/N, as incipient congenic Cecr2°7*

Cecr2™ 1M homozygous mutant mice developing exencephaly

FVB/N homozygous mutant mice do not develop exencephaly '*', but an exencephaly penetrance
analysis of Cecr2™ " homozygous mutant mice that were generation N3 (~87.5% FVB/N)
yielded a penetrance of 31.4% '**. As we saw a drop in exencephaly penetrance in congenic
Cecr2°™P¢ BALB/cCrl compared to analyses performed on earlier generations, we were
interested in determining if this same phenomenon occurred in congenic Cecr2™! /" FVB/N,

I collected and analyzed a total of 73 homozygous mutant embryos, with results
indicating an exencephaly penetrance of 12.3% (9/73) when sexes were combined (Table 3.4.1).
The Cecr2"™"'H™ allele was inherited in a perfectly Mendelian fashion (1:2:1 ratio), with a total
0f 292 embryos collected (73 homozygous mutants, 146 heterozygotes, and 73 homozygous
wildtype embryos), which demonstrated that there was no significant loss of mutant embryos
prior to implantation or early in development relative to heterozygous or homozygous wildtype
siblings. Exencephaly was not seen in any of the heterozygous or homozygous wildtype embryos.
To determine if there was a sex difference in exencephaly penetrance, as was seen in congenic
Cecr2°™ " BALB/cCrl homozygous mutant mice, I analyzed sexes separately. Five out of 29
females (14.7%) and 4 out of 35 males (10.3%) developed exencephaly (Table 3.4.1). There was
no significant difference between sexes according to a 3 test-of-independence. However, it is
possible that this difference may become statistically significant if more embryos were looked at,
as there were only a total of 9 embryos that developed exencephaly. Exencephaly penetrance
dropped from the 31.4% (11/35) seen in generation N3 FVB/N mice to the 12.3% seen here in
congenic FVB/N. A y* test-of-independence demonstrated that the exencephaly penetrance in
congenic FVB/N was significantly lower than the exencephaly penetrance obtained from the
previous analysis on generation N3 FVB/N (P = 0.017). These results confirm that the FVB/N

genetic background harbors a resistance towards the development of exencephaly relative to
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BALB/cCrl. However, the FVB/N genetic background could not fully protect embryos that were

homozygous mutant for the more severe allele, Cecr2™" /"™ from developing exencephaly.

Table 3.4.1: Congenic Cecr2™"'#*"¢ FVB/N homozygous mutant exencephaly penetrance

analysis.
Female Male Combined sexes N3 FVB/N
(old analysis) 142
Exencephaly 5 4 9 11
Normal 29 35 64 24
Penetrance (%) 14.7 10.3 12.3 31.4

3.5:  Modifier genes within the chromosome 19 modifier region are not additive

Initial exencephaly penetrance analyses demonstrated significantly lower exencephaly
penetrance in MOD 4, MOD 5, and MOD 31 sub-interval congenic mouse lines compared to the
original exencephaly penetrance in incipient congenic Cecr27"* BALB/cCrl of 74.5% ',
confirming that the FVB/N chromosome 19 region contains resistance loci. However, in light of
my more recent exencephaly penetrance analysis yielding a penetrance of 54.1% in congenic

GT45bi
Cecr2 ¢

BALB/cCrl, I performed another exencephaly penetrance analysis on the MOD 5 and
MOD 31 sub-interval congenic mouse lines. I was unable to perform a penetrance analysis on the
MOD 4 line as it was no longer available. Results indicated a lower penetrance than previously
reported, with MOD 5 penetrance dropping from the previously reported 50.0% to 33.3% (24/72)
and MOD 31 penetrance dropping from the previously reported 46.1% to 31.4% (11/35) (Figure
3.5.1, Table 3.5.2). A y” test-of-independence demonstrated that exencephaly penetrance was
significantly lower in MOD 5 and MOD 31 compared to the 54.1% penetrance seen in congenic
Cecr2°™ P BALB/cCrl (P < 0.05) (Table 3.5.1).

Previous data from Kooistra et al. (2012) showed that there is more than one modifier
locus within the chromosome 19 region, as there was no genomic region of FVB/N origin
common to all three MOD lines tested, which all demonstrated a similar drop in exencephaly
penetrance (Figure 3.1.3). To confirm this, I performed a control cross. Since there was no line
available in which the entire FVB chromsome 19 modifier region was present on a BALB/cCrl
background, MOD 5 and MOD 31 were crossed to each other to generate progeny that were

heterozygous for regions 1, 2 and 4, and homozygous for region 3 (herein referred to as MOD
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5/31). FVB/N resistance loci have already been shown to be dominant. Therefore, the entire
region is at least heterozygous for the dominant FVB/N resistance loci, and so should mimic the
entire region being homozygous for FVB/N. Exencephaly penetrance in these embryos was
determined to be 32.4% (12/37) which is similar to the exencephaly penetrance in MOD 4, MOD
5, and MOD 31 (Figure 3.5.1, Table 3.5.2) '®.

Thus far, all MOD lines demonstrated a similar penetrance in exencephaly. If there are
two modifiers, one in region 1 and one in region 4, it is possible that they are acting in a co-
dominant, additive manner. This means that it is possible that a single FVB/N modifier allele
confers a certain amount of resistance, and having two alleles, either both in region 1 (MOD 4
and MOD 5), both in region 4 (MOD 31), or one in region 1 and the other in region 4 (MOD
5/31) would all result in similar frequencies of exencephaly. This hypothesis excludes the
possibility of a modifier locus existing in region 3, as this would result in three FVB/N modifier
alleles in MOD 5/31 embryos or four modifier alleles in MOD 5 embryos. If there was a modifier
in region 3, then the proposed hypothesis would predict a reduced exencephaly penetrance in
MOD 5 and MOD 5/31 compared to the MOD 31 line — but this was not the case. Under this
hypothesis of only 2 modifier loci, one in each of region 1 and 4, we would predict that having
only one allele in a heterozygous state would not provide the same amount of resistance as two
alleles. This would therefore result in an increased frequency of exencephaly compared to the
MOD lines. To test this hypothesis, MOD 5 (homozygous FVB/N for region 1, heterozygous for
the Cecr20T0 allele) was crossed to congenic Cecr2°™® bic BALB/cCrl heterozygotes to
produce Cecr2°"" mutants that only contain one FVB/N modifier allele in region 1 (herein
referred to as MOD 5/+). Under the co-dominant, additive model, we would expect an
exencephaly penetrance intermediate between congenic BALB/cCrl (54.1%) and MOD 5
(33.3%). The results did not support this model, as MOD 5/+ embryos displayed an exencephaly
penetrance of 35.5% (n = 53) (Figure 3.5.1, Table 3.5.2). This analysis was also performed for
MOD 31 (region 4), where the exencephaly penetrance of MOD 31/+ embryos was 28.6% (n =
42) (Figure 3.5.1, Table 3.5.2) '. There was no significant difference in exencephaly penetrance
between any of the MOD lines or crosses (Table 3.5.1). There was also no significant difference
when all combinations of any of these penetrance analyses were compared to the original
penetrance analyses performed on MOD 4, MOD 5, and MOD 31 (Figure 3.1.3). This may be

due to small sample sizes, as some statistical comparisons did come close to significance. Also,
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the original penetrance in MOD 4 of 36.2% was very similar to the penetrance seen in this recent

analysis. The Cecr26T#%

allele was inherited in a Mendelian fashion for all MOD crosses

according to y* goodness-of-fit tests (P > 0.05). Exencephaly was not seen in any heterozygous or

homozygous wildtype embryos.

Based on these results, we concluded that one of the modifiers is located in region 1.

Since the modifiers do not appear to be additive, the location of the second modifier, if there are

indeed only two, could be in either region 3 (meaning that MOD 5 would contain both) or 4. This

is important, since Arhgap19 and other candidate genes are in region 3.

Marker T MODS  MOD31 MODSA1 MOD S MOD 3L+
rsl3d83563 21,647 L] A T
rR6259521 24021 L
pe31272775 2679

FR63RIST2 31478 ]
DI9Mires 37.331 é ]
PRAGTTIIA 40,654 -2
rpe307I4351 40,748 _ ]
ped4I8423  41.104 T
peA250750 43873 .
rslid83644 45853

30659530 47.627 |
rs3JIU9TET 4R.2HG ]

ral 3483654 4%.457 ' % N
rsl348366% 52277 A
pe37OUGT] 55601 . H H
3712604 0010 L] H |
Line MODS  MOD3I MODS31 MOD S+ MOD 3L+
Exencephaly 24 11 12 19 12
Normal 43 24 25 34 30
Total mutants, n 72 15 37 53 42
Penetrance, % 313 31.4 324 354 2.6

Figure 3.5.1:
Exencephaly penetrance
analyses in MOD 5,
MOD 31, MOD 5/31,
MOD 5/+, and MOD
31/+. The FVB/N modifier
alleles are dominant and
not additive. There is at
least one modifier gene
within region 1 (based on
MOD 4 data in Figure
3.1.3) and at least one
modifier gene within the
combined regions 3 and 4.
Black boxes indicate

homozygous FVB/N

genetic background, white boxes indicate homozygous BALB/cCrl genetic background, and half-

black half-white boxes indicate genomic regions heterozygous for the FVB/N and BALB/cCrl

genetic backgrounds.
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Table 3.5.1: xz test-of-independence comparing exencephaly penetrance between congenic
Cecr2™" BALB/cCrl, MOD 5, MOD 31, MOD 5/31, MOD 5/+, and MOD 31/+ mouse

embryos homozygous mutant for the Cecr2¢"*

allele. All mouse lines containing at least
one copy of the FVB/N modifier region (MOD) show significantly lower exencephaly penetrance
than congenic Cecr2°" #bhic BALB/cCrl. Exencephaly penetrances for all MOD mouse lines were

not significantly different from each other.

Comparison P-value
BALB/cCrl : MOD 5 4.39E-03
BALB/cCrl : MOD 31 1.69E-02
BALB/cCrl : MOD 5/31 1.97E-02
BALB/cCrl : MOD 5/+ 2.45E-02
BALB/cCrl : MOD 31/+ 3.86E-03
MOD 5 : MOD 31 0.844
MOD 5 : MOD 5/31 0.925
MOD 5 : MOD 5/+ 0.770
MOD 5 : MOD 31/+ 0.598
MOD 31 : MOD 5/31 0.927
MOD 31 : MOD 5/+ 0.669
MOD 31 : MOD 31/+ 0.785
MOD 5/31 : MOD 5/+ 0.737
MOD 5/31 : MOD 31/+ 0.710
MOD 5/+: MOD 31/+ 0.452

As sex differences were seen in congenic Cecr2"*" BALB/cCrl, exencephaly
penetrance between males and females for each MOD penetrance analysis was also compared
using the y” test-of-independence. There did not appear to be any sex differences for MOD 5/31
(male 33.3%, 6/18; female 31.6%, 6/19) or for MOD 31/+ (male 28.0%, 7/ 25; female 29.4%,
5/17) (P > 0.05). Sex differences were observed for MOD 5 (male 29.0%, 9/31; female 36.6%,
15/41), and MOD 31 (male 18.8%, 3/16; female 42.1%, 8/19) but were not significant (P > 0.05).
A significant difference was seen in MOD 5/+ (male 18.2%, 4/22; female 48.4%, 15/31) (P <
0.05). A summary of all exencephaly penetrance analyses, which include P-values for sex

comparisons, is displayed in Table 3.5.2.
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Table 3.5.2 Summary of exencephaly penetrance of males, females, and combined sexes for
congenic Cecr2°™" BALB/cCrl, MOD 5, MOD 31, MOD 5/31, MOD 5/+, and MOD 31/+.

Differences in exencephaly penetrance between sexes were analyzed using a y” test-of-

independence.
Mouse line Female Percent Male Percent Sex Combined Percent
Penetrance Penetrance differences sex
(P-value) penetrance

BALB/cCrl 50/74 67.6% 23/61 37.7% 5.30E-04 73/135 54.1%
MOD 5 15/41 36.6% 9/31 29.0% 0.501 24/72 33.3%
MOD 31 8/19 42.1% 3/16 18.8% 0.138 11/35 31.4%
MOD 5/31 6/19 31.6% 6/18 33.3% 0.909 12/37 32.4%
MOD 5/+ 15/31 48.4% 4/22 18.2% 2.39E-02 19/53 35.8%
MOD 31/+ 5/17 29.4% 7/25 28.0% 0.921 12/42 28.6%

Small inner ears are an additional phenotype seen in homozygous mutant congenic
Cecr2°™ " BALB/cCrl embryos. Prior to establishing that the small inner ear phenotype was
secondary to the exencephaly phenotype, as presented in section 3.3, I was interested in
determining if the FVB/N resistance modifier loci also reduced the penetrance of the small inner
ear phenotype. Therefore, I also measured inner ears in Cecr2°"”" homozygous mutant MOD 5
and MOD 31 embryos. As was shown for congenic Cecr2°"*" BALB/cCrl, the small inner ear
phenotype in MOD 5 and MOD 31 embryos was only apparent in homozygous mutant embryos
that developed exencephaly (Figure 3.5.2, Table 3.5.3). Cecr2°™ bic homozygous mutant E17.5
MOD 5 embryos with exencephaly (n = 6) had significantly smaller inner ears than Cecr29"*"
homozygous mutant E17.5 MOD 5 embryos without exencephaly (n =7, P <0.001) and E17.5
MOD 5 embryos wildtype for Cecr2 (n =13, P <0.001). The same was true for MOD 31, where
Cecr2°™ " homozygous mutant E17.5 embryos with exencephaly (n = 3) had significantly
smaller inner ears than Cecr2°"" homozygous mutant E17.5 embryos without exencephaly (#
=9, P<0.001) and E17.5 embryos wildtype for Cecr2 (n =6, P <0.001). There was no
significant difference in inner ear size between the congenic Cecr2CT#bic BALB/cCrl, MOD 5,
and MOD 31 mouse lines when comparing E17.5 embryos wildtype for Cecr2 to each other,

Cecr20T#bi homozygous mutant but not penetrant for exencephaly to each other, and

Cecr2°™ " homozygous mutant with exencephaly to each other (P > 0.05).
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Figure 3.5.2: Inner ears are significantly smaller in embryos with exencephaly. Both inner
ears were removed from E17.5 day embryos, fixed in paraformaldehyde, and imaged. Length was
measured using ImageJ and the average length of the two inner ears per mouse was used for
statistical analysis. One-way ANOVA followed by Tukey’s post-hoc revealed that embryos with
exencephaly have significantly smaller inner ears than embryos without exencephaly (A, B, C).
There was no difference in inner ear size between the three lines analyzed when comparing
wildtype (D), non-penetrant mutant (E), or exencephalic embryos (F). Error bars represent the

95% confidence interval. Asterisk represents a P-value < 0.05.
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Table 3.5.3: Statistical analysis of inner ear size comparing E17.5 embryos wildtype for

ZGT45bic

Cecr2 (WT), homozygous mutant for the Cecr allele but not penetrant for

exencephaly (NP), and homozygous mutant for the Cecr2°7"

between congenic Cecr2°™" BALB/cCrl, MOD 5, and MOD 31 mouse lines. Inner ear

allele with exencephaly (E),

length was averaged for each mouse and then analyzed with one-way ANOVA followed by a

Tukey’s post-hoc test.

Comparison P-value
MOD 5 (WT) : MOD 5 (NP) 0.150
MOD 5 (WT) : MOD 5 (E) 0.000
MOD 5 (NP) : MOD 5 (E) 0.000
MOD 31 (WT) : MOD 31 (NP) 0.379
MOD 31 (WT) : MOD 31 (E) 0.000
MOD 31 (NP) : MOD 31 (E) 0.000
BALB/cCrl (WT) : MOD 5 (WT) 0.996
BALB/cCrl (WT) : MOD 31 (WT) 0.294
MOD 5 (WT) : MOD 31 (WT) 0.082
BALB/cCrl (NP) : MOD 5 (NP) 0.771
BALB/cCrl (NP) : MOD 31 (NP) 0.802
MOD 5 (NP) : MOD 31 (NP) 0.059
BALB/cCrl (E) : MOD 5 (E) 0.979
BALB/cCrl (E) : MOD 31 (E) 1.000
MOD 5 (E) : MOD 31 (E) 1.000

3.6:  gRT-PCR validation of microarray data yields a list of 9 candidate modifier genes
differentially expressed between BALB/cCrl and FVB/N

Whole genome microarray GC-RMA/Student’s t-test analysis identified 22 genes
differentially expressed by at least 1.5 fold between BALB/cCrl and FVB/N wildtype strains
(Table 3.1.1). In collaboration with Megan Kooistra, gene expression was validated by qRT-PCR
for 16 of these genes, of which 9 showed a significant difference in expression between mouse
strains (P < 0.05) (Table 3.6.1). I did not validate gene expression for the additional 6 genes
because further analysis of the binding location of the microarray probe revealed that the probe
did not fall on a transcribed region or the gene was not a good candidate based on what was
known about expression and/or function. Seven of the 9 genes validated by qRT-PCR, Lipo1,
Arhgapl19, Foxd4, Tmem180, Sfxn2, Rnls, and Scd1, all showed a fold-change (FC) greater than
1.5. Although statistically significant, Scd2 was only 1.47 fold lower in FVB/N relative to
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BALB/cCrl, and Pnliprp2 was only 1.38 fold higher in FVB/N relative to BALB/cCrl. On the
microarray, Lipa demonstrated one of the largest gene expression differences between strains;
however, qRT-PCR validation demonstrated that there was no expression difference. I found that
there existed several SNVs that differed between BALB/cCrl and FVB/N within the region that
the microarray probe bound to, which led to inefficient probe binding in one strain compared to
the other resulting in erroneous microarray data. Therefore, to ensure that the remaining qRT-
PCR results would not present with a similar artifact, I checked the regions where qRT-PCR
primer-probe sets bound to for the presence of SNVs by Sanger sequencing or by referencing the

Ensembl online database.

Table 3.6.1: qRT-PCR validation of candidate modifier genes identified by whole genome
microarray. Presented microarray fold-change (FC) was determined by GC-RMA/Student’s t-
test analysis, except for Vidlr, which was determined by RMA/ANOVA analysis. Asterisk

denotes validation performed by Megan Kooistra 199

. The line in the middle of the table separates
significant qRT-PCR P-values from those that were not significant. A subset of these data has

previously been published '®.

Gene MOD FC

Symbol region microarray P-value FC qRT-PCR 95% CI P-value
Lipol 1 -6.26 4.18E-05 -7.15 0.36 5.40E-04
Arhgap19* 3 21.43 3.27E-08 5.41 0.15 1.01E-03
Foxd4* 1 2.65 3.08E-02 2.68 0.31 2.25E-04
Tmem180* 3 -1.73 3.08E-05 -1.96 0.07 4.07E-06
Sfxn2 3 -1.51 6.04E-04 -1.78 0.06 4.29E-03
Rnls 1 -1.57 2.07E-02 -1.70 0.08 1.42E-02
Scd1 3 -1.54 1.82E-04 -1.57 0.07 1.00E-02
Scd2* 3 -2.67 4.03E-04 -1.47 0.13 8.33E-03
Pnliprp2 4 1.64 3.02E-02 1.38 0.14 3.57E-02
Dmrt2* 1 2.11 4.07E-02 -1.03 0.19 >0.05
Exoscl* 3 -2.99 3.47E-07 -1.02 0.19 >0.05
Lipa 1 -2.41 7.30E-04 1.08 0.06 >0.05
vidir 1 -1.55 1.02E-03 1.03 0.11 >0.05
Fam160b1 4 2.27 4.89E-04 -1.26 0.08 >0.05
Fam45a 4 1.61 1.27E-04 1.12 0.07 >0.05
Hiflan 3 1.50 2.42E-04 -1.11 0.05 >0.05

Foxd4 was of particular interest because of its possible role in regulating transcription of

Zic2 *™ a known NTD gene in mouse 2*°

four strains, BALB/cCrl, FVB/N, 129S2, and C57BL/6 to determine which of the two strains,

. Therefore, I compared Foxd4 gene expression between
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BALB/cCrl or FVB/N, is unique in Foxd4 expression (Figure 3.6.1). FVB/N and C57BL/6
showed no significant difference in Foxd4 expression. However, Foxd4 expression was
significantly lower by 2.28 fold in BALB/cCrl relative to FVB/N (P = 0.024), and by 1.38 fold in
12982 relative to FVB/N (P = 0.040).

12 Figure 3.6.1: Foxd4 expression is
significantly down-regulated in BALB/cCrl
05 ? and 129S2, but not C57BL/6, relative to
FVB/N. Gene expression of Foxd4 was

0.6
analyzed in embryos at the time of neurulation

0.4

Relative mRNA levels

by qRT-PCR. Asterisks denote significant P-

0.2

values relative to FVB/N. Error bars represent

FVB/N BALB/cCrl 12952 C578L/6 the standard error.

3.7:  Whole exome sequencing of BALB/cCrl and FVB/N identifies coding variants of interest

in 19 genes within the chromosome 19 candidate modifier region

A modifier gene may be expressed differentially between strains, or may have similar
expression levels but contain a functional mutation, or both. To complement microarray data by
looking for sequence variants that may alter function without affecting expression, we performed
whole exome sequencing (WES) on a single BALB/cCrl female and a single FVB/N female to
identify any single nucleotide variants (SN'Vs) or small insertions or deletions (INDELSs) that
exist between these two strains. The WES experiment was done via collaboration with Drs.
Allison Ashley-Koch and Simon Gregory at Duke University.

The analyses done at Duke were able to identify both SNVs and INDELs. WES identified
a total of 2456 SNVs affecting 371 genes and 434 INDELSs affecting 147 genes (Table 3.7.1).
After filtering out intronic, synonymous, untranslated region (3’UTR or 5’UTR) variants, as well
as candidates within modifier region 2, and accounting for what is currently known about gene
expression/function, we were left with a total of 19 candidate genes within the modifier region,
15 of which contained SNVs (Table 3.7.2), and 4 of which contained INDELs (Table 3.7.3). One
of the four INDELSs identified by WES was the previously identified Arhgap9="" novel
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nonsense mutation that is unique to BALB/cCrl, thereby serving as a good positive control for the
INDEL analysis performed at Duke University. I analyzed SNVs in silico with three predictors of
deleteriousness. GERP scores reflect the evolutionary conservation of a particular nucleotide by
comparing its rate of substitution to the neutral rate of substitution in the mouse genome. It is
important to look at conservation at the nucleotide level because although conservative amino
acid changes or silent mutations may have little to no effect on protein function, a particular
nucleotide may be highly conserved as mutations may result in erroneous splicing events .
SNVs resulting in amino acid changes were analyzed with the protein-sequence-based predictors
of deleteriousness Polyphen2, which takes into account evolutionary conservation along with

biochemical data such as amino acid properties and structural information, and SIFT, which takes

into account evolutionary conservation (Table 3.7.2).

Table 3.7.1: Summary of SNVs and INDEL:s identified by WES in the chromosome 19
modifier region. The variants are within the genomic coordinates 19:21630117-61203228 (mm9

genome assembly).

Mutation class SNVs Number of genes affected
Nonsynonymous 90 44
Synonymous 268 81

Stop lost 1 1

Splice 5 5

UTR 115 58

Intronic 1831 143
Non-coding RNA 6 4

Intergenic 143 38

TOTAL 2459 374

Mutation class INDELs Number of genes affected
Frameshift 1 1
Non-frameshift 5 4

Splice 4 4

UTR 29 20

Intronic 394 117
Non-coding RNA 1 1

Intergenic 0 0

TOTAL 434 147

GRAND TOTAL 2893 521
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Table 3.7.2: Candidate modifier genes containing single nucleotide variants (SNVs) that
alter the amino acid sequence that differ between BALB/cCrl and FVB/N wildtype mice. All
variants are homozygous in BALB/cCrl and FVB/N.

Gene dbSNP ID REF Balb/cCrl FVB/N  AAchange GERP  SIFT  PP2 (HDIV)
Btaf1 rs30319309 C G C p.Pro769Arg  -1.99 0.07 0.897
Cpeb3 rs242552627 A A G p.lle48Thr 0 0.91 0
Dnmbp rs37627946 G A G p.Pro948Leu -0.345 0.01 0.989
rs30860292 C T C p.Val700Met -4.25 0.33 0.497
Fam160b1 rs31128381 T T A p.Ser548Thr 0.18 0.31 0.782
Fas rs47662284 A A G p.Asp281Gly -1.41 1 0.008
Hiflan rs51053298 T T G p.Argl77Leu  0.67 0.33 0.006
Hps6 rs30714718 T T G p.Phe384leu  1.57 0.08 0.98
Mms19 rs39183008 T T C p.lle102Val 1.37 1 0.026
Nanos1 rs30854475 C A C p.Proll1Thr  2.27 0.29 0.997
Tctn3 rs13483625 A G A p.Met186Thr 0.461 1 0
Trub1 rs13467218 C C T p.Ser89Phe  0.461 0.01* 0.005
Foxd4 rs3023492 C C T p.Ala371Thr  0.205 0.05 0.962
rs37460493 C T C p.Cys51Tyr 0 1 0.731
rs50746028 T G T p.Glud1Asp 3.15 0.23 0.001
Glis3 rs48544080 T T G p.Lys95Thr  0.964 o* 0.816
rs30347506 C C T p.Gly379Glu 0 0.17 0.775
Kank1 rs51029258 A A G p.GIn818Arg 0.841 0.12 0.841

Tip2 rs37013001 G T G p.Thr731Asn 1.3 0.64 0
Abbreviations — REF: Reference sequence (C57BL/6). AA: amino acid. GERP: genomic
evolutionary rate profiling. SIFT: sorting intolerant from tolerant. PP2: Polyphen2.
Asterisk — Low confidence prediction due to insufficient sequence diversity.
Bold numbers — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary
conserved for GERP (>2).
Italicized numbers — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).

Table 3.7.3: Candidate modifier genes containing an insertion or deletion (INDEL) that
alter the amino acid sequence that differ between BALB/cCrl and FVB/N wildtype mice. All
variants are homozygous in BALB/cCrl and FVB/N.

Gene dbSNP ID REF  Balb/cCrl FVB/N Mutation AA change

Arhgap19 NA -- T - Frameshift p.Lys309_Ala310insX

Cstf2t rs237707176 - - AGAGGGATGGAAGCA  Nonframeshift  p.Thr454_Arg455insArgGlyMetGluAla
Exoscl rs230635656 - AAACAAAC -- Splicing NA

Fam45a rs258299840

-- -- TCT Nonframeshift p.Asp21_Ser22insSer
Abbreviations — REF: Reference sequence (C57BL/6). AA: amino acid.
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Genes differentially expressed (microarray) and/or that contained protein-coding variants
(WES) were combined into a prioritized candidate gene list. In order to be included in the
prioritized candidate gene list, a gene must (a) fall within the chromosome 19 MOD region 1, 3
or 4, (b) show a significant difference in expression (at least 1.5 fold) based on microarray data
and be verified by qRT-PCR and/or (¢) contain a functional mutation based on whole exome data
that was validated by existing in at least one database (ex. db SNP) and/or Sanger sequencing.
Candidate genes identified by WES must also meet two of the three following criteria: (a) in
silico prediction of a deleterious mutation, (b) predicted or known gene function could be
involved in neurulation, and (c¢) the gene is predicted to be expressed around the time of
neurulation based on the literature and/or database. The combination of WES and microarray

analyses yielded a total of 26 prioritized candidate modifiers in mouse (Table 3.7.3).

Table 3.7.3: Refined list of candidate modifier genes that differ in expression and/or amino

acid sequence between BALB/cCrl and FVB/N.

Mouse Chr. 19 Differs in Differs in amino Human
_gene modifier region _expression acid sequence homologue
Arhgap19 3 Yes Yes ARHGAP19

Foxd4 1 Yes Yes FOXD4
Lipo1l 1 Yes x LIPJ
Tmem180 3 Yes X TMEM180
Sfxn2 3 Yes x SFXN2
Rnls 1 Yes X RNLS
Scdl 3 Yes X

Scdz 3 Yes x 5CD
Pnliprp2 4 Yes x PNLIPRP2
Btafl 1 x Yes BTAF1
Cpeb3 1 X Yes CPEB3
Dnmbp 3 x Yes DNMBP
Fam160b1 4 x Yes FAM160B1
Fas 1 X Yes FAS
Hiflan 3 x Yes HIF1AN
Hps6 3 X Yes HPS6
Mms19 3 x Yes MMS19
Nanos1 4 X Yes NANOS1
Tctn3 3 X Yes TCTN3
Trubl 4 X Yes TRUB1
Glis3 1 X Yes GLIS3
Kank1 1 x Yes KANK1
Tip2 1 x Yes TIP2
Cstf2t 1 x Yes CSTF2T
Exoscl 3 X Yes EXOSC1
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Mouse Chr. 19 Differs in Differs in amino Human
_gene modifier region _expression acid sequence homologue

Fam45a 4 X Yes FAM45A

3.8:  Arhgapl9 is not a modifier of Cecr2-associated exencephaly

Arhgap 19 was the top candidate modifier gene as it is located within the chromosome 19
modifier region 3 and Arhgap19 expression was significantly lower in BALB/cCrl compared to
FVB/N, C57BL/6, and 129S2. Also, BALB/cCrl was shown to be homozygous for a nonsense
mutation within Arhgap19 exon 6 (Arhgap19~*"") that resulted in a truncated protein product
just after the RhoGAP domain. Therefore, I tested Arhgap19 as a modifier of Cecr2-associated
exencephaly by performing two genetic analyses in mice. Although much of the Arhgap 9=
transcript in wildtype BALB/cCrl was likely degraded through nonsense-mediated decay, some
of the transcript may have still produced some functional protein product. Therefore, we acquired
a mouse with a different, potentially more severe, mutant allele of Arhgapl9. This allele
consisted of a pGTO1xf vector genetrap cassette inserted within intron 2 that produced a
truncated protein product devoid of the functional RhoGAP domain and fused to f-galactosidase,
herein referred to as Arhgap19°T"P20B% (Figure 3.8.1A). Based on qRT-PCR analysis, there
was an approximately 15-fold reduction of wildtype Arhgap19 transcript in E10.5 homozygous
mutant embryos, indicative of a hypomorphic allele with some wildtype transcript present due to
splicing around the genetrap cassette (Figure 3.8.1B). Therefore, both Arigap 19 mutant alleles
may have residual activity; however, the Arhgap 9ETHDO20)BYE g]1e]e produces a -galactosidase
fusion protein product that allows for X-gal staining, which can be used to assess Arigapl9
expression. X-gal staining of embryos throughout development revealed what appeared to be
ubiquitous Arhgapl9 expression in as early as E9.5 whole-mount embryos, which is around the
time of neurulation. There was strong specific expression in the telencephalon and midbrain of
E12.5 and E13.5 embryos; however, there was no longer detectable expression in the brain of
E14.5 embryos (Figures 3.8.2 and 3.8.3). Embryos and adult mice homozygous mutant for the

QGT(YHD020)Byg

Arhgapl allele all appeared to be morphologically normal.
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neurulating embryos relative to FVB/N, C57BL/6, and 12952 neurulating embryos (Megan
Kooistra generated this expression data, this section is an image modified from Kooistra et al.
(2012) '%%), error bars represent the standard deviation from the mean (D). The
Arhgap19°T0TP020B% gljele contains a genetrap cassette in intron 2, which produces a truncated
protein product devoid of the RhoGAP domain and fused to -galactosidase (C). Expression of
the Arhgap19°TMHP020B 3]lele as determined by qRT-PCR is approximately 15-fold lower in
E10.5 homozygous mutant embryos compared to wildtype littermates, error bars represent the
95% confidence interval (E). Embryos were a mixed FVB/N:129P2 genetic background (~87.5%
FVB/N).
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Figure 3.8.2: Arhgap19 expression in whole embryos. X-gal staining of an E9.5 embryo
heterozygous for the Arhgap19°T"P7?V5¢ 3llele shows non-specific expression throughout the
embryo compared to a wildtype embryo control (A). X-gal staining of an E11.5
Arhgap19°T0MP120BE h6mozygous mutant embryo shows expression in the telencephalon and the
caudal neural tube compared to a wildtype embryo control (B). X-gal staining of an E12.5
homozygous mutant embryo shows expression in the telencephalon, midbrain, eye, and caudal
neural tube compared to a wildtype embryo control (C). X-gal staining of an E13.5 homozygous
mutant embryo displays a similar expression pattern as the E12.5 embryo, and is compared to a
wildtype control (D). X-gal staining of an E14.5 homozygous mutant embryo no longer shows
staining in the brain, and is compared to a wildtype control (E). ‘+> denotes wildtype, ‘GT’

QGT(YHD020)Byg

denotes the Arhgap1 allele.
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Figure 3.8.3: Arhgap19 expression in E13.5 and E14.5 embryo brains. Dorsal view of a X-gal
stained E13.5 Arhgap19°"MP20B% homozygous mutant embryo brain shows expression in the
telencephalon and midbrain, and when viewed ventrally, more specific expression is seen
medially and rostrally in the cortex. No expression is seen in the wildtype control (A). X-gal
stained E14.5 homozygous mutant brain no longer shows expression within these regions,

expression is similar in the E14.5 mutant and wildtype control brain (B).
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The availability of two substrains of BALB/c, one of which naturally contained a
mutation in Arhgap19, allowed me to genetically test whether Arhigap19 is a modifier of Cecr2-
associated exencephaly. One substrain originally comes from Charles River Laboratories
(BALB/cCrl) and one from Jackson Laboratories (BALB/cJ). These substrains originated from a
common strain but have been bred separately for approximately 70 years. The Arhgapl9=*""
allele is unique to BALB/cCrl, as it was shown by our lab to not be present in BALB/cJ, FVB/N,
C57BL/6, or 12982 ', To test if the Arhgap195*"" allele confers susceptibility to the
development of exencephaly, congenic Cecr2°7" BALB/cCrl mice were crossed to BALB/cJ
mice in order to introduce the wildtype Arhgap19 allele. If Arhgapl9 is a modifier, the presence
of the wildtype copy should decrease exencephaly penetrance. If this experiment were performed
using two different strains, then we would not be testing the variant in Arhgap 19 specifically, but
rather all variants in all genes present in the donor strain linkage disequilibrium region around
Arhgapl19. Even after reaching congenic status, a linkage disequilbrium region can be a
considerable size and contain many neighbouring genes from the donor line. My experiment
relies on the assumption that the donor BALB/cJ strain will differ from the recipient BALB/cCrl
strain by only the Arhgap 9 mutation. Although not genetically identical, the BALB/cCrl and
BALB/cJ substrains should be very similar as they are both of BALB/c origin. The BALB/cJ
genome has been published; however, the BALB/cCrl genome has not. Therefore, as part of the
sequence alignment performed at Duke University, Deidre Krupp aligned the BALB/cCrl exome
we generated to the BALB/cJ genome to compare SNVs. There were 78 SN'Vs that differed
between the substrains within the chromosome 19 modifier region (Table 3.8.1). Only 4 of these
SNVs were exonic, and only one of these was nonsynonymous. An additional 2 SNVs were
within untranslated sequence (3’UTR), and the remaining SNV were intronic or intergenic. This
number of SNVs is much lower than the 2459 SN'Vs that differed between BALB/cCrl and
FVB/N, of which 91 affected the amino acid sequence (Table 3.7.1). Interestingly, 55 of the 78
SNVs identified were heterozygous in one of the strains. This means that the two substrains still
share at least one allele at each of these loci. As these substrains are interbred, all loci should
theoretically be homozygous. Therefore, it is also possible that these variants were sequencing
artifacts; however, Sanger validation would be required in order to determine this. Unfortunately,
this analysis was not performed for INDELS. It is unclear as to whether or not any of these

variants could contribute to NTD susceptibility differences between strains.
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Table 3.8.1: SNVs that differ between BALB/cCrl and BALB/cJ within the chromosome 19
modifier region. BALB/cCrl variants were identified by WES (section 3.7) and compared to the
published BALB/cJ genome (http://www.sanger.ac.uk/resources/mouse/genomes/). Red text
denotes heterozygous genotypes, blue text highlights genotypes that are homozygous in both
BALB/c substrains.

Position (mm9) dbSNP ID BALBc/Crl BALB/cJ Gene CLASS_REF
19:40076322 rs46059991 G/A A/A Cyp2c37 exonic - nonsynonymous
19:41904672 . A/A G/G Fratl exonic - synonymous
19:41904702 . A/A G/G Frat1 exonic - synonymous
19:40076360 rs48095172 A/T T/T Cyp2c37 exonic-synonymous
19:40086670 rs259668402 G/A A/A Cyp2c37 UTR3
19:40086688 rs223887888 A/G G/G Cyp2c37 UTR3
19:24011198 . T/T c/C Apbal intronic
19:24059422 rs50905186 c/C /T Fam189a2 intronic
19:24060867 rs107808350 T/T G/T Fam189a2 intronic
19:24188398 rs47697646 T/C c/c Tjp2 intronic
19:24188404 rs108221931 G/T T/T Tjp2 intronic
19:24209502 . c/C A/A Tjip2 intronic
19:24420597 rs38445782 G/G A/A Pip5k1b intronic
19:24420598 . G/G T/T Pip5k1b intronic
19:25125806 . A/A G/G Dock8 intronic
19:25125810 . T/T G/T Dock8 intronic
19:25125816 . c/C G/G Dock8 intronic
19:25125820 . A/A c/C Dock8 intronic
19:25160653 rs50219959 c/C T/T Dock8 intronic
19:25258148 rs30349254 T/C c/c Dock8 intronic
19:25421037 rs30854984 G/G A/A Kank1 intronic
19:26721335 . T/T A/T Smarca2 intronic
19:32127618 rs52549068 T/T A/T Asah2 intronic
19:34310671 . c/C A/C Stambpl1 intronic
19:34389577 rs256659143 T/C c/c Fas intronic
19:35003690 rs49732642 T/T A/A Kif20b intronic
19:37070946 . c/C A/C Btaf1 intronic
19:37070947 . c/C A/C Btaf1 intronic
19:37070948 . c/C A/C Btaf1 intronic
19:37076780 . A/G G/G Btaf1 intronic
19:38215815 rs30818033 c/C T/C Pdebc intronic
19:38288803 rs231278137 A/A C/A FralOacl intronic
19:39399349 rs265346774 A/A A/T Cyp2c29 intronic
19:39861236 rs31102250 C/A A/A Cyp2c40 intronic
19:39955923 rs45706161 A/A C/A Cyp2c69 intronic
19:40076294 rs46104641 C/T T/T Cyp2c37 intronic
19:40086170 rs47225207 G/C c/c Cyp2c37 intronic
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Position (mm9) dbSNP ID BALBc/Crl BALB/cJ Gene CLASS_REF
19:40437771 rs221101595 A/G G/G Sorbs1 intronic
19:41133301 c/C T/T Dntt intronic
19:41848810 A/A G/G Arhgap19 intronic
19:41859088 rs47375704 A/A G/G Arhgap19 intronic
19:41859193 A/A G/G Arhgap19 intronic
19:42676491 rs50621525 T/A A/A Loxl4 intronic
19:42676498 A/T T/T Loxl4 intronic
19:4328812 rs47168238 c/C A/C Kdm2a intronic
19:43688656 rs221539566 G/A G/G Nkx2-3 intronic
19:43688657 rs249720970 A/T A/A Nkx2-3 intronic
19:43688658 rs264283337 T/G T/T Nkx2-3 intronic
19:44374345 A/A C/A Scd2 intronic
19:44375529 T/T A/A Scd2 intronic
19:44583056 A/A T/T Wnt8b intronic
19:44583057 G/G A/A Wnt8b intronic
19:44583060 c/C T/T Wnt8b intronic
19:46238220 A/A A/G Gbf1 intronic
19:46462162 rs107814177 A/G A/A Actrla intronic
19:46626195 A/A A/G Arl3 intronic
19:47603285 rs36819904 T/T c/T Obfc1 intronic
19:47734594 T/T T/A Col17a1 intronic
19:47806478 rs223221951 A/A G/A Sfr1 intronic
19:48024047 rs239879173 c/C T/C Ccdc147 intronic
19:4802521 A/A A/G Rbm14 intronic
19:53693387 rs46734564 G/G A/G Smc3 intronic
19:5382557 rs217161253 G/A A/A Sart1 intronic
19:53842177 T/T T/C Rbm20 intronic
19:53842178 . c/C Cc/T Rbm20 intronic
19:53907081 rs30452877 T/T G/T Rbm20 intronic
19:55698187 rs52121707 A/A G/A Vtila intronic
19:5686754 c/C G/C PcnxI3 intronic
19:5687048 rs50337696 G/G C/G PcnxI3 intronic
19:57113837 rs225747905 T/T T/C Ablim1 intronic
19:57154200 G/G A/G Ablim1 intronic
19:58865175 . A/A A/G 1700019N19Rik intronic
19:59347548 rs30801249 A/G A/A Slc18a2 intronic
19:60887738 rs241280490 A/A G/A Fam45a intronic
19:24140454 T/T A/A Fam189a2,Tjp2 intergenic
19:40287843 G/G A/G Cyp2c70,Pdlim1 intergenic

Using a dihybrid crossing scheme, we crossed BALB/cJ mice, which are homozygous

wildtype for Cecr2 and Arhgap19, to congenic BALB/cCrl mice heterozygous for the

Cecr2°™%¢ gllele and homozygous for the Arhgap19

Ex6non

allele. The resulting progeny were
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50% BALB/cJ and 50% BALB/cCrl. We selected for progeny that were heterozygous for both
the Cecr2°7% and Arhgap 197" alleles and crossed them to each other in order to generate
embryos homozygous mutant for the Cecr2°7" allele that were either homozygous wildtype,
heterozygous, or homozygous mutant for the Arhgapl9=%"" allele (see Chapter 2.22 for crossing
scheme). The penetrance of exencephaly was compared between the embryos containing these
three genotypes. If homozygosity for the Arhgap19"" allele predisposes homozygous mutant
Cecr2°™ ¢ mice to developing exencephaly, as we predict, then we would expect to see an

rZGT45blc/GT45blc

exencephaly penetrance that is reduced in Arhgap19™*;Cec embryos, as well as in

Arhgap 195" - Cecr20T#0¢/0T45bic o mbryos. We would also predict that exencephaly penetrance

9Ex6non/Ex6non . GT45bic/GT45bic
Cecr2

in Arhgap1 embryos would be similar to the 54.1% penetrance

seen in congenic Cecr2°™* " BALB/cCrl embryos, as congenic Cecr2"* BALB/cCrl embryos

gExomon a1lele

are also homozygous for the Arhgap 197" allele. If homozygosity for the Arhgapl
does not predispose to the development of exencephaly, then we would expect to see a similar
exencephaly penetrance in all three genotypic classes. Leanne Donnelly, an undergraduate
Biology 499 student, provided assistance with setting up matings, dissections, phenotyping,
genotyping, and preliminary analyses of the dihybrid cross. The experiment involved setting up
137 dihybrid crosses and generating 845 offspring, of which only 19.3 % of offspring were
homozygous for Cecr2°7" and therefore used in analysis. Results indicated an exencephaly
penetrance not significantly different from the 54.1% penetrance seen in congenic Cecr2%™" bie
BALB/cCrl, with embryos heterozygous or homozygous wildtype for Arhgap19 displaying an
exencephaly penetrance of 50.0% (40/80) and 53.3% (24/45) respectively (Table 3.8.2).
Exencephaly penetrance did not significantly differ between any of the three genotypic classes.
As expected, the exencephaly penetrance of 42.1% (16/38) seen in embryos homozygous mutant
for both Cecr2°™ " and Arhgap19="" was not significantly different from congenic
Cecr2°™ " BALB/cCrl homozygous mutant embryos (Table 3.8.2), which was also homozygous
mutant for the same Cecr2 and Arhgap19 alleles. These results indicated that Arhgap19 is not a
modifier of Cecr2-associated exencephaly, since the presence of a wildtype Arhgap19 allele was

unable to reduce the penetrance of exencephaly on a mixed BALB/cCrl:BALB/cJ genetic
background.
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Table 3.8.2: Summary of exencephaly penetrance in BALB/c (50% Charles River substrain,
50% Jackson substrain) Cecr2¢™"¢ homozygous mutant embryos that are homozygous
mutant, heterozygous, or homozygous wildtype for the Arhgapl9~*"°" nonsense mutation
and compared to exencephaly penetrance of congenic Cecr2°"" BALB/cCrl mutant
embryos. Statistical comparisons were performed using a y* test-of-independence. + wildtype

Arhgapl9 allele, - Arhgap197"" allele.

Genotype Penetrance Percent | Comparison P-value
Arhgapl19 -/- 16/38 42.1% | BALB/cCrl: Arhgapl19 -/- 0.192
Arhgapl9 +/- 40/80 50.0% | BALB/cCrl: Arhgapl9 +/- 0.563
Arhgapl9 +/+ 24/45 53.3% | BALB/cCrl: Arghapl9 +/+ 0.931
Arhgap19 total 80/163 49.1% | BALB/cCrl: Arhgap19 total 0.391
BALB/cCrl 73/135 54.1% | Arhgapl9 -/-: Arhgapl9 +/- 0.422
Arhgapl19 -/-: Arhgap19 +/+ 0.308
Arhgapl9 +/-: Arhgapl9 +/+ 0.720

3.9:  Exonic sequencing of CECR?2 in 156 human cranial NTD samples identifies protein-

coding variants of interest

As shown above and elsewhere, Cecr?2 is a known NTD gene in mouse. However, CECR?2
has not yet been included in human NTD association or sequencing studies. Therefore, we
sequenced the coding exons and flanking sequence of CECR?2 in 156 unrelated human cranial
NTD probands in order to identify DNA sequence variants that alter the amino acid sequence
(missense, nonsense/stop-gain, stop-loss, or frameshift), and therefore potentially affect protein
function. This human NTD cohort is unique in that all probands have some form of cranial NTD,
the majority of which had anencephaly (Appendix B), and is relevant to studying CECR2, which
results in exencephaly (the murine equivalent of anencephaly) when mutant in mouse. Human
variant data for CECR?2 from normal populations were acquired from the esp6500 whole exome
sequencing project and the IKG 1000 genomes project for comparison purposes.

A total of 9 variants of interest were identified in CECR?2 and are listed in Table 3.9.1. A
summary of the 17 probands that these 9 variants were identified in, along with the proband and
parental genotypes, are provided in Table 3.9.2. All variants of interest were also identified in at
least one parent. The presence of DNA variants in unaffected parents does not necessarily mean
the variant is functionally benign. The proband may have additional susceptibility factors not
present in the parent, which in combination resulted in the development of a cranial NTD in the
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proband. An enrichment of any of the identified variants within the cranial NTD cohort compared
to the minor allele frequencies (MAFs) in normal populations (available in esp6500 or 1KG
human variation databases) would provide evidence for the variant contributing to the
development of NTDs.

As rare variants are more likely to be deleterious, I focused analyses on variants with a
minor allele frequency (MAF) < 0.03. Seven such rare variants were identified and confirmed
with Sanger sequencing in 8 probands and available parental DNA samples (Table 3.9.2, Figure
3.9.1). Six of the 7 rare variants were shown to be evolutionarily conserved according to GERP
scores, and 5 of the 7 rare alleles were predicted to be deleterious by either SIFT or Polyphen2. In
the event that more than one variant was identified in the same proband, regardless of MAF, I
confirmed both variants with Sanger sequencing in the proband and available parental DNA
samples, leading to the inclusion of an additional 2 variants of interest (Table 3.9.2, Figure 3.9.1).
Validation of more than one variant in a proband and in both parents was done in order to
determine if the proband was a compound heterozygote, meaning that both CECR?2 alleles in the
proband contain an alteration to the amino acid sequence. If both variants are deleterious, then it
is more likely that a phenotype would manifest due to the complete absence of wildtype protein
product. This analysis identified four confirmed and four possible compound heterozygotes. All
four confirmed compound heterozygotes and two of the four possible compound heterozygotes
contained the same two variants, one of which altered an arginine to a histidine (rs5747211, MAF
=0.11) and the other that altered a proline to a leucine (rs1296794, MAF = 0.19). Although both
variants are common, they are both predicted to be deleterious by SIFT or Polyphen2. Another
proband that is a possible compound heterozygote contained a variant that was novel, meaning
that this variant has not yet been identified in another human sample. This novel variant resulted
in a glutamate to lysine alteration (E32K) within the ISWI binding DDT functional domain
(Figure 3.9.1). The altered nucleotide is highly conserved, with a GERP score of 6.08; however,
SIFT and Polyphen2 predictions suggest that this alteration is only possibly deleterious. The
proband containing this novel variant also contained a second variant that resulted in a proline to
leucine alteration (P632L, rs1296794, MAF = 0.19), which is highly conserved (GERP = 4.64)
and is predicted to be deleterious by Polyphen2. It is possible that this proband was a compound
heterozygote; however, parental genotypes acquired from Sanger sequencing were not

informative. Therefore, it is also possible that the identified variants were within the same
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CECR? allele in this proband. There were also an additional three probands that were

homozygous for the proline to leucine variant, meaning that all CECR2 protein in these probands

contained this alteration. However, the number of probands that were homozygous for this

variant was below what would be expected based on the established MAF (observed frequency =

3/156 = 0.019, expected frequency = 0.19* = 0.0361). According to the 1KG human variant

database, a frequency of ~0.03 of homozygotes for this variant is seen in normal European

populations (www.ensembl.org). The only identified variants that demonstrated an enrichment in

the cranial NTD cohort compared to the expected MAFs were the five rare variants rs201912432,
rs199780601, rs199565531, rs142851999, and rs181553013, as well as the single novel variant,

all of which had a frequency within the cranial NTD cohort of 0.00321. However, as only one

proband contained each variant, it is not possible to determine if this enrichment has any

significance; a much larger sample size would be required. As homozygous mutation in mouse

Cecr2 is known to cause exencephaly, the 9 protein-coding variants of interest identified in

CECR? are strong candidate susceptibility factors for the development of anencephaly in these 17

probands.

Table 3.9.1: List of 9 variants of interest identified in CECR?2 in the human cranial NTD

cohort.
Gene  Position hgl9 dbSNP137ID Ref Alt AA change MAF esp6500 SIFT PP2 (HDIV) GERP
CECR2  22:17956663 ) G A E32K ) 0.14 0.792 6.08
CECR2 22:17983978  rs201912432 G A R245Q 0.00012 0.63 1 5.35
CECR2  22:18028672  rs199780601 C G P1210R 0.000483 0.02 0.868 0.659
CECR2 22:18022111 15199565531 A G Y738C 0.001941 0.07 1 4.37
CECR2 22:18029251  rs142851999 C T S1261L 0.001948 0.11 0.335 4.73
CECR2 22:18031793  rs181553013 C T P1430L 0.002269 0.01 0.983 3.79
CECR2  22:18021936  rs62623401 A G M680V 0.023169 0.57 0.005 0.44
CECR2  22:17990852 1s5747211 G A R271H 0.113241 0.04 0.999 1.5
CECR2  22:18021604 151296794 C T P632L 0.191566 0.08 1 4.64

Abbreviations — AA: amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from
tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling.

Bold text — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary
conserved for GERP (>2).

Italicized text — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).
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Table 3.9.2: CECR2 protein-coding sequence variants of interest. 9 variants were identified in

17 cranial NTD probands by next generation sequencing, and were Sanger-sequence validated in

probands and available parental DNA samples. Probands containing the lowest frequency

variants (MAF esp6500) are listed first. Proband phenotype information is provided in Appendix

B.
Annotation ‘ Genotype (reference/alternate) dPredlgllons of
eleteriousness
Proband ID ﬁg:g"’” dbSNP137 ID Ch’;ﬁge es’\:i/i-\SFOO Proband || Maternal Pa;‘fm SIFT (ﬁg@) GERP h;‘;’:{‘)"z‘;‘;’;fe
17956663  Novel E32K NA GIA GIG GIA 014 0792 6.08 .
1| 20-0802035 | 4a021604  rs1206794 P632L  0.191566* crr crr T 0.08 1 4.64 Possibly
2| Z0156471 17983978 rs201912432 R245Q 0.00012 GIA GIG GIA 0.63 1 5.35
3 | A1021263 18028672 rs199780601 P1210R___ 0.000483 CIG CIC CIG 0.02 0868 0659
4| A1024167 18022111 rs199565531 Y738C 0.001941 AG AR AG 0.07 1 4.37
5 | 20-0504243 | 18029251 _ rs142851999 S1261L__ 0.001948 CIT CIC CIT 0.11 _ 0.335 4.73
6 | A1021271 18031793 rs181553013 P1430L __ 0.002269 CIT CIC CIT 0.01 _ 0.983 3.79
7 | 200714520 | 18021936  rs62623401 M68OV  0.023169 AIG AR AIG 057  0.005 044 No
18021604 rs1296794 P632L  0.191566" cI cic cIT 0.08 1 4.64
s | 200800216 | 18021936  rs62623401 M680V  0.023169 AIG AIG AIA 057 _ 0.005 0.44 ——
18021604 rs1296794 P632L  0.191566 cI cIT cIT 0.08 1 4.64
o | 200212067 | 17990852 rs5747211 R271H  0.113241" GIA AA GIA 0.04  0.999 15 Possibly
18021604 rs1296794 P632L  0.191566* crr T clc 0.08 1 4.64
10 | 1015381 17990852  rs5747211 R271H  0.113241% GIA GIG GIA 004  0.999 15 Ves
18021604 rs1296794 P632L  0.191566* crr o clc 0.08 1 4.64
11 | 20.0421416 | 17990852 rs5747211 R271H  0.113241" GIA GIG GIA 0.04  0.999 15 ves
18021604 rs1296794 P632L  0.191566* crr oI clc 0.08 1 4.64
17990852 rs5747211 R271H  0.113241" GIA GIA GIG 0.04  0.999 15 .
12 | 200801809 | 1a001604  rs1296794 P632L  0.191566" cIT cIT cIT 0.08 1 4.64 Possibly
17990852 rs5747211 R271H  0.113241% GIA GIA GIG 0.04  0.999 15
13 | 200608812 | 45051604 1206704 P632L  0.191566* crr cIc oI 0.08 1 4.64 Yes
12 | 200711091 | 17990852 rs5747211 R271H  0.113241" GIA GIG GIA 0.04  0.999 15 ves
18021604 rs1296794 P632L  0.191566* cIr vis cic 0.08 1 4.64
15 | 20-0515262 | 18021604 _ rs1296794 P632L___ 0.191566 TIT CIT CIT 0.08 1 4.64
16 | 20-0601092 | 18021604 __ rs1296794 P632L___ 0.191566 TIT TIT TIT 0.08 1 464
17 | A1024158 18021604 rs1296794 P632L __ 0.191566 T/T CIT CIT 0.08 1 464

Abbreviations — AA:

homozygous for the alternate allele or were possible compound heterozygotes.
Green — homozygous reference, Yellow — heterozygous, Red — homozygous alternate.
Bold text — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary

amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from
tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling.
Position hg19 is on chromosome 22.
Asterisk — variants with MAF > 0.03 were only Sanger-sequence validated in probands that were

conserved for GERP (>2).
Italicized text — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).
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Figure 3.9.1: Location of all variants of interest within the CECR2 protein. Novel mutations
(not in esp6500 or 1KG human variation databases) are marked with a red triangle. Note that the
novel mutation is located within the functional DDT domain. AA change — amino acid change,

MAF — minor allele frequency (esp6500).

AA change: E32K R2450 R271H PE32L MBEOV YT73IAC P1210R 51261L P1430L
MAF: Nowel 0.00012 0.113 0.152 0.023 0.0019 0.00048 0.0019 0.0023
DDT domain Bromodomain

3.10: Exonic sequencing of 24 CECR2 candidate modifier genes in 156 human cranial NTD
samples identifies protein-coding variants of interest, particularly in DNMBP, MMS19,
and TJP2

We sequenced the coding exons of 24 candidate modifier genes identified in mouse (listed
in Table 3.7.3, excluding Arhgap19) in 156 unrelated human cranial NTD probands in an effort
to identify DNA sequence variants that alter the amino acid sequence (missense, nonsense/stop-
gain, stop-loss, or frameshift), and therefore potentially affect protein function. The purpose of
this experiment was to narrow down the candidate gene list by identifying variants of interest
within a human cranial NTD cohort. Any of the 24 candidate genes that also possess variants
affecting protein function in humans with cranial NTDs would be stronger candidate NTD genes
(in both mice and humans) compared to sequenced genes that do not contain functional variants. |
identified a total of 43 variants of interest (MAF < 0.03) in 17 of the 24 candidate modifier genes,
all of which I verified by Sanger sequencing (Table 3.10.1). There were 10 mutations not listed in
esp6500 or 1KG, and were therefore annotated as novel. None of the novel variants were de
novo, as all novel variants were also present in one parent. This is a common occurrence when
identifying variants that contribute to multifactorial disease. I included an additional 10 variants
of interest with a MAF > 0.03 due to the possibility that they contribute to compound
heterozygosity or homozygosity for the alternative allele. There were no obvious enrichments of
common or rare variants in the human anencephaly cohort. However, with over 300 NTD genes

identified in mouse and due to the multifactorial nature of neurulation defects in humans, the lack
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of enrichment in this one subset of genes may be due to a small sample size of 156 unrelated
probands, many of which likely have a unique etiology. Table 3.10.1 lists all of the 53 variants of
interest identified in the 17 candidate modifiers. Table 3.10.2 is an additional summary
displaying which variants were identified in each proband; therefore, a variant that was seen in
more than one proband is displayed more than once in this summary. This summary also includes
the 9 variants of interest identified in CECR2.

Three of the candidate modifier genes, DNMBP, MMS19, and T.JP2, stood out as strong
candidates based on the number of identified variants, the predicted deleteriousness of these
variants, and what is currently known about gene function. Each of these three genes is addressed
in greater detail below. Variants identified in these three candidates, along with CECR?2, are
closest to the top of Table 3.10.2 as these variants are of greatest interest. A summarized list of
the 24 sequenced candidate modifier genes that include the number of variants identified in the
human cranial NTD cohort in conjunction with what is known about gene expression and protein

function is provided in Table 3.10.3.

Table 3.10.1: List of 53 variants of interest identified in candidate NTD modifier genes in
the human cranial NTD cohort. The coding exons of 24 human homologues of candidate
modifier genes of Cecr2-associated exencephaly in mice were sequenced in 156 human cranial

NTD probands. Variants of interest were identified in 17 of the 24 candidate modifier genes.

Gene Position hg19 dbSNP137ID Ref Alt AA change MAF esp6500 SIFT PP2 (HDIV) GERP
DNMBP 10:101646214 Novel C T R1154Q . 0.59 1 5.82
DNMBP 10:101654735 Novel G A R1042X . . . 3.85
DNMBP 10:101639989  rs372003127 C T R1376H 0.000116 0.07 1 5.42
DNMBP 10:101667847  rs114927649 G A P820L 0.001744 0.62 0.015 3.96
DNMBP 10:101639731  rs147752816 G A T1462M 0.002209 0.09 0.986 3.49
DNMBP 10:101667814  rs17854134 A G MS83IT 0.03186 0.45 0.673 5.99
DNMBP 10:101639877 rs11190305 A C Cl1413W 0.380349 0.19 0.6 0.604
DNMBP 10:101716112  1s35924554 G C N373K 0.04 0.89 0.049 -1.33
MMS19 10:99237155  Novel G A R187X . . . 5.48
MMS19 10:99218991 rs200490757 G A P985S 0.000581 0.06 1 5.9
MMS19 10:99218456  rs36023427 C T G1029D 0.008721 0.16 1 5.86
MMS19 10:99225846  rs17112809 C T V5261 0.010465 0.31 0.155 1.33
MMS19 10:99225645 1512360068 G A AS558V 0.043023 0.37 1 4.64
MMSI19 10:99220707  rs3740526 C T G790D 0.41389 0.62 0.103 3.64
1JP2 9:71850989 Novel T C 1609T . 0 1 5.43
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Gene Position hg19 dbSNP137ID Ref Alt AA change MAF esp6500 SIFT PP2 (HDIV) GERP
TJP2 9:71866149 rs199892018 G T V1064L 0.000349 0.94 0 -0.183
TJP2 9:71851040 rs149911553 C G T626S 0.001628 0.16 0.008 3.55
TJP2 9:71835842 rs41305539 C A Q128K 0.019316 1 0.001 2.89
TJP2 9:71851877 rs34774441 G A M6681 0.064884 0.02 0.928 5.77
TJP2 9:71863235 1s77236826 A G H992R 0.07511 0.12 0 -9.87
TJP2 9:71865988 rs41277907 C T S1010F 0.078256 0.02 0.001 5.58
CPEB3 10:93811989  rs140779166 C T V6791 0.000581 1 0.19 5.65
CSTF2T 10:53457701  rs143644186 T C S537G 0.00024* 0.74 . 0.131
CSTF2T 10:53457703  rs142002882 A C V536G 0.55 0.824 .
CSTF2T 10:53458828  Novel A C M161R . 0 0.997 4.99
EXOSCI 10:99200958  rs141001349 G A P94L 0.000116 0.67 0.944 6.08
FAMA454 10:120867671  1rs149569390 A C K83Q 0.000465 0.24 0.098 2.14
FAS 10:90771767 1356006128 G A E194K 0.003372 0.3 0.011 .
GLIS3 9:4118634 rs143051164 G C P282A 0.002442 1 0.649 3.76
GLIS3 9:4118585 rs148572278 G T S298Y 0.003256 0.02 0.999 5.59
GLIS3 9:4117933 rs72687988 C G E515D 0.005 0.31 0.01 5.51
GLIS3 9:4118540 1s35154632 C G G313A 0.009186 0.16 1 5.59
HPS6 10:103825929 1836078476 T G L233R 0.009767 0.81 0 2.39
PNLIPRP2 10:118385551 rs200056143 C T A100V 0.000117 0.11 0.525 4.97
PNLIPRP2 10:118383557 1562623669 G C D51H 0.017154 0.14 0.002 1.39
PNLIPRP2 10:118397894 rs4751996 A G 1360V 0.479667 1 0.013 2.61
PNLIPRP2 10:118397884  rs4751995 A G X357TW 0.481849 . . 5.48
RNLS 10:90332762  Novel A C W142G . 0.02 1 5.78
RNLS 10:90342837  1s2296545 C G E37D 0.434302 0.07 0.425 -0.832
SCD 10:102116427 Novel G T W262C . 0 1 5.43
SCD 10:102107936 15150416868 C G P48R 0.001047 0.16 0.002 4.06
SFXN2 10:104486433  Novel C T R14C 0 0.999 5.49
SFXN2 10:104486843  Novel T A N87K . 0.3 1 -10.9
SFXN2 10:104486493  rs201068739 C T R34C 0.000116 0.02 0.075 3.68
SFXN2 10:104493338  rs151088981 C T Q267X 0.003023 . . 5.37
TCTN3 10:97445357 1855859130 C A A3278 0.022313 0.84 0.003 0.118
TCTN3 10:97446261 15147928670 C G Q311H 0.000116 0.11 0.993 4.46
TMEMI80 10:104233399  rs371861479 C T A333V 0.000116 0.17 0.588 5.71
TMEMI180 10:104231098 rs149406506 G A R258Q 0.000814 0.25 0.435 3.33
KANK]1 9:710972 rs61737969 C T P69L 0 0.67 0.01 5.16
KANK]1 9:732509 Novel T C M1046T 0.01 0.001 3.55
KANK1 9:744588 rs143775530 C T P251L 0.000581 0 1 6.02

Abbreviations — AA: amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from

tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling.

Asterisk — MAF from 1000 genomes European descent database.

Bold text — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary

conserved for GERP (>2).
Italicized text — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).
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Table 3.10.2: Protein-coding sequence variants of interest in cranial NTD probands.

Variants identified by next generation sequencing in cranial NTD probands were Sanger-

sequence validated in probands and available parental DNA samples. Specific phenotype

information for each proband is provided in Appendix B.

Annotation Genotype (reference/alternate) dPFEd“?tlonS of
eleteriousness
Proband ID | Gene Posiion hg19  dbSNP137 ID AA MAF esp6500 | Proband | Matemnal | Patemal | sIFT PP? GERP
change (HDIV)

Aooater | _CECRZ 2218022111 __rs199565531 Y738C 0.001941 AIG NA AG 0.07 1 437
DNMBP 10:101639731 _ rs147752816 _ T1462M 0.002209 GIA GIA GG 0.09 __ 0.986 3.49

CECR2 2217990852 rs5747211 R271H 0.113241% GIA ANA GIA 0.04  0.999 15

20.0212267 22:18021604  rs1296794 P632L 0.191566* crr c cic 0.08 1 4.64
ONVED 10:101716112  rs35924554 N373K 0.04% GIC GIG GIC 089 0049  -1.33
10:101639877 _ rs11190305 C1413W  0.380349* cic FS cic 0.19 0.6 0.604

CECR? 22:18029251 __ rs142851999 __ S1261L 0.001948 cT cic i 011 0.335 473

200504243 [ [ 10:101716112  rs35924554 N373K 0.04% GIC cic GG 089 0049 -1.33
10:101639877  rs11190305 C1413W  0.380349* AIC AIC cic 0.19 0.6 0.604

P 2217990852 rs5747211 R271H 0.113241% GIA GG GIA 0.04  0.999 15

A1015381 22:18021604  rs1296794 P632L 0.191566* cr o cic 0.08 1 4.64
MMS19 10:99225846 __ rs17112809 V5261 0.010465 cIT cic cIT 031 0.155 133

2217990852 rs5747211 R271H 0.113241% GIA GG GIA 0.04  0.999 15

20-0421416 | CECR2 20:18021604  rs1206794 P632L 0.191566* cT c cic 0.08 1 4.64
20.0601809 | CECR2 2217990852 rs5747211 R271H 0.113241% GIA GIA GIG 0.04  0.999 15
22:18021604  rs1296794 P632L 0.191566* c o o 0.08 1 4.64

- 2217990852 rs5747211 R271H 0.113241% GIA GIA GG 0.04  0.999 15

200608812 22:18021604  rs1296794 P632L 0.191566* cT cic cr 0.08 1 4.64
GLIS3 9:4118540 1535154632 G313A 0.009186 CIG cic CciG 0.16 1 5.59

SFXN2 10:104486843 _ Novel N87K 3 TIA TIA T 03 1 0.9
2217990852 rs5747211 R271H 0.113241% GIA GIG GIA 0.04 0999 15

20-0711091 | CECR2 22:18021604  rs1296794 P632L 0.191566* c T cic 0.08 1 4.64
20156471 CECR? 2217983978 rs201912432 __ R245Q 0.00012 GIA GIG GIA 0.63 1 5.35
A1021271 CECR?2 22:18031793 __ rs181553013 __ P1430L 0.002269 cIT cic i 0.01 0983 3.79
A1021263 | CECR2 22:18028672  rs199780601  P1210R 0.000483 CIG cic CIG 002 0868 0659
2218021936 62623401 M68OV 0.023169 AG NA AG 057 0.005 044

20-0714522 | CECR2 22118021604 rs1296794 P632L 0.191566* o cic o 0.08 1 464
2218021936 rs62623401 M680V 0.023169 AG AG AA 057 0005 0.44

20-0800216 | CECR2 22:18021604  rs1296794 P632L 0.191566* i o o 0.08 1 464
200515262 | CECR2 22:18021604 __ rs1296794 P632L 0.191566% T CIT i 0.08 1 4.64
CECR?2 22:18021604 __ rs1296794 P632L 0.191566" T T TIT 0.08 1 4.64

200601092 10:118383557  rs62623669 D51H 0.017154 GIC GIC GIG 014 0.002 139
PNLIPRP2 | 10:118397894  rs4751996 1360V 0.479667* GG NG GG 1 0.013 2.61

10:118397884  rs4751995 X357W 0.481849* GIG AG GlG - ; 5.48

A1024158 | CECR? 2218021604 rs1296794 P632L 0.191566" T cT T 0.08 1 464
22:17956663  Novel E32K - GIA GG GIA 014 0792 6.08

20-0602035 | CECR2 22:18021604  rs1296794 P632L 0.191566* crr cr T 0.08 1 464
NP 10:101716112 _ rs35924554 N373K 0.04" GIC GG GIC 089 0049 -1.33
10:101639877  rs11190305 C1413W  0.380349* AC AA cic 0.19 06 0.604

20-0620476 | MMS19 10:99225846 __ rs17112809 V5261 0.010465 crT cT cic 031 0.155 1.33
TJP2 9:71865988 1541277907 S1010F 0.078256" T cT cT 0.02___ 0.001 5.58

FAS 10:90771767  rs56006128 E194K 0.003372 GIA G/G GIA 03 001 -

DNMBP 10:101667814  rs17854134 MB31T 0.03186" NG A AIG 045 0673 5.99

VST 10:99237155  Novel R187X } GIA GIG GIA } } 548

20-0521275 10:99225645 rs12360068 A558V 0.043023* GIA GIA GIG 0.37 1 4.64
P2 971835842 rs41305539 Q128K 0.019316 CIA cic CIA 1 0.001 2.89

971851877 rs34774441 M668! 0.064884* GIA GlG GIA 002 0928 577

200421455 |_DNMEP 10:101667814  rs17854134 M831T 0.03186* AG AG AA 045 0673 5.99
TCTN3 10:07445357 _ rs55859130 A327S 0.022313 CIA CIA cic 084 0003 0118

200504690 | DNMBP 10:101667814  rs17854134 M831T 0.03186* AG AG AA 045 0673 5.99
20-0801162 | DNMBP 10:101667814  rs17854134 MB31T 0.03186" NG AG AA 045 0673 5.99
Aog1255  |_DNMBP 10:101667814 __rs17854134 MB3TT 0.03186" AG AG AA 045 0.673 5.99
SEXN2 10:104486433 _ Novel R14C - cIT cic cT 0 0.999 5.49

A1024197 | DNMBP 10:101667814 __ rs17854134 MB31T 0.03186" AG AA AG 045 0.673 5.09
A1024256 | DNMBP 10:101667847  rs114927649 P820L 0.001744 GIA GIG GIA 062 0015 3.96
10:101667814  rs17854134 MB31T 0.03186" AG NG GIG 045 0673 5.99

200426714 | DNMBP 10:101716112  rs35924554 N373K 0.04* GIC GIG cic 089 0049  -133
10:101639877  rs11190305 C1413W  0.380349* A AC cic 0.19 0.6 0.604
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Annotation Genotype (reference/alternate) dPredlgtlons of
eleteriousness

Proband ID Gene Position hg19 dbSNP137 ID AA change MAF esp6500 Proband Maternal Paternal SIFT (:SI%/) GERP
10:101667814 rs17854134 M831T 0.03186* AG AG A/A 0.45 0.673 5.99

20-0613589 DNMBP 10:101716112 rs35924554 N373K 0.04* GIC GIC G/C 0.89 0.049 -1.33
10:101639877 rs11190305 C1413W 0.380349* A/IC A/C AA 0.19 0.6 0.604

GLIS3 9:4117933 rs72687988 E515D 0.005 CIG C/C CIG 0.31 0.01 5.51

10:101716112 rs35924554 N373K 0.04* GIC GIC G/IC 0.89 0.049 -1.33

20-0410539 | DNMBP 10:101639877 rs11190305 C1413W 0.380349* AIC AIC A/A 0.19 0.6 0.604
DNMBP 10:101716112 rs35924554 N373K 0.04* GIC GIC NA 0.89 0.049 -1.33

20-0512275 10:101639877 rs11190305 C1413W 0.380349* A/IC A/C NA 0.19 0.6 0.604
EXOSC1 10:99200958 rs141001349 P94L 0.000116 G/IA GIG NA 0.67 0.944 6.08

10:101716112 rs35924554 N373K 0.04* GIC GIG G/IC 0.89 0.049 -1.33

20-0514451 DNmBP 10:101639877 rs11190305 C1413W 0.380349* AIC AA C/IC 0.19 0.6 0.604
20-0601184 DNMBP 10:101639989 rs372003127 R1376H 0.000116 CIT C/IC FS 0.07 1 5.42
SCD 10:102116427 Novel W262C - GIT GIG TT 0 1 5.43

20-0806627 | DNMBP 10:101646214 Novel R1154Q - CIT C/IC CIT 0.59 1 5.82
20-027140 DNMBP 10:101654735 Novel R1042X - G/IA G/IA GIG - - 3.85
20-0302223 MMS19 10:99225846 rs17112809 V5261 0.010465 CIT C/C CIT 0.31 0.155 1.33
TJP2 9:71835842 rs41305539 Q128K 0.019316 C/A C/C C/A 1 0.001 2.89

MMS19 10:99225846 rs17112809 V526l 0.010465 CIT CIT C/C 0.31 0.155 1.33

A1024176 TJP2 9:71865988 rs41277907 S1010F 0.078256* T/T CIT CIT 0.02 0.001 5.58
GLIS3 9:4117933 rs72687988 E515D 0.005 CIG C/C CIG 0.31 0.01 5.51

MMS19 10:99218991 rs200490757 P985S 0.000581 G/IA GIG G/A 0.06 1 5.9

10:99220707 rs3740526 G790D 0.41389* CIT CIT 1T 0.62 0.103 3.64

20-0700015 GLIS3 9:4118585 rs148572278 S298Y 0.003256 GIT GIT GIG 0.02 0.999 5.59
10:118383557 rs62623669 D51H 0.017154 C/IC C/IC GIC 0.14 0.002 1.39

PNLIPRP2 10:118397894 rs4751996 1360V 0.479667* GIG GIG AIG 1 0.013 2.61

10:118397884 rs4751995 X357W 0.481849* GIG GIG AIG - - 5.48

MMS19 10:99225846 rs17112809 V526! 0.010465 CIT CIT C/IC 0.31 0.155 1.33

20-0300929 | SFXN2 10:104493338 rs151088981 Q267X 0.003023 CIT CIT C/IC - - 5.37
TMEM180 10:104231098 rs149406506 R258Q 0.000814 G/IA G/IA GIG 0.25 0.435 3.33

20-0604224 MMS19 10:99225846 rs17112809 V5261 0.010465 CIT CIT C/IC 0.31 0.155 1.33
) GLIS3 9:4118634 rs143051164 P282A 0.002442 G/IC GIG G/IC 1 0.649 3.76
A1030655 MMS19 10:99225846 rs17112809 V526! 0.010465 CIT C/C NA 0.31 0.155 1.33
20167301 MMS19 10:99225846 rs17112809 V526! 0.010465 CIT CIT CcIT 0.31 0.155 1.33
10:99218456 rs36023427 G1029D 0.008721 CIT FS C/IC 0.16 1 5.86

200427674 | MMS19 10:99220707 rs3740526 G790D 0.41389* T/T FS T/T 0.62 0.103 3.64
10:99218456 rs36023427 G1029D 0.008721 CIT C/C CIT 0.16 1 5.86

20-0708160 | MMS19 10:99220707 rs3740526 G790D 0.41389* T/T T/T CIT 0.62 0.103 3.64
20-0705228 TJP2 9:71851040 rs149911553 T626S 0.001628 CIG C/IC CIG 0.16 0.008 3.55
PNLIPRP2 10:118385551 rs200056143 A100V 0.000117 CIT CIT C/IC 0.11 0.525 4.97

20082501 TJP2 9:71850989 Novel 1609T - T/IC T/IC T/T 0 1 5.43
A1024159 TJP2 9:71851877 rs34774441 M668I 0.064884* G/IA NA NA 0.02 0.928 5.77
9:71863235 rs77236826 H992R 0.07511* AIG NA NA 0.12 0 -9.87

A1021228 TJP2 9:71851877 rs34774441 M668I 0.064884* G/IA NA NA 0.02 0.928 5.77
9:71865988 rs41277907 S1010F 0.078256* CIT NA NA 0.02 0.001 5.58

A1024188 TJP2 9:71835842 rs41305539 Q128K 0.019316 C/A C/C NA 1 0.001 2.89
9:71865988 rs41277907 S1010F 0.078256* CIT CIT NA 0.02 0.001 5.58

20-0518590 | TJP2 9:71835842 rs41305539 Q128K 0.019316 C/A C/C C/A 1 0.001 2.89
20-0609211 TJP2 9:71835842 rs41305539 Q128K 0.019316 C/A C/C C/A 1 0.001 2.89
20-0613565 | TJP2 9:71835842 rs41305539 Q128K 0.019316 C/A C/C C/A 1 0.001 2.89
A1034284 TJP2 9:71835842 rs41305539 Q128K 0.019316 C/A C/A C/C 1 0.001 2.89
TJP2 9:71863235 rs77236826 H992R 0.07511* AG AG NA 0.12 0 -9.87

20-0426206 9:71865988 rs41277907 S1010F 0.078256* CIT C/C NA 0.02 0.001 5.58
HPS6 10:103825929 rs36078476 L233R 0.009767 T/G T/G NA 0.81 0 2.39

20-0517865 | TJP2 9:71863235 rs77236826 H992R 0.07511* GIG AG G/IG 0.12 0 -9.87
TJP2 9:71866149 rs199892018 V1064L 0.000349 GIT GIT GIG 0.94 0 -0.183

A1030628 9:71851877 rs34774441 M668I 0.064884* G/IA G/IA GIG 0.02 0.928 5.77
CPEB3 10:93811989 rs140779166 V679l 0.000581 CIT CIT C/C 1 0.19 5.65
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Annotation Genotype (reference/alternate) Predictions of deleteriousness
Proband ID Gene Position hg19 dbSNP137 ID AA change MAF esp6500 Proband Maternal Paternal SIFT (:SI%/) GERP
CSTF2T 10:53458828 Novel M161R - AIC AIC AJA 0 0.997 4.99
20-0422758 10:118383557 rs62623669 D51H 0.017154 GIC GIG G/IC 0.14 0.002 1.39
PNLIPRP2 10:118397894 rs4751996 1360V 0.479667* GIG AG A/G 1 0.013 2.61
10:118397884 rs4751995 X357W 0.481849* GIG A/G A/G - - 5.48
CSTE2T 10:53457701 rs143644186 S537G 0.00024 TIC NA NA 0.74 - 0.131
A1021274 10:53457703 rs142002882 V536G - AIC NA NA 0.55 0.824 -
KANK1 9:744588 rs143775530 P251L 0.000581 CIT NA NA 0 1 6.02
A1034295 FAM45A 10:120867671 rs149569390 K83Q 0.000465 A/IC NA NA 0.24 0.098 2.14
TCTN3 10:97445357 rs55859130 A327S 0.022313 C/A NA NA 0.84 0.003 0.118
70082809 GLIS3 9:4118585 rs148572278 S298Y 0.003256 GIT GIG GIT 0.02 0.999 5.59
20-0608051 GLIS3 9:4118540 rs35154632 G313A 0.009186 CIG C/IC CIG 0.16 1 5.59
20-0424645 GLIS3 9:4118540 rs35154632 G313A 0.009186 CIG C/IC NA 0.16 1 5.59
20-0802143 | HPS6 10:103825929 rs36078476 L233R 0.009767 T/IG T/T T/IG 0.81 0 2.39
10:118383557 rs62623669 D51H 0.017154 GIC GIG G/IC 0.14 0.002 1.39
20-0602679 | PNLIPRP2 10:118397894 rs4751996 1360V 0.479667* AIG AG A/G 1 0.013 2.61
10:118397884 rs4751995 X357W 0.481849* AIG A/G A/G - - 5.48
10:118383557 rs62623669 D51H 0.017154 G/IC NA NA 0.14 0.002 1.39
A1030639 PNLIPRP2 10:118397894 rs4751996 1360V 0.479667* G/IG NA NA 1 0.013 2.61
10:118397884 rs4751995 X357W 0.481849* GIG NA NA - - 5.48
10:118383557 rs62623669 D51H 0.017154 GIC NA NA 0.14 0.002 1.39
70174261 PNLIPRP2 10:118397894 rs4751996 1360V 0.479667* GIG NA NA 1 0.013 2.61
10:118397884 rs4751995 X357W 0.481849* GIG NA NA - - 5.48
10:118383557 rs62623669 D51H 0.017154 GIC G/IC GIG 0.14 0.002 1.39
20-0404771 PNLIPRP2 10:118397894 rs4751996 1360V 0.479667* AG AG AIG 1 0.013 261
10:118397884 rs4751995 X357W 0.481849* AG AIG AIG - - 5.48
10:90332762 Novel W142G - AIC NA NA 0.02 1 5.78
A1030634 RNLS 10:90342837 rs2296545 E37D 0.434302* CIG NA NA 0.07 0.425 -0.832
20-0800185 | SCD 10:102107936 rs150416868 P48R 0.001047 CIG CIG C/C 0.16 0.002 4.06
A1021240 SFXN2 10:104486493 rs201068739 R34C 0.000116 CIT NA NA 0.02 0.075 3.68
20082701 TCTN3 10:97446261 rs147928670 Q311H 0.000116 CIG NA NA 0.11 0.993 4.46
20-0300594 TCTN3 10:97445357 rs55859130 A327S 0.022313 C/A C/C C/C 0.84 0.003 0.118
20-014072 TCTN3 10:97445357 rs55859130 A327S 0.022313 C/A CIA C/C 0.84 0.003 0.118
A1015387 TMEM180 10:104233399 rs371861479 A333V 0.000116 CIT NA NA 0.17 0.588 5.71
20-028661 KANK1 9:732509 Novel M1046T - T/IC NA NA 0.01 0.001 3.55
20156466 KANK1 9:710972 rs61737969 P6IL 0 CIT NA NA 0.67 0.01 5.16

Abbreviations — AA: amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from
tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling. NA: sample not
available. FS: sample failed to sequence.

Asterisk — variants with MAF > 0.03 were only Sanger-sequence validated in probands that were
homozygous for the alternate allele or were possible compound heterozygotes.

Blue number — MAF from 1000 genomes European descent database.

Red text — Stop gain (nonsense) mutation. Green text — Stop loss mutation.

Green highlight — homozygous reference, Yellow highlight — heterozygous, Red highlight —
homozygous alternate, Grey highlight — information not available.

Bold numbers — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary
conserved for GERP (>2).

Italicized numbers — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).
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Table 3.10.3: List of candidate modifier genes based on variants identified in a human

cranial NTD cohort, protein function, and gene expression. Asterisk represents data generated

in this thesis. All other information for function and expression was obtained from online

databases. “Unknown” means this information was not found in online databases. Online

databases include PubMed (http://www.ncbi.nlm.nih.gov/pubmed), GeneCards Human Gene

Database (http://www.genecards.org/), and MGI Gene eXpression Database

(http://www.informatics.jax.org/expression.shtml).

Candidate | Variants of Function Expression in mouse neural
gene interest (#) tube at neurulation
DNMBP ] ggigégtgniztiisv%gon 297 Epithelial junction integrity %, *Yes (Figure 3.10.1)
210 : 210
Mis19 © | Nucteotde xciston repir ', RNAPI manseription "Yes (Figure 3.10.3)
TJP2 7 Epithelial junction integrity 2'> Yes 2
TCTN3 2 Shh signaling *'*, Ciliogenesis ' Unknown
SCD 2 Fatty acid biosynthesis 2'® ﬁgﬁzz gz;g : %{ngqzlgwn,
KANK1 3 Cytoskeletal dynamics *'® Unknown
GLISS + | iyroid,and kcney developmen S Yes™
FAS 1 Apoptosis >, Immune function *** Unknown
SFXN2 4 Mitochondrial tricarboxylate carrier ** Unknown
CSTF2T 3 mRNA 3' processing 22, Male fertility >’ Unknown
CPEB3 1 Long-term memory ¥, mRNA binding %% Little to none **°
EXOSCI | g:gr?;o;;ie;l; (2>3f] exosome involved in RNA processing and Unknown
HPS6 1 Lysosome biogenesis 22 Unknown
RNLS 2 Oxidoreductase activity ***, Cardiovascular maintenance *° Unknown
PNLIPRP2 4 Fat digestion ** Unknown
TMEM180 2 Unknown Unknown
FAM454 1 Unknown Unknown
FOXD4 0 Neural transcription factor **’ Yes 23823
BTAF1 0 Regulation of transcription ** Yes (E8.5 whole embryo) **!
HIFIAN 0 Oxygen sensor for hypoxic response pathway 2*2 Unknown
NANOS1 0 Translational repressor >+ Unknown
TRUBI 0 Pseudouridine synthase *** Unknown
LIPJ 0 Unknown (lipase) Unknown
FAMI160B1 0 Unknown Unknown

DNMBP contains an SH3 domain that binds dynamin, a protein that plays a key role in

fission of endocytic buds, a BAR domain that binds highly curved membranes typical of sites

245

undergoing endocytosis, and a DH domain that specifically activates the rhoGTPase CDC42 “*.

WES analysis in mice identified two missense mutations in DNMBP, one of which altered a
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proline (FVB/N) to leucine (BALB/cCrl) within the conserved DH domain that was predicted to
be damaging by both SIFT and Polyphen2. The other variant in mouse altered a valine (FVB/N)
to a methionine (BALB/cCrl) that was predicted to be possibly damaging by Polyphen2 in a
coiled-coil, which is a motif involved in protein-protein interactions (Table 3.7.1). Western blot
and immunofluorescence staining indicated that DNMBP protein was present in mouse embryos
at the time of neurulation, including within the neural epithilium (Figure 3.10.1). DNMBP
protein appeared to be cytoplasmic, although nuclear localization cannot be excluded according
to these images (Figure 3.10.1B,C). Staining without 1° antibody, but with 2° antibody,
demonstrated that the a-DNMBP signal (green) was not due to non-specific staining from the 2°
antibody (Figure 3.10.1E). Mouse DNMBBP is predicted to be 177 kDa in size, and western blot
confirmed that the DNMBP protein expressed in E8.5 FVB/N embryos was ~177 kDa (Figure
3.10.1G). Interestingly, another band was seen in E8.5 FVB/N embryos that was ~94 kDa (Figure
3.10.1G). Although only one DNMBP isoform has been annotated in mouse, two isoforms have
been annotated in humans. The larger human isoform is predicted to be 177 kDa and the smaller
isoform is predicted to be 94 kDa. These results suggest that the smaller DNMBP isoform is also
expressed in mouse. A third band intermediate in size of these two isoforms was also present on
the western blot. It is inconclusive as to whether this band was specific to a novel isoform of
DNMBP, was a breakdown product of the larger DNMBP isoform, or was a cross-reaction of the

a-DNMBP antibody with another protein.
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Figure 3.10.1: DNMBP is present in the neural epithelium at the time of neurulation.

a-DNMBP

Mo 1° control

Immunofluorescent staining of wildtype E8.5 FVB/N embryo head sections showed DNMBP
presence in the neuroepithelium and head mesenchyme (B). DAPI was used to counterstain the
nuclei (A). The merged image of DAPI and DNMBP suggests that DNMBP is mainly
cytoplasmic (C). The no 1° control demonstrated that staining was not due to non-specific
binding of the 2° antibody (D-F). White arrowheads within panels A-F point at the neural
epithelium. Grey arrowheads within panels A-F point at head mesenchyme. Immunofluorescent
images were taken at 400X magnification. Western blot of a pooled sample of eleven E8.5
FVB/N embryos showed the presence of two DNMBP protein isoforms, the larger isoform at the
molecular weight of ~177 kDa and the smaller isoform at ~94 kDa (G), a-tubulin served as the

loading control.

Sequencing of DNMBP in the cranial NTD human cohort identified 8 variants of interest
within 13 probands (Table 3.10.4, Figure 3.10.2). Five variants with a MAF < 0.03 were found in
5 different probands (Table 3.10.4). Two of these variants were novel, both of which were
located within the BAR domain, one of which introduced a premature stop codon and therefore
can be considered a loss-of-function mutation. None of these five probands contained additional
coding variants within DNMBP and therefore were not compound heterozygotes. However, two

of these probands also contained mutations in another candidate gene. Having variants in more
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than one candidate gene in a single proband is worthy of note because NTDs are multifactorial,
with the potential of many genetic factors contributing to the phenotype. Therefore, it is possible
that these variants are contributing to the development of NTDs in an additive manner. Proband
20-0601184 contained a variant within DNMBP that altered an arginine to a histidine (MAF =
0.000116), which was predicted to be conserved by GERP (5.82) and was predicted to be
damaging by polyphen2 (Table 3.10.4). This same proband, 20-0601184, also contained a novel
variant within SCD that altered a tryptophan to a cysteine, which was predicted to be conserved
by GERP (5.43) and was predicted to be damaging by both SIFT and Polyphen2 (Table 3.10.4).
The other proband, A1024167, contained a variant in DNMBP that altered a threonine to a
methionine (MAF = 0.002209), which was predicted to be conserved by GERP (3.49) and was
predicted to be damaging by polyphen2 (Table 3.10.4). This same proband, A1024167, also
contained a mutation in CECR? that altered a tyrosine to a cysteine (MAF = 0.001941), which
was predicted to be conserved (GERP = 4.37) and was predicted to be damaging by Polyphen2
(Table 3.10.4). The remaining 8 probands contained more than one of the remaining 3 variants,
all of which had a MAF > 0.03 (Table 3.10.4). Three probands were confirmed to be compound
heterozyotes. Two probands inherited both variants from the same parent and therefore were not
compound heterozyotes. The parental genotypes were uninformative for the remaining 2
probands, meaning it was inconclusive as to whether they were compound heterozygotes or not.
DNMBP was originally a strong candidate modifier gene in mouse, and sequencing in humans
found 8 variants, two of which were novel, that further strengthened DNMBP as a top candidate
NTD gene in both mice and humans. The potential role of DNMBP in neurulation is further
supported by current knowledge of gene function, as well as evidence for expression during

neurulation (Figure 3.10.1).
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Table 3.10.4: DNMBP protein-coding sequence variants of interest. Variants identified by
next generation sequencing in cranial NTD probands were Sanger-sequence validated in
probands and available parental DNA samples. Probands containing the lowest frequency
variants (MAF esp6500) are listed first. Proband phenotype information is provided in Appendix
B.

Annotation Genotype (reference/alternate) Predictions of deleteriousness
Position AA MAF PP2 Compound
Proband ID hg19 dbSNP137 ID change sp6500 Proband Maternal Paternal SIFT (HDIV) GERP heterozyg.
20-027140 101654735 Novel R1042X - G/IA G/IA GIG - - 3.85
20-0806627 101646214 Novel R1154Q - CIT C/C CIT 0.59 1 5.82
20-0601184 101639989 rs372003127 R1376H 0.000116 CIT C/C FS 0.07 1 5.42
A1024256 101667847 rs114927649 P820L 0.001744 G/IA GIG G/IA 0.62 0.015 3.96
A1024167 101639731 rs147752816 T1462M 0.002209 G/A G/A G/IG 0.09 0.986 3.49
101667814 rs17854134 M831T 0.03186* AG AG AA 0.45 0.673 5.99
20-0426714 101716112 rs35924554 N373K 0.04* G/IC GIG G/IC 0.89 0.049 -1.33 Yes
101639877 rs11190305 C1413W 0.380349* Cc/IC Cc/IC Cc/IC 0.19 0.6 0.604
101667814 rs17854134 M831T 0.03186* AG AG AA 0.45 0.673 5.99
20-0613589 101716112 rs35924554 N373K 0.04* G/IC G/IC G/IC 0.89 0.049 -1.33 Possibly
101639877 rs11190305 C1413W 0.380349* AC AC AA 0.19 0.6 0.604
101716112 rs35924554 N373K 0.04* G/IC G/IC NA 0.89 0.049 -1.33
20-0512275 Possibly
101639877 rs11190305 C1413W 0.380349* AC AC NA 0.19 0.6 0.604
101716112 rs35924554 N373K 0.04* G/C G/C G/C 0.89 0.049 -1.33
20-0410539 Possibly
101639877 rs11190305 C1413W 0.380349* AC AC AA 0.19 0.6 0.604
101716112 rs35924554 N373K 0.04* G/IC GIG G/IC 0.89 0.049 -1.33
20-0514451 No
101639877 rs11190305 C1413W 0.380349* AC AA Cc/IC 0.19 0.6 0.604
101716112 rs35924554 N373K 0.04* G/C GIG G/IC 0.89 0.049 -1.33
20-0620476 No
101639877 rs11190305 C1413W 0.380349* AIC AA C/C 0.19 0.6 0.604
101716112 rs35924554 N373K 0.04* G/IC C/C GIG 0.89 0.049 -1.33
20-0504243 Yes
101639877 rs11190305 C1413W 0.380349* Cc/C AC C/C 0.19 0.6 0.604
101716112 rs35924554 N373K 0.04* G/C GIG G/IC 0.89 0.049 -1.33
20-0212267 Yes
101639877 rs11190305 C1413W 0.380349* C/C FS C/C 0.19 0.6 0.604

Abbreviations — AA: amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from
tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling. NA: sample not
available. FS: sample failed to sequence. Heterozyg.: heterozygosity

Position hg19 is on chromosome 10.

Asterisk — variants with MAF > 0.03 were only Sanger-sequence validated in probands that were
homozygous for the alternate allele or were possible compound heterozygotes.

Red text — Stop gain (nonsense) mutation.

Green highlight — homozygous reference, Yellow highlight — heterozygous, Red highlight —
homozygous alternate, Grey highlight — information not available.

Bold numbers — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary
conserved for GERP (>2).

Italicized numbers — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).
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Al change: N3IT3IK PE2OL MEILT R1042X R11540 R1376H C1413W T1462M

WIAF: 0.04 0.0017 0.0318 Movel MNowvel 000012 038 0.0022
T
SH2 5HF 5SH3I SH3 RhoGEF domain BAR domain 5H3

Figure 3.10.2: Variants identified in the candidate modifier gene DNMBP in the human
cranial NTD cohort. Novel mutations (not in esp6500 or 1KG) are marked with a red triangle.
Nonsense mutations are marked with a red ‘X’. Note that the two novel mutations, one of which
is a nonsense mutation, are located within the functional BAR domain. AA change — amino acid

change, MAF — minor allele frequency (esp6500).

The MMS19 homologue in fission yeast has been shown to form a large complex that
includes the proteins Dos2, Rik1, and cdc20, which functions in binding to and regulating RNA

2% MMS19 contains an N-terminal Dos2-interacting domain

polymerase II transcription activity
and a C-terminal RNAPII transcription regulator domain, which are involved in aiding in
complex formation and RNAPII regulation respectively **. It is important to note that there does
not appear to be a known human homologue of Dos2; therefore, it is currently unknown what the
function of the Dos-2 interacting conserved domain is in humans. The C-terminus of human and
mouse MMS19 also contains a series of HEAT (huntingtin, elongation factor 3, protein
phosphatase 2A, kinase TOR1) repeats >*, which are motifs that have been shown to function as
scaffolds for the assembly of large multi-subunit protein complexes *****°. MMS19 was selected
for sequencing in the human cohort as Mms/9 was found to contain one variant that differed
between BALB/cCrl and FVB/N that altered a proline to a valine (Table 3.7.1). This variant was
not predicted to be evolutionarily conserved (GERP = 1.37) and neither was it predicted to be
damaging by Polyphen2. SIFT was unable to make a prediction. Although the predictors of
deleteriousness were helpful in filtering for good candidates, it is still possible that this variant
has a functional effect. Therefore, Mms 19 remained a candidate gene despite these predictions, as
Mms 19 has been implicated in important biological functions such as maintaining genomic

21 Western blot and immunofluorescence staining indicated that MMS19 was

integrity
expressed in neurulating mouse embryos, including within the neural epithelium and head
mesenchyme (Figure 3.10.3). The majority of MMS19 protein appeared to be cytoplasmic;
however, a small proportion of cells within the neural epithelium and mesenchyme displayed

heightened levels of MMS19 relative to other cells and some of the MMS19 protein appeared to
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co-localize with DAPI in the nuclei (Figure 3.10.3B,C). Staining without 1° antibody, but with 2°
antibody, demonstrated that the a-MMS19 signal (green) was not due to non-specific staining
from the 2° antibody (Figure 3.10.3E). Mouse MMS19 is predicted to be 113 kDa in size **’, and
western blot confirmed that the MMS19 protein expressed in E8.5 FVB/N embryos was ~113
kDa (Figure 3.10.3G).

DAPI MMS19 Western

A B G a-MMS19
LI
- -
" -
a-Tubulin
55 kDa ‘

Figure 3.10.3: MMS19 is present in the neural epithelium at the time of neurulation.

a-MMS19

Mo 1° control

Immunofluorescent staining of wildtype E8.5 FVB/N embryo head sections showed MMS19
presence in the neuroepithelium and head mesenchyme (B). DAPI was used to counterstain the
nuclei (A). The merged image of DAPI and MMS19 revealed that the majority of MMSI19 is
mainly cytoplasmic, with a small number of cells within the neural epithelium (denoted with
asterisk) showing higher levels of MMS19 expression as well as possible nuclear localization
(C). The no 1° control demonstrated that staining was not due to non-specific binding of the 2°
antibody (D-F). White arrowheads within panels A-F point at the neural epithelium. Grey
arrowheads within panels A-F point at head mesenchyme. Immunofluorescent images were taken
at 400X magnification. Western blot of a pooled sample of eleven E8.5 FVB/N embryos showed
the presence of MMS19 protein at the molecular weight of ~113 kDa (G), a-tubulin served as the

loading control.
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Sequencing of MMS19 in the cranial NTD human cohort identified 6 variants of interest
(1 novel, 3 rare, 2 common) within 12 probands (Table 3.10.5, Figure 3.10.4). All 12 probands
contained at least one novel or rare variant (MAF < 0.03). The novel variant resulted in the
introduction of a stop codon early within the protein in the Dos2-interacting domain, and was
found in proband 20-0521275 (Table 3.10.5, Figure 3.10.4). This same proband, 20-0521275,
also contained another variant, rs12360068, that altered an alanine to a valine, with a MAF =
0.043023, high conservation (GERP = 4.64), and a prediction to be damaging by polyphen2
(Table 3.10.5). This proband, 20-0521275, was confirmed to be a compound heterozygote.
Interestingly, this same proband also contained a variant in DNMBP (rs17854134, MAF =
0.03186) and two variants in 7JP2 (rs41305539, MAF = 0.019316; rs34774441, MAF =
0.064884) (Table 3.10.5), all of which are evolutionary conserved according to GERP. Another
proband, 20-0700015, contained a rare variant (MAF = 0.000581) in MMS19 that altered a
proline to a serine, was predicted to be conserved (GERP = 5.9), and was predicted to be
damaging by Polyphen2. This same proband, 20-0700015, was possibly a compound
heterozygote for the common variant rs3740526 (MAF = 0.41389), which was also shown to be
conserved (GERP = 3.64) but was not predicted to be damaging; however, parental genotypes
were uninformative. This proband, 20-0700015, also contained mutations in other candidate
genes, which included a variant in GLIS3 (rs148572278, MAF = 0.003256, evolutionarily
conserved and predicted to be damaging) and homozygosity for three variants in PNLIPRP?2
(rs62623669, MAF = 0.017154; rs4751996, MAF = 0.479667; rs4751995, MAF = 0.481849),
two of which are shown to be evolutionarily conserved (Table 3.10.2). Two probands, 20-
0427674 and 20-0708160, were discovered to contain the same rare variant, rs36023427, that has
a MAF = 0.008721, with high conservation (GERP = 5.86), and was predicted to be damaging by
Polyphen2. Both probands containing this variant, rs36023427, were also confirmed compound
heterozygotes for the common variant rs3740526 discussed above for proband 20-0700015. The
remaining rare variant, rs17112809, was found in 8 probands. rs17112809 results in the alteration
of a valine to an isoleucine and is located just upstream of the RNAPII transcription regulator
domain (Figure 3.10.4). Interestingly, rs17112809 has a MAF of 0.010465 in the esp6500
database, but it was enriched by ~2.5 fold in the human cranial NTD cohort with a frequency of
8/312 (0.0256). However, rs17112809 was not predicted to be conserved (GERP = 1.33) and
neither was it predicted to be damaging by SIFT or Polyphen2. Six of the 8 probands containing
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this variant also contained variants in other candidate genes (Table 3.10.2). One proband,
A1015381, was also a compound heterozygote for two variants in CECR?2 (rs5747211, MAF =
0.113241; rs1296794, MAF = 0.191566), both of which are predicted to be deleterious. Two
other probands, 20-0620476 and 20-0521275, contained additional variants in both DNMBP and
TJP2. Yet another two probands, 20-0302223 and A1024167, contained variants in 7.JP2, the
latter proband of which was homozygous for the alternate allele in 7JP2. Of the 12 probands with
variants in MMS19, four did not contain variants of interest in any other candidate genes. These
four probands were A1030655, Z0167301, 20-0427674, and 20-0708160. These results, along

with gene expression and function make MMS19 a strong candidate NTD gene in humans.

Table 3.10.5: MMS19 protein-coding sequence variants of interest. Variants identified by
next generation sequencing in cranial NTD probands were Sanger-sequence validated in
probands and available parental DNA samples. Probands containing the lowest frequency
variants (MAF esp6500) are listed first. Proband phenotype information is provided in Appendix
B.

. Predictions of
Annotation Genotype (reference/alternate) deleteriousness

Proband ID ﬁgfg"’” dbSNP137 ID Ch’;’:ge es’\[/)IQSFOO Proband | Matemal | Patemal | SIFT (ﬁgﬁ/) GERP he?;’;‘;;g“o”s‘:ty
99237155 Novel R187X - GA GIG GA - - 5.48

20-0521275 | 99905645 1512360068 AB58V 0.043023* GIA GIA GIG 037 1 4.64 Yes

200700015 | 99218991 15200490757 P985S 0.000581 GIA GG GIA 0.06 1 59 Possibly
99220707 rs3740526 G790D 0.41389" cr crr T 062 0.103 3.64

J0.0a27674 | 99218456 1536023427 G1029D _ 0.008721 cT FS cic 0.16 1 5.86 Ves
99220707 rs3740526 G790D 0.41389* T FS T 062 0.103 3.64

200708160 | 99216456 536023427 G1029D  0.008721 crT CcIC crT 0.16 1 5.86 vos
99220707 rs3740526 G790D 0.41389" T T cr 062 0.103 3.64

20167301 99225846 rs17112809 V5261 0.010465 cT CIT cT 031 0.155 133

200604224 | 99225846  rs17112809 V5261 0.010465 cr crT cic 031 0.155 133

200302223 | 99225846 rs17112809 V5261 0.010465 cT cic cT 031 0.155 133

200300929 | 99225846 rs17112809 V526l 0.010465 cT crT cic 031 0.155 133

A1015381 99225846 rs17112809 V526l 0.010465 cT cIc cT 031 0.155 133

200620476 | 99225846 rs17112809 V5261 0.010465 c cIT cic 031 0.155 1.33

A1024176 99225846 rs17112809 V5261 0.010465 cT CIT cic 031 0.155 1.33

A1030655 99225846 rs17112809 V5261 0.010465 cT CcIC NA 031 0.155 1.33

Abbreviations — AA: amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from
tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling. NA: sample not
available. FS: sample failed to sequence.

Position hg19 is on chromosome 10.

Asterisk — variants with MAF > 0.03 were only Sanger-sequence validated in probands that were
homozygous for the alternate allele or were possible compound heterozygotes.

Red text — Stop gain (nonsense) mutation.

Green highlight — homozygous reference, Yellow highlight — heterozygous, Red highlight —
homozygous alternate, Grey highlight — information not available.

Bold numbers — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary
conserved for GERP (>2).
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Ab change: R187H V526l AGLEV Gre0D0 P985S G1025D
PAF: Mowel 0.0105 0.043 0.414 0.00058 0.0087

Dos? interacting domain RNAPI transcription regulator domain
Figure 3.10.4: Variants identified in the candidate modifier gene MMS19 in the human
cranial NTD cohort. Novel mutations (not in esp6500 or 1KG) are marked with a red triangle.
Nonsense mutations are marked with a red ‘X’. Note that the novel nonsense mutation is located
within the functional Dos2-interacting domain. AA change — amino acid change, MAF — minor

allele frequency (esp6500).

TJP2 contains 3 PDZ (post synaptic density protein, Drosophila disc large tumor

suppressor, zonula occludens-1) domains, a single SH3 domain, and a guanylate kinase domain.

251

PDZ domains function in forming protein-protein interactions (reviewed in “°°). The guanylate

kinase domain is catalytically inactive in TJP2, but instead acts in conjunction with the

252 This SH3-GK tandem domain has been shown to function in

253-257

neighboring SH3 domain
interacting with various proteins . TJP2 was selected for sequencing in the human cohort as
mouse 7jp2 was found to contain one variant that differed between BALB/cCrl and FVB/N that
altered a threonine to an asparagine (Table 3.7.1). Much like the variant identified in mouse
Mms19, this variant was not predicted to be evolutionarily conserved (GERP = 1.3) and neither
was it predicted to be damaging by Sift or Polyphen2. However, 7jp2 remained a good candidate
as previous work has used 7jp2 as a marker of epithelial junctions in the neural epithelium at the
time of neurulation in mouse *'*, which demonstrated that 7jp2 is expressed and localized to
neural epithelial junctions at the time of neurulation.

Sequencing of 7JP2 in the cranial NTD human cohort identified 6 variants of interest
within 16 probands (Table 3.10.6, Figure 3.10.5). One novel variant that altered an isoleucine to a
threonine was identified in proband Z0082501. This novel variant showed high conservation
(GERP =5.43), was predicted to be damaging by both SIFT and Polyphen2, and was located
within an SH3 protein domain (Figure 3.10.5). The proband containing this novel variant did not
have additional variants of interest in 7JP2 or any other sequenced candidate genes. Three
probands containing rare variants (MAF < 0.03) in 7JP2 also contained one additional variant in
1JP2 (MAF = 0.07); however, two of these probands were confirmed to not be compound

heterozygotes, and compound heterozygosity for the third proband could not be determined due
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to lack of a paternal DNA sample. Three additional probands also contained more than one
variant in 7JP2; however, both variants were common (MAF = 0.07) and compound
heterozygosity could not be determined for all three due to lack of one or more parental DNA
samples. Proband 20-0517865 was homozygous for rs77236826 (MAF = 0.07511); however, this
variant did not show conservation (GERP = -9.87) and was not predicted to be damaging by
either SIFT or Polyphen2. Two probands, 20-0620476 and A1024176, were homozygous for
rs41277907 (MAF = 0.078256) that altered a serine to a phenylalanine, demonstrated high
conservation (GERP = 5.58), and was predicted to be damaging by SIFT. It is interesting to note
that based on the MAF of rs41277907, we would predict a frequency of homozygotes = 0.0061;
however, there were 2 homozygotes in the human cranial NTD cohort of 156 probands
(frequency = 0.013), demonstrating an ~ 2-fold enrichment. Unfortunately, a small sample size
prevents any definitive conclusions regarding this enrichment. In addition to the four probands
discussed above for MMS19 (20-0620476, 20-0302223, 20-0521275, A1024176), there were
three more probands containing variants in 7/P2 that also contained variants of interest in
additional candidate genes (Table 3.10.2). One of these probands, 20-0426206, which was
possibly a compound heterozygote for 7.JP2, also contained a rare variant in HSP6 (rs36078476,
MAF = 0.009767) that was predicted to be conserved (GERP = 2.39) but was not predicted to be
damaging. The second proband, 20-0705228, contained a rare variant in 7.JP2 (rs149911553,
MAF =0.001628) as well as in PNLIPRP2 (rs200056143, MAF = 0.000117) that was shown to
be conserved (GERP = 4.97) and predicted to be possibly damaging by Polyphen2. The third
proband, A1030628 contained two intra-allelic variants in 7JP2 (rs199892018, MAF = 0.000349;
rs34774441, MAF = 0.064884), as well as a rare variant in CPEB3 (rs140779166, MAF =
0.000581) that altered a valine to an isoleucine, was shown to be conserved (GERP = 5.65), but
was not predicted to be damaging. 7JP2 is known to function in epithelial junction integrity and
is expressed within the neural epithelium at the time of neurulation. This, in conjunction with the

identified variants, makes 7JP2 a strong NTD candidate in mice and humans.

126



Table 3.10.6: 7JP2 protein-coding sequence variants of interest. Variants identified by next
generation sequencing in cranial NTD probands were Sanger-sequence validated in probands and
available parental DNA samples. Probands containing the lowest frequency variants (MAF

esp6500) are listed first. Proband phenotype information is provided in Appendix B.

Annotation Genotype (reference/alternate) dPFEd“?tlons of
eleteriousness

Proband ID ngg"’” dbSNP137 ID Ch’:ﬁge es’\gésFoo Proband | Matenal | Patemal | SIFT (:gﬁ/) GERP he?;’gzp;’gu;s‘?‘y

20082501 71850989 Novel 1609T - T/C T/C T/T 0 1 5.43 -

A1030628 71866149 rs199892018 V1064L 0.000349 GIT GIT G/G 0.94 0 -0.183 No
71851877 rs34774441 M668I 0.064884* G/A G/A G/G 0.02 0.928 5.77

20-0705228 71851040 rs149911553 T626S 0.001628 CIG C/C CIG 0.16 0.008 3.55

20-0521275 71835842 rs41305539 Q128K 0.019316 C/IA C/C C/IA 1 0.001 2.89 No
71851877 rs34774441 M668I 0.064884* G/IA G/IG G/A 0.02 0.928 5.77

A1024188 71835842 rs41305539 Q128K 0.019316 C/IA C/C NA 1 0.001 2.89 Possibly
71865988 rs41277907 S1010F 0.078256* CIT C/IT NA 0.02 0.001 5.58

A1034284 71835842 rs41305539 Q128K 0.019316 C/A C/A C/C 1 0.001 2.89

20-0518590 71835842 rs41305539 Q128K 0.019316 C/A C/C C/A 1 0.001 2.89

20-0302223 71835842 rs41305539 Q128K 0.019316 CIA C/C CIA 1 0.001 2.89

20-0609211 71835842 rs41305539 Q128K 0.019316 C/IA C/C C/IA 1 0.001 2.89

20-0613565 71835842 rs41305539 Q128K 0.019316 CIA C/C CIA 1 0.001 2.89

A1024159 71851877 rs34774441 M668I 0.064884* G/IA NA NA 0.02 0.928 5.77 Possibly
71863235 rs77236826 H992R 0.07511* AG NA NA 0.12 0 -9.87

A1021228 71851877 rs34774441 M668I 0.064884* G/IA NA NA 0.02 0.928 5.77 Possibly
71865988 rs41277907 S1010F 0.078256* CIT NA NA 0.02 0.001 5.58

20-0426206 71863235 rs77236826 H992R 0.07511* AIG AG NA 0.12 0 -9.87 Possibly
71865988 rs41277907 S1010F 0.078256* CIT C/IC NA 0.02 0.001 5.58

20-0517865 71863235 rs77236826 H992R 0.07511* GIG AIG GIG 0.12 0 -9.87

20-0620476 71865988 rs41277907 S1010F 0.078256* T CIT CIT 0.02 0.001 5.58

A1024176 71865988 rs41277907 S1010F 0.078256* T/T CIT CIT 0.02 0.001 5.58

Abbreviations — AA: amino acid. MAF: minor allele frequency. SIFT: sorting intolerant from
tolerant. PP2: Polyphen2. GERP: genomic evolutionary rate profiling. NA: sample not
available.

Position hg19 is on chromosome 9.

Asterisk — variants with MAF > 0.03 were only Sanger-sequence validated in probands that were
homozygous for the alternate allele or were possible compound heterozygotes.

Green highlight — homozygous reference, Yellow highlight — heterozygous, Red highlight —
homozygous alternate, Grey highlight — information not available.

Bold numbers — Predicted to be damaging (SIFT <0.05, PP2 (HDIV) >0.956) or evolutionary
conserved for GERP (>2).

Italicized numbers — Predicted to be possibly damaging (PP2 (HDIV) between 0.453 and 0.956).

AA change: O12BK 1605T TE265 Mobdl 51010F V1Os4aL
MAF: 0.019 Nowvel 0.0016 0.0649 0.0783 0.00035
PDZ PDZ PDZ 5H3 Guanylate kinase

Figure 3.10.5: Variants identified in the candidate modifier gene 7JP2 in the human cranial
NTD cohort. Novel mutations (not in esp6500 or 1KG) are marked with a red triangle. Note that
the novel mutation is located within a functional SH3 domain. AA change — amino acid change,

MAF — minor allele frequency (esp6500).
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DNMBP, MMS19, and TJP2 are strong candidate modifier genes based on the number
and location of the variants of interest identified, expression within the neural tube during
neurulation, and what is known about protein function (Table 3.10.3). However, the other 14
candidate modifiers with variants of interest should still be kept in consideration (Figure 3.10.6). I
identified 6 novel variants in the five genes CSTF2T, RNLS, SCD, SFXN2 (2 novel variants), and
KANK]. The 5 novel variants within the first 4 aforementioned genes were located within protein
functional domains (functional domain annotations were acquired from www.ensembl.org). All
except for one novel variant (SFXN2-N87K) were predicted to be evolutionarily conserved by
GERP, and all 6 novel variants were predicted to be deleterious by SIFT and/or Polyphen2. As
these genes potentially modify the phenotypic impact of Cecr2 mutation in mice, variants within
these genes identified in probands that also contain variants of interest in CECR2 deserve some
attention. Probands containing variants in CECR?2 along with variants in DNMBP, MMS19,
and/or 7JP2 are mentioned above. There were two probands that contained a variant of interest in
CECR?2 as well as at least one variant of interest in one of the remaining 14 candidate modifier
genes (Table 3.10.2). The proband 20-0608812 is a compound heterozygote for the CECR?2
alleles rs5747211 (MAF = 0.113241) and 151296794 (MAF = 0.191566), both of which are
predicted to be deleterious. This proband also contains a rare variant in GLIS3 (rs35154632,
MAF = 0.009186) that is highly conserved and predicted to be deleterious, as well as the novel
mutation SFXN2-N32K, which is predicted to be deleterious. Another proband, 20-0601092, was
homozygous for the CECR?2 variant 11296794 (MAF = 0.191566), and also contained three
variants in PNLIPRP2 (1562623669, MAF = 0.017154; rs4751996, MAF = 0.479667; rs4751995,
MAF = 0.481849). Of the three variants in PNLIPRP2, two are common variants. However, both
of these variants are predicted to be highly conserved by GERP, and the proband was
homozygous for the alternative allele for both of these variants. Variants of interest were not
identified in 7 of the 24 candidate modifier genes sequenced, making them lower priority
candidate NTD genes (Table 3.10.3). These 7 genes were LIPJ, FOXD4, BTAF1, HIFIAN,
FAM160B1, TRUBI, and NANOSI.
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Figure 3.10.6: Variants identified in the remaining 14 candidate modifier genes in the
human cranial NTD cohort. Novel mutations (not in esp6500 or 1KG) are marked with a red
triangle. Stop codons are marked with a red ‘X’. Grey bars denote annotated functional domains
(www.ensembl.org). Note that all except one of the novel nonsense mutations are located within
a protein functional domain. AA change — amino acid change, MAF — minor allele frequency

(esp6500 for all variants except CSTF2T-S537G, which is from 1KG).
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3.11: Discussion

In Cecr2 mutant mice, the manifestation of exencephaly is reliant on the presence of other
susceptibility factors. This is exemplified by Cecr2-associated exencephaly demonstrating
reduced penetrance for two different mutant alleles in multiple mouse lines. Exencephaly
penetrance also changed over time, meaning that the mutant mice were exposed to additional
genetic and/or environmental resistance factors that were not present at the time of the original
exencephaly penetrance analyses. The difference in exencephaly penetrance between mouse
strains indicates the presence of genetic background effects, thereby also supporting the
multifactorial nature of Cecr2-associated exencephaly in mice. Efforts to identify the genes
contributing to these genetic background effects led to the discovery of a modifier region on
chromosome 19 that contains more than one modifier gene. Further analyses of this region
resulted in the identification of 25 candidate modifier genes in mouse. Sequencing of human
CECR?2 and 24 candidate modifier genes of CECR?2 in a cranial NTD cohort identified protein-

coding sequence variants that may contribute to cranial NTD etiology in humans.

Exencephaly penetrance re-analyses demonstrated that penetrance dropped over time

Updated exencephaly penetrance analyses were completed for four different mouse lines
(congenic Cecr2°™ " BALB/cCrl, congenic Cecr2™" '™ FVB/N, Cecr2™"*MOD 5, and
Cecr2°™%MOD 3 1), all of which demonstrated an exencephaly penetrance that dropped by
~15-20% (Table 3.11.1). Exencephaly penetrance analyses performed on the two mouse strains,
BALB/cCrl and FVB/N, congenic for two different Cecr2 mutant alleles, Cecr2°"" and

Cecrztml. 1Hemc

respectively, demonstrated a significant drop in exencephaly penetrance relative to
previous analyses on earlier generations. It was not surprising that the penetrance of exencephaly
dropped in congenic Cecr2™ "™ FVB/N relative to N3 Cecr2™" /"™ FVB/N because it has
already been established that FVB/N is resistant to the development of Cecr2-associated

141,164 .
164 Also, various analyses of

exencephaly and that the resistance (modifier) loci are dominant
exencephaly penetrance suggested that the FVB/N genetic background harbors a general
resistance to the development of NTDs '*""'#>1%* Specifically, the penetrance of NTDs associated
with mutations not only in Cecr2, but also in Pax3 and Shroom, dropped when moved into an

FVB/N genetic background '*. Therefore, the drop in exencephaly penetrance in congenic
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FVB/N was most likely due to additional FVB/N resistance loci being acquired over the
remaining 7 backcrosses into the FVB/N genetic background.

As BALB/cCrl are not a resistant strain, the drop in exencephaly penetrance in congenic
Cecr2°™ " BALB/cCrl was likely influenced by something different than what was seen in
congenic FVB/N. Exencephaly penetrance caused by the Cecr2¢" #bic allele was also
characterized in embryos that were 75% C57BL/6 and 25% BALB/cCrl, which yielded a
penetrance of 69.7% (23/33) '*°. This was not significantly different from the original 74.5% seen
in N6 BALB/cCrl (P = 0.638) or from the 54.1% seen in congenic BALB/cCrl (P = 0.10).
Another previous penetrance analysis performed on embryos that were 75% 129/S2 and 25%
BALB/cCrl demonstrated a penetrance of 48.5% (16/33) '*. This penetrance was also not
statistically significant from the congenic BALB/cCrl penetrance of 54.1% (P = 0.56) but was
significantly lower than the original N6 BALB/cCrl penetrance of 74.5% (P = 0.017). These
additional penetrance analyses further support that BALB/cCrl has a similar or higher
susceptibility to Cecr2-associated exencephaly when compared to other strains. Possible reasons
for the drop in exencephaly penetrance in congenic BALB/cCrl relative to the N6 generation are
that several years passed in between each analysis; therefore, the mice may have acquired genetic
changes that provided some resistance to the development of exencephaly, or environmental
changes within the colony may have altered the susceptibility to exencephaly.

Although not significant, we also saw a drop in exencephaly penetrance in the MOD 5
and MOD 31 mouse lines. We did not out-cross the MOD 5 and MOD 31 mouse lines to other
mouse lines in the colony within the time-frame that both old and new penetrance analyses were
performed, meaning genetic background from other mouse lines were not introduced into MOD 5
or MOD 31. Therefore, the drop in exencephaly penetrance can only be explained by genetic
changes that happened independently within each line or by environmental changes within the
mouse colony. The latter explanation is most parsimonious as it can also explain the drop in
penetrance seen in BALB/cCrl and FVB/N. It is more likely that the drop in penetrance was due
to the same variable for all four mouse lines, rather than four independent variables for each
mouse line. One major environmental change introduced to our mouse colony was a move from
Health Sciences Laboratory Animal Services (HSLAS) to Sciences Animal Support Services
(SASS) in the summer of 2008. This is more likely to be a factor for the old N6 BALB/cCrl

analysis compared to the new congenic BALB/cCrl analysis, as the old analysis was performed in
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HSLAS. However, the original penetrance analyses performed on the MOD lines were done
between the fall of 2008 and summer of 2009, which was shortly after the mouse colony was
moved from HSLAS to SASS. Therefore, less time has passed between the original and current
analyses, meaning there was less time for a gradual change in penetrance to take place. Also, if
the move of the colony introduced something that altered NTD susceptibility, it is possible that
the NTD penetrance in mice used for the original MOD analysis was in the process of changing
to the lower penetrance seen in the current analyses. In particular, animals used early on in the
fall of 2008 may have spent a portion of their lives at HSLAS. Another environmental change
within the colony was changing from autoclaved food to irradiated food. These sterilization
practices may alter the nutrients within the food in different ways, which may result in differing
environmental influences on neurulating embryos. Two independent pilot studies previously
performed in the lab indicated that Cecr2-associated exencephaly penetrance is not sensitive to
changes in dietary folic acid (Banting, unpublished; Norton, unpublished). Therefore, if the
differences between autoclaved and irradiated food are contributing to changes in exencephaly
penetrance, it is not likely due to changes in diatery folic acid. It cannot be ruled out that the
penetrance in the two MOD lines simply did not drop over time, since there was not a significant
difference between the old and the new penetrance analyses. To confirm this, a larger sample size

of both the original and current analyses would be needed.

Table 3.11.1: Exencephaly penetrance associated with homozygous mutation in Cecr2
dropped over time in four different mouse lines. The old penetrance analyses performed on

FVB/N was at generation N3 '** 6!

and BALB/cCrl was at generation N . The new analyses
performed on FVB/N and BALB/cCrl were at least generation N10. The genetic background for
MOD 5 and MOD 31 should theoretically be the same for both old ' and new analyses, as both
lines were maintained by interbreeding within each line. The drop in exencephaly penetrance was

statistically significant for FVB/N and BALB/cCrl, but not for MOD 5 and MOD 31.

FVB/N BALB/cCrl MOD 5 MOD 31
(Cecr2™!1Heme) (Cecr20T#bie) (Cecr26T#ie) (Cecr20T#biey
Old penetrance (%) 314 74.5 50.0 46.1
New penetrance (%) 12.3 54.1 333 314
Drop in penetrance (%) 19.1 20.4 16.7 14.7
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It has been well established that exencephaly has a higher incidence in females compared
to males in both mice and humans, and Cecr2-associated exencephaly is not an exception to this
trend. When homozygous mutant for Cecr27"*, ~1.8 female mice for every 1 male mouse
develops exencephaly, a difference that has been shown to be statistically significant. A similar

trend was seen in mice homozygous mutant for the Cecr2™!-1Hem

allele, with ~1.4 female mice
for every 1 male mouse developing exencephaly. However, this trend was not statistically
significant, most likely due to the low exencephaly penetrance in congenic Cecr2™ "™ FVB/N
producing a small number of exencephalic embryos. As this phenomenon has been witnessed in
several NTD mouse models as well as in humans, it is likely that the female predisposition is a
general susceptibility that is in addition to other susceptibility factors for most or all types of
NTDs. This fits with the hypothesis devised by Juriloff and Harris (2012), which postulated that
the presence of an additional X chromosome in females titrates out important epigenetic factors
required for neurulation '*®. One possible theory is that because CECR?2 itself is a chromatin
binding protein, a significant reduction in CECR2 (~14-fold in Cecr2°™ " mutant mice)
compounded with an additional X chromosome to titrate out the little wildtype CECR2 that is
present could be a mechanism by which mutation in Cecr?2 results in a higher incidence of
exencephaly in female mice.

T45bi
2G 45bic

Small inner ears in Cecr. mutant embryos are secondary to the exencephaly phenotype

Dawe et al. (2011) previously characterized inner ear defects in Cecr2 homozygous

mutant embryos 143

. The focus of the previous analysis was on stereociliary bundle
misorientation, with results concluding that a greater proportion of stereociliary bundle cells were
misoriented in homozygous mutant embryos, with an intermediate misoriented stereociliary
bundle phenotype in heterozygous embryos '**. The authors also observed a few non-penetrant
embryos to have a milder phenotype than exencephalic embryos but more severe than the
heterozygous embryos; however, this was not quantified due to a small sample size of non-
penetrant embryos in this analysis '**. Smaller inner ears was another phenotype addressed in
Dawe et al. (2011), with the authors concluding that inner ears were smaller in exencephalic
embryos but similar in size in non-penetrant mutant embryos, heterozygous embryos, and

. . 143 . .
wildtype embryos; however, these data were not quantified ™. Here, inner ear size was measured

and compared in wildtype embryos, mutant embryos not penetrant for exencephaly, and mutant
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embryos with exencephaly, with results indicating that the small inner ear phenotype is specific
to embryos with exencephaly. This suggests that the small inner ear phenotype is secondary to
the exencephaly phenotype. Inner ear size may be restricted in exencephalic embryos because the
cranium fails to form beginning directly above the inner ears due to gross eversion of brain
tissue. Also, the small inner ear phenotype is likely independent from the stereociliary bundle
misorientation phenotype, as Dawe et al. (2011) already established that misoriented stereociliary
bundles are seen in non-penetrant mutant embryos as well as heterozygous embryos. Therefore,
misorientation of stereociliary bundles can and do occur in normally sized inner ears.

In an effort to determine if the small inner ear size previously observed in BALB/cCrl
was also partially rescued by FVB/N modifiers within the chromosome 19 region, I also
measured inner ear size in embryos generated from the MOD 5 and MOD 31 exencephaly
penetrance, which was performed concurrently with the congenic Cecr2°™" BALB/cCrl
exencephaly and small inner ear penetrance analyses. Small inner ears were only seen in embryos
with exencephaly, corroborating the conclusion that the small inner ear phenotype is secondary to

T45bi
ZG 45bic

exencephaly and not an independent mutant phenotype produced by the Cecr allele.

Stereociliary bundle misorientation, a phenotype that also occurs in non-penetrant Cecr2"*

mutant BALB/cCrl embryos as well as to a lesser degree in heterozygous embryos, has not been
analyzed in MOD 5 or MOD 31 embryos. Therefore, it is currently unknown whether or not the
FVB/N modifiers are capable of rescuing the stereociliary bundle misorientation phenotype to a

similar degree as the exencephaly phenotype.

The FVB/N chromosome 19 modifier loci are dominant and not additive

NTDs demonstrate a complex, multifactorial mode of inheritance in both mice and
humans. Our mouse model for NTDs exemplifies this by the drastic difference in exencephaly
penetrance between congenic Cecr2°7*" BALB/cCrl (54.1%) and Cecr2™ " FVB/N (~0%).
Previous work identified a region on chromosome 19 that contains more than one modifier gene
that renders BALB/cCrl susceptible and FVB/N resistant to the development of exencephaly '®.
Previous work demonstrated and my work confirmed that there is at least one modifier gene
within region 1, and another modifier gene within the combined regions 3 and 4 (Figure 3.1.3,
Figure 3.5.1) ', Although it is possible that more than two modifier genes exist within the

chromosome 19 region, the simplest explanation is that there are two modifiers, which is the
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hypothesis underlying the following discussion. The genetic analyses performed in the MOD
mouse lines also determined that the FVB/N alleles of these two modifiers are dominant and not
additive. The FVB/N allele being dominant means that only one FVB/N allele is required to
reduce exencephaly penetrance. The exencephaly penetrance in mice heterozygous for the
FVB/N resistance alleles (MOD 5/+, MOD 31/+, and MOD 5/31) was similar to the penetrance
seen in mice homozygous for FVB/N resistance alleles (MOD 4, MOD 5 and MOD 31), which
demonstrated that the FVB/N alleles are dominant. Whether or not the two modifier alleles are
additive was also tested. Under this hypothesis, any combination of two FVB/N resistance alleles
should result in a similar exencephaly penetrance. Therefore, one modifier would have to be
located in region 1 and the other in region 4 in order to explain the similar penetrance in MOD 4,
MOD 5, MOD 31, and MOD 5/31. This also means that if this were the case, the MOD 5/+ and
MOD 31/+ embryos would only contain one FVB/N resistance allele and should display an
exencephaly penetrance intermediate between MOD 5 or MOD 31 and congenic BALB/cCrl.
However, this was not the case, with MOD 5/+ and MOD 31/+ displaying a similar exencephaly
penetrance as all other MOD lines (MOD 4, MOD 5, MOD 31, and MOD 5/31). The fact that the
modifiers were shown to not be additive means that there is a similar drop in exencephaly
penetrance regardless of how many FVB/N modifier alleles are present. Therefore, the modifier
genes appear to be epistatic, which suggests that the modifier genes are in the same pathway or

Pprocess.

A refined candidate modifier gene list based on microarray and whole exome sequence data

A list of candidate modifier genes within the chromosome 19 modifier region was
originally generated by the employment of whole genome microarray to identify genes
differentially expressed between BALB/cCrl and FVB/N '°. Although microarray analysis
identified genes that are differentially expressed between strains, it neglected to identify genes
containing DNA sequence variants that do not affect gene expression but may alter gene function.
I used a new and complementary method to refine this list. I used whole exome sequencing to
identify genes that contain DNA sequence variants that alter the amino acid sequence and
therefore may affect function with or without affecting expression levels. It is possible that whole
exome sequencing can capture variants that affect gene expression; however, only variants close

to or within coding exons would be captured by this method and the ability of these variants to
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affect gene expression would require additional testing. By combining these two complementary
methods, I produced a list that contains candidate modifier genes that are differentially expressed
between BALB/cCrl and FVB/N and/or contain protein-coding variants that differ between the

two strains.

Genetic analyses in mice demonstrated that Arhgap19 is not a modifier gene

The top candidate modifier gene, Arhgap19, showed significantly lower expression by
~5-fold in BALB/cCrl compared to FVB/N, most likely due to nonsense-mediated decay of the
mRNA as a result of the protein-coding variant, Arhgapl9*"", that introduced a stop-codon in
Arhgap19 exon 6 in BALB/cCrl '®°. Arhgap19 expression analysis via utilization of the genetrap

9ETHDO20)BYE a)1ele demonstrated that Arhgapl9 is expressed at the time of neurulation,

Arhgapl
which further supported the potential role of Arhgapl9 in neurulation, as well as in specific brain
regions after neurulation up until embryonic day E14.5. The discovery that the Arhgap19=""
allele was unique to the BALB/cCrl substrain provided us with the opportunity to introduce a
wildtype Arhgap19 allele from the BALB/cJ substrain into the BALB/cCrl substrain, while
keeping the genetic background “BALB/c”. A dihybrid cross that resulted in the production of
Cecr2°™ " homozygous mutant embryos that were either homozygous wildtype, heterozygous,
or homozygous mutant for the Arhgap 19" allele demonstrated no difference in exencephaly
penetrance between any of the three genotypic classes (Table 3.8.2). This led to the conclusion
that Arhgap19 is not a modifier of Cecr2-associated exencephaly. A caveat to this experiment
was that although BALB/cJ was genetically similar to BALB/cCrl, we could not know whether
or not any of the genetic differences between the two substrains can alter the penetrance of
exencephaly. Nevertheless, no differences in exencephaly penetrance were observed, which
suggests that the two substrains do have a similar exencephaly penetrance. All of the other DNA
sequence variants identified by whole exome sequencing that differ between BALB/cCrl and
FVB/N do not differ between BALB/cCrl and BALB/cJ, meaning that a similar genetic analysis
could not be performed for the other candidate modifier genes. Attempting a similar experiment
with an unrelated strain would not work because the allele being tested would remain linked to
variants within the chromosome 19 region that originate from the unrelated strain, even if
backcrossed into the BALB/cCrl genetic background to generate a congenic line. Therefore, the

results would be inconclusive as alterations in exencephaly penetrance may be due to variants
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that are linked to the allele being tested. Another option to test candidate modifier genes in mice
would involve generating a Cecr2™ bic BALB/cCrl mouse containing a BAC transgene of the
FVB/N modifier allele in order to determine if the FVB/N allele can partially rescue the

exencephaly phenotype in BALB/cCrl.

Sequencing 25 genes in a human cranial NTD cohort identifies variants of interest

After eliminating Arhgap19 as a candidate modifier gene, we sequenced human CECR?2
and the remaining 24 candidate genes identified by microarray and whole exome sequencing in a
human cranial NTD cohort consisting of 156 probands in an effort to narrow down the candidate
gene list as well as to identify novel candidate NTD genes in humans. As mutation in mouse
Cecr?2 results in the cranial NTD exencephaly, the Duke human cohort is particularly relevant as
all probands contain some sort of cranial NTD (129 anencephaly, 13 acrania, 10 encephalocele, 3
craniorachischisis, 1 cranial myelomeningocele) (Appendix B). The Duke cohort is also unique in
that the majority of probands had anencephaly. Although anencephaly and spina bifida both

occur with a similar frequency of 1-10/1000 births in humans ****

, very few NTD studies have
large numbers of individuals affected by anencephaly as part of their cohort. Another large
cranial NTD cohort based in China contains a total of 105 probands with some form of cranial

68,71,258 Therefore, work in this thesis

NTD; however, only 16 of these probands had anencephaly
included the first NTD sequencing study that focused on the anencephaly NTD sub-type.

In an effort to conserve resources, we did not sequence a control cohort as part of this
study. Instead, I obtained the MAF of human variants in normal populations of European-
American ancestry from the esp6500 database. A benefit to the use of this database is the large
number of individuals that are included (~4300 European-American individuals), which is much
larger than defined control cohorts in other studies. A caveat is the lack of access to information
regarding these individuals. For example, an important consideration when selecting control
individuals for NTD studies is to ensure that there are no known first-degree relatives with NTDs.
Seven of the rare variants identified in this study in the cranial NTD cohort have only been
identified in a heterozygous state in one normal individual in the esp6500 database (MAF <
0.00012). We do not know whether any of these ‘normal’ individuals are related to someone with

a NTD. As ‘novel’ variants are defined as not being present in the control cohort, using a large

control cohort, such as the esp6500 database, reduces the likelihood of finding novel variants.
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Our use of the esp6500 database as a control cohort is a valid strategy because it is much larger
than any control cohort we could independently collect and sequence. Also, sequence information
from an additional control cohort would unlikely aid in the elimination of variants of interest,
particularly since our study design is inclusive of variants with low frequencies in normal
populations.

To assess the functional impact of the identified variants, in silico predictions of
evolutionary conservation (GERP) and functional deleteriousness (SIFT, Polyphen2) were used.
An analysis by Flanagan et al. (2010) was performed on the ability of SIFT and PolyPhen to
accurately predict deleteriousness of 131 pathogenic and 8 benign missense variants 2°°. Their
findings determined that SIFT and PolyPhen had a reasonably high sensitivity (68% and 69%
respectively) but a low specificity (13% and 16%). They also found that assessing a missense
variant by evolutionary conservation was the most reliable method to predict deleteriousness.
Although in silico predictions are commonly used to prioritize variants identified in sequencing
studies, a study by Jordan et al. (2015) argued that in silico predictions based on evolutionary
conservation are constrained due to a lack of ability to put genomic context into consideration **.
Jordan et al. (2015) focused on a phenomenon referred to as compensated pathogenic deviation,
whereby a pathogenic variant is compensated for by another variant in the genome, potentially in
several species, and could therefore be predicted as benign. However, loss of the compensatory
variant in a species would uncover the pathogenicity of the other variant, which would therefore
only be pathogenic in that species. Ultimately, although in silico predictions of deleteriousness
are useful in prioritizing identified variants, functional assays are required in order to draw
conclusions regarding the functional impact of these variants. Functional studies of the variants
identified in this study are currently underway.

Previous sequencing studies of PCP genes in NTD cases placed emphasis on novel

. : : 68,70,72-74,76-78
protein-coding variants ~ "7

. Novel variants are particularly noteworthy because their
absence in normal populations is suggestive of high conservation and therefore functional
importance. In addition to novel variants, I still considered rare variants, as well as a sub-set of
common variants, that are present in normal populations to be relevant in this study for two major
reasons. Firstly, the vast majority of novel variants identified in previous NTD sequencing
studies where parental DNA was available demonstrated that the variant is also present in a

normal parent. This is indicative of reduced penetrance, meaning that even these novel variants,
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which are predicted to be more likely deleterious due to their absence in controls, do not always
result in a disease phenotype. Based on this logic, it is likely that variants present in control
populations can also contribute to NTDs in susceptible individuals. It can be theorized that a
NTD susceptibility variant is easily maintained in a normal population with low frequency if it is
selected against in those individuals that carry other susceptibility factors and develop a NTD,
but allowed to persist in and be passed on by non-penetrant individuals. This theory is in
agreement with Juriloff and Harris (2012), who addressed the fact that the majority of novel
variants identified in NTD sequencing studies were inherited from a normal parent, meaning that
these variants are present in the normal population *°'. They also stated that a focus on very low
frequency (<0.5%) or novel variants, which are predicted to have the lowest genetic fitness,
would increase the likelihood of identifying highly penetrant variants; however, this would
exclude other, more common, variants that contribute to NTDs. The second reason for including
known variants in this analysis was because of their potential contribution to compound
heterozygosity or homozygosity within a single proband. Such variants would be allowed to
persist in a heterozygous state in the normal population, as they may only exert deleterious
effects when present in conjunction with another variant-containing allele.

In this study, I identified a combined total of 62 variants of interest in the human cranial
NTD cohort, 37 of which were rare (MAF < 0.03) and 11 of which were novel. Of these 62
variants, 48 were shown to be evolutionarily conserved (GERP > 2), and 26 variants were
predicted in silico to be deleterious by SIFT and/or Polyphen2. None of these variants were de
novo, meaning that the variant was present in one of the parents of the proband. However,
whether or not the two novel variants identified in RNLS and KANK were de novo could not be
determined due to lack of parental DNA samples. This analysis focused strictly on variants that
altered the amino acid sequence. Therefore, it is possible that synonymous or UTR variants that
affect gene function exist in the genes sequenced in this cohort, meaning that possibly damaging
variants could have been overlooked. This is true of other sequencing studies in the literature as
well. Fourteen variants with a MAF > 0.03 were also of interest due to the possible contribution
of compound heterozygosity or homozygosity in some probands. Compound heterozygous or
homozygous cases are particularly remarkable because both alleles of the gene contain a protein-
coding variant. In the event that these variants are in fact functionally deleterious, these probands

would not have produced any wildtype protein product. Reports of compound heterozygosity in
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previous NTD sequencing studies are very low. This may be due to the fact that analyses focused
on novel/rare variants, therefore neglecting to account for common nonsynonymous variants in
the same proband, and/or due to the lack of parental DNA samples. However, two studies
focusing on the PCP gene CELSR]I did find cases of compound heterozygosity. Allache et al.
(2012) identified two compound heterozygous individuals " and Robinson et al. (2012) identified
three possibly compound heterozygous individuals ®. In our study, a total of 13 confirmed and
16 possible compound heterozygotes were identified. The vast majority of probands were
heterozygous for the variants of interest, particularly for all novel and rare variants. This is
similar to what has been found in other sequencing studies performed on NTD genes. However,
one proband was homozygous for a rare allele (MAF = 0.017154), and the inclusion of common
variants in this analysis identified 13 probands that were homozygous for the alternate allele, 5 of
which were homozygous for more than one alternate allele (Table 3.10.2). As NTDs are
considered to be multifactorial, it is more likely that compound heterozygosity within a single
gene or an accumulation of heterozygous mutations within multiple genes, rather than the
extremely rare event of a rare/novel homozygous mutation in a single gene, is what is driving the
genetic susceptibility to NTDs. This theory is further corroborated by other studies involving the
sequencing of additional PCP genes in the same NTD cohort, which are beginning to identify
more patients with mutations in more than one PCP gene '*'®. Although 62 variants of interest
were identified in 18 of the 25 genes sequenced in 156 cranial NTD probands, further evidence
for a biological significance of these variants will only come to light once functional analyses
have been performed. Expanded sequencing efforts would also aid in determining the relevance

of these genes in human NTD etiology.

Sequencing CECR?2 in a human cranial NTD cohort identified nine variants of interest

To date, CECR2 SNVs have not been associated with human NTDs and CECR?2
mutations have not been identified in human NTD cases. This is mainly because CECR2 was
simply not one of the candidate genes that were sequenced in the majority of these studies. The
only exceptions to this are two studies that employed a genome-wide approach, which were the
whole exome sequencing study performed by Lemay et al. (2015) °® and the comparative genome
hybridization CNV study performed by Chen et al. (2013) *. However, even in these studies,
anything identified in CECR2 was not mentioned in the publications. In this thesis, the first
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sequencing effort of the coding regions of human CECR?2 in 156 cranial NTD probands identified
9 variants of interest. Only one novel variant was identified, which altered a glutamate to a lysine
at position 32 within the functional DDT domain. As the DDT domain is responsible for
mediating complex formation with ISWI binding partners, this mutation may affect the
interactions between CECR2 and SNF2L or SNF2H, which could be tested in transfected cell
lines. Another variant was identified in CECR2 in the same proband with the novel E32K variant.
This other variant altered a proline to a leucine at position 632, and although this is a more
common variant with a MAF of ~0.19, it may contribute to compound heterozygosity in this
proband. If both the E32K variant and the P632L variant were indeed functionally deleterious and
this proband was a compound heterozygote, then this proband would not have had any normally
functioning CECR2 protein. The P632L variant is interesting in that despite its high frequency in
the population, it was shown to be conserved and was predicted to be damaging. In addition to
possibly contributing to compound heterozygosity in the proband containing the novel E32K
variant, the P632L variant contributed to compound heterozygosity in four probands and possibly
contributed to compound heterozygosity in three other probands. The P632L variant also
contributed to homozygosity in an additional three probands, which were homozygous for the
alternate leucine amino acid.

Functional assays are required in order to determine if these two variants or any of the
additional seven variants of interest affect protein function. Since the E32K variant is within the
DDT domain, it would be interesting to determine if this variant affects CECR2 complex
formation with SNF2L or SNF2H. One way to test protein-protein interactions is by conducting
co-immunoprecipitation assays, which involves isolating CECR2-containing complexes with an
a-CECR2 antibody and using western blot analysis to determine if binding partners such as
SNF2L or SNF2H are present in these complexes. Robinson et al. (2012) used a similar assay to
test whether identified variants in human SCRIB affected protein-protein interactions with
binding partners VANGL2 and LGL2, with results demonstrating that these interactions
remained intact . Lei et al. (2015) also performed a co-immunoprecipitation assay to test the
impact variants identified in human LRP6 have on the ability of LRP6 to bind MESD. The
authors found impaired complex formation for one of the variants identified in LRP6 ”.

HEK?293 cells were chosen as a human cell line to perform CECR2 co-
immunoprecipitation analyses as Banting et al. (2005) characterized the CERF complex (CECR2
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and SNF2L) in HEK293 cells '*!. T have made constructs for wildtype and variant CECR2
proteins to test this, as well as an EGFP control. In a pilot study described in Appendix C,
expression of wildtype CECR?2 alongside expression of CECR2-E32K and CECR2-P632L in
transfected HEK293 cells demonstrated that SNF2L could be co-immunoprecipitated along with
CECR2. Conclusions could not be made regarding differences in complex formation because the
immunoprecipitation was unable to pull down detectable levels of CECR2 except from HEK293
cells transfected with wildtype CECR2 (Appendix C). It is unclear as to why CECR2 could not
be detected in these immunoprecipitations; optimization of this experiment is required to
determine if CECR2 can be detected in a-CECR2 immunoprecipited HEK293 protein. It is
important that there are detectable levels of CECR2, as this is needed for comparison between the
ability of wildtype and variant CECR2-containing complexes to bring down binding partners
such as SNF2L. Results also showed that there was enough endogenous CECR2 in HEK293 cells
to pull down detectable amounts of SNF2L in non-transfected or EGFP-transfected cells
(Appendix C). The use of a tagged CECR?2 construct in HEK293 cells may overcome this
problem; however, native protein is more ideal as the tag may interfere with protein function.
Another possibility would be to perform the experiment in a cell line known to not express
CECR2, but this cell line would have to express CECR2 binding partners SNF2L or SNF2H, as
well as be transfectable. A caveat to this assay is that it may not be sensitive enough to pick up
subtle differences in complex formation. A different method to look at CECR2 protein-protein
interactions would be the yeast two-hybrid assay, which has been successful for assessing Vangl1
and Vangl2 loss-of-function variants identified in human NTD samples *"%.

Ideal functional assays would strive to analyze a functional output, such as enzymatic
activity or phenotype rescue, rather than look at a specific feature of the protein, such as protein
complex formation or cellular localization. An assay measuring functional output would be able
to tell you whether or not the protein has lost function regardless of what feature of the protein is
affected, thereby allowing for conclusions to be made on negative results. For example, if the
enzymatic function of a protein variant is similar to wildtype, it is easier to conclude that the
variant does not affect protein function. However, if the functional assay addresses only one
specific feature of the protein, then conclusions can only be made regarding that specific feature
and therefore cannot conclude that the variant is completely benign based on a negative result.

This is because although the specific feature being analyzed may not be affected (ie. complex
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formation), other features not being assayed may be impaired (ie. DNA binding, cellular
localization, etc). This was exemplified in a study by Robinson et al. (2012), which demonstrated
that two SCRIB variants functioned normally in binding the SCRIB partners VANGL2 and
LGL2 based on a co-immunoprecipitation assay, but were unable to appropriately localize to the
plasma membrane ®°. An in vitro functional assay for CECR2 to measure functional output would
be an ATP-dependent chromatin remodeling assay. This can be achieved by purifying CECR2-
containing protein complexes from a stably transfected cell line and performing the assay as

141 Briefly, this assay involves the incubation of the

previously described in Banting et al. (2005)
purified CECR2-containing complex with a DNA nucleosomal array and ATP followed by
restriction digest to determine if nucleosome rearrangement occurred. An increase in digested
DNA is indicative of nucleosome rearrangement. A caveat to this assay is that it is performed in
vitro, which is a much simpler system than the complexity of the cellular environment. For
example, additional factors within the cell that may alter the efficiency of the CECR2 complex
would not be present, and if the CECR2 variant being analyzed affects CECR2 function by
altering interactions with these additional factors then this in vitro assay would not be able to
identify such an impairment. Another caveat is that the chromatin remodeling assay may not be
sensitive enough to pick up subtle differences in chromatin remodeling activity between a
wildtype CECR2 containing complex and a variant CECR2 containing complex; therefore, one
may only be able to identify severe loss-of-function mutations with this assay. Another type of
assay to measure functional output would be an in vivo assay that would measure the ability of a
variant CECR?2 to rescue a mutant phenotype compared to a wildtype CECR2 rescue. Such assays
are regularly performed in zebrafish, and for our purposes would involve knockdown of the
zebrafish CECR2 homologue, analysis of the resulting phenotype, rescue of the phenotype with a
wildtype human CECR2 mRNA construct, and comparison to rescue attempts with a human
CECR?2 construct containing the variant of interest. This assay not only relies on zebrafish
containing a homologue of the protein of interest, but also that knockdown of the zebrafish
homologue produces a score-able phenotype that can be rescued by expression of the human
protein. Our collaborators at Duke University, Drs. Nicholas Katsanis and Erica Davis, are
currently performing these in vivo assays in zebrafish for all 9 variants of interest identified in

CECR2.
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Sequencing candidate modifiers of CECR2 in a human cranial NTD cohort identified variants of
interest: DNMNP, MMS19, and TJP2 are strong candidate NTD genes

In the literature, more and more known mouse NTD genes are being implicated in human
NTD etiology. This is especially the case for many PCP genes, including but not limited to
VANGLI, VANGLZ2, SCRIB, PRICKLEI, FZD6, and CELSRI. These findings exemplify that the
molecular underpinnings of mouse and human neurulation are likely conserved. Therefore, the
identification of DNA sequence variants in a human cranial NTD cohort that alter gene function
of any of the mouse Cecr2 candidate modifier genes will further support a role of these genes in
both mouse and human neurulation. After the elimination of Arghap19 as a modifier gene, we
sequenced the human homologues of the remaining 24 candidate modifier genes in the human
cranial NTD cohort. Several candidate modifier genes of Cecr2 were of particular interest based
on expression differences or protein-coding variants in mice, what was known about gene
function, and/or protein-coding variants identified in humans. Mouse Foxd4 was initially of
particular interest because it demonstrated a significant ~2.7-fold reduction in mRNA levels in
BALB/cCrl compared to FVB/N (Table 3.6.1), as well as contained 3 protein-coding variants that
differed between the two strains (Table 3.7.2). As exencephaly penetrance is much lower in
FVB/N compared to BALB/cCrl, as well as C57BL/6 and 129S2, we were interested in finding
out if the higher Foxd4 expression seen in FVB/N was also specific to the FVB/N strain (Figure
3.6.1). However, Foxd4 expression was not significantly lower in C57BL/6. Foxd4 expression
was significantly lower in 129S2 relative to FVB/N, but expression levels in 12952 were
intermediate between FVB/N and BALB/cCrl. In the event that Foxd4 was actually a modifier,
the similar Foxd4 expression levels between FVB/N and C57BL/6 would suggest that different
modifier genes are contributing to the difference in exencephaly penetrance between these two
strains. It would also be difficult to conclude if Foxd4 modifies exencephaly penetrance in 12952
based on these results. Foxd4 encodes for a neural transcription factor, which functions early in
the process of neurulation where it is responsible for promoting proliferation within the immature

neural ectoderm in order to expand the neural plate **

. The Xenopus homologue of Foxd4

(foxd4/5) has been shown to regulate zic2 expression ***, a gene that encodes for another neural
transcription factor, which results in exencephaly and spina bifida in mice when knocked down
29 Unpublished data by Lee et al. (2014) found that mouse Foxd4 also demonstrated

evolutionary conservation with Xenopus foxd4 as ectopic expression of mouse Foxd4 had the
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same effects as ectopic expression of Xenopus Foxd4 in the developing epidermal lineage of

7). As foxd4 has been shown to regulate zic2 expression in

Xenopus embryos (reviewed in
Xenopus, it would be expected that Zic2 would also show significantly lower expression levels in
BALB/cCrl relative to FVB/N; however, according to microarray data, Zic2 demonstrated a 1.22-
fold reduction in BALB/cCrl relative to FVB/N that was not significant (P-value = 0.214). This
would need to be confirmed by qRT-PCR. The microarray was performed on 11-14 somite
mouse embryos, where the neural tube has begun the process of folding and zippering up. As
Foxd4 and Zic?2 play a role in neural plate expansion, which occurs prior to 11-14 somites, it
would be interesting to analyze Foxd4 and Zic2 expression at an earlier stage of neurulation (~7-
10 somites). Although Foxd4 is an interesting candidate modifier gene in mouse, sequencing in
the human cranial NTD cohort did not identify any coding variants of interest in FOXDA4.
Although it is possible that there were variants that alter FOXD4 expression levels, the human
sequencing study design did not allow for robust capture and identification of expression altering
variants. Also, where there is only one Foxd4 in mouse, a primate specific expansion of the
FOXD4 gene resulted in six FOXD4 paralogues in humans (FOXD4, FOXD4L1, FOXD4L3,
FOXD4L4, FOXD4L5, and FOXD4L6) **, all of which demonstrate high sequence similarity at
the nucleotide level (FOXD4L1 shares 74% identity with FOXD4, the other four paralogues share
85% identity with FOXD4). In humans, this means that there may be functional redundancy
between these paralogues, which would decrease the likelihood of a loss-of-function mutation in
FOXD4 having a negative impact on neurulation. Although Foxd4 function along with
expression differences and protein-coding variants identified in our mice make Foxd4 a good
candidate modifier gene in our mouse model, the lack of variants of interest in the human cranial
NTD cohort in conjunction with several closely related human paralogs make FOXD4 a lower
priority candidate NTD gene in humans. Results from the human sequencing data identified
variants of interest in 17 of the 24 genes sequenced (Table 3.10.1), and resulted in a shift in focus
to three other strong candidate genes, which are discussed below.

After Arhgap19 and Foxd4, the top candidate modifier gene identified in mouse was
Dnmbp, which was shown to contain two potentially deleterious functional mutations in
BALB/cCrl, one of which altered a proline to a leucine within the functional DH domain.
DNMBP functions to regulate actin cytoskeleton and vesicle movement in cells. DNMBP

contains an N-terminal SH3 domain that binds dynamin, a protein that plays a key role in fission
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of endocytic buds, a C-terminal SH3 domain that binds the cytoskeleton associated protein
MENA, a BAR domain that binds highly curved membranes typical of sites undergoing
endocytosis, and a DH domain that specifically activates the rhoGTPase CDC42 ***. DNMBP is
present in the early developing mouse brain ***, suggesting a possible role in brain formation.
Here, I have also shown that DNMBP is present in the neural epithelium at the time of
neurulation in mouse (Figure 3.10.1). DNMBP has been well characterized in culture, where
knockdown to ~5% of wildtype levels in cell culture resulted in an ~80% decrease in CDC42
activation as well as defective centrosomes and aberrant mitotic spindles, which eventually lead
to cell death °’. CDC42 is a functional component of the PAR polarity complex, which is
responsible for reorganizing the cytoskeleton and reorienting the centrosome to allow for cell

.. . . 265
planar polarizition and migration

. Therefore, DNMBP may function within the neural plate by
regulating the PAR polarity complex via activation of CDC42, which then contributes to planar
cell polarization. DNMBP has also been shown to colocalize with the apical junction protein ZO-

208, Here, I did not see

1 and to be involved in proper apical junction formation in epithelial cells
apical localization of DNMBP in the E9.5 mouse neural epithelium. This may be due to several
reasons. Two possible reasons could be that DNMBP does not localize to the apical region in the
mouse E9.5 neural epithelium, or DNMBP does localize to the apical region but the
immunofluorescence assay was not sensitive enough or unable to detect it (ie. apically localized
DNMBP may be bound in protein complexes that protect the DNMBP antigen from antibody
detection). There are several possible ways that DNMBP may function in the process of
neurulation. For example, cranial neural plate folding requires the formation of hinge points
through apical constriction of cells. In the bending neural tube, apical junctions are partially
disassembled via endocytosis to allow for the mobility required to undergo apical constriction,
which has been shown by the movement of ZO-1 and the PAR polarity complex component
PAR-3 from apical junctions into the cytosol in the neural hinge points '’. DNMBP interacts with
dynamin **°, a protein with a key role in endocytic fission, and activates CDC42 **’, a core
component of the PAR polarity complex that is located at apical junctions. Therefore, DNMBP
may also play a role in hinge point formation during neurulation. Also, the DNMBP C-terminal
SH3 domain physically interacts with the actin regulatory protein MENA **°, a protein that is
involved in neurulation *°**’. Studies have also shown that knockdown of DNMBP in MDCK

cell culture results in impaired ciliogenesis **°, a process that is integral to successful neural tube
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closure. A complete knockout of DNMBP in mice has not yet been done, and based on DNMBP
function we predict that a complete knockout would likely be an early lethal involving multiple
systems.

We identified several protein-coding variants of interest in DNMBP in the human cranial
NTD cohort (Table 3.10.4, Figure 3.10.2). One of these variants was a novel mutation that
introduced a premature stop-codon within the functional BAR domain. It is probable that the
majority of DNMBP transcript from this allele is degraded by nonsense-mediated decay.
Transcript that evades degradation and is translated into protein likely produces an aberrant
protein product that is non-functional. Therefore, this proband likely only had 50% of normal
levels of DNMBP present at the time of neurulation, which, along with other susceptibility
factors present in the proband, may have contributed in the development of a cranial NTD.
Another novel variant was identified in a different proband that altered an arginine to a
glutamine. This variant is highly conserved and is also located within the functional BAR
domain. An additional three rare variants were identified in three different probands that are also
highly conserved. The remaining three variants were more common in the normal population but
contributed to homozygosity and compound heterozygosity in some probands.

Functional assays are required in order to confirm if any of the DNMBP variants
identified in mice and humans are in fact deleterious to protein function. /n vitro CDC42
activation assays comparing wildtype cell culture to DNMBP RNAi knockdown cell culture has
successfully been performed in the past *”’; however, such assays involve measuring the amount
of activated CDC42 in whole-cell lysates. For our purposes, wildtype and variant DNMBP would
be transfected into cell culture, resulting in an over-expression rather than a knockdown of
DNMBP. This means that endogenous DNMBP present in cell lysate may interfere with the
ability to recognize differences in CDC42 activation efficiencies. One strategy to overcome this
would be to find a cell type that has low levels of endogenous DNMBP expression. This cell type
would ideally also have moderate to high levels of CDC42 expression, unsaturated CDC42
activation, and should be easily transfectable. Another strategy would be to knockdown
endogenous DNMBP mRNA via RNAI1 targeted to untranslated regions not present in DNMBP
mRNA transcribed from the transfected plasmid DNA. A third strategy would be to stably
integrate the transfected DNMBP constructs into the genome and then knockout the endogenous

DNMBP gene via CRISPR technology. The DNMBP gene constructs would need to be stably
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introduced prior to endogenous DNMBP knockout because it has been previously reported that
DNMBP knockout in cell culture leads to cell death 2°’. In addition to CDC42 activation assays,
other protein features can be assessed, such as protein-protein interactions with MENA or sub-
cellular localization in Caco-2 epithelial cells. We also intend to perform future in vivo functional
assays in zebrafish using the same principle as was discussed above for CECR?2 via collaboration
with Drs. Nicholas Katsanis and Erica Davis at Duke University.

MMS19 is also a good candidate gene based on protein function and the variants
identified within the human cranial NTD cohort. MMS19 is a component of the cytosolic iron-
sulfur protein assembly machinery, which functions to facilitate insertion of iron-sulfur clusters
into apoproteins involved in methionine biosynthesis, DNA replication and repair, and
maintenance of telomeres *'°. Iron-sulfur cluster assembly is a process that occurs in the
cytoplasm, and the vast majority of MMS19 has previously been shown to be cytoplasmic ***.
However, MMS19 has also been shown to localize to the nucleus, specifically heterochromatin,

2% Here, I have shown that MMS19 is expressed in mouse within the neural

during the S-phase
epithelium during neurulation and observed that the majority of MMS19 is cytoplasmic with a
subset of cells demonstrating nuclear localization (Figure 3.10.3), which agrees with what has
been found in the literature. Previous studies have also demonstrated that knockout of MMS19 in
cell culture resulted in nucleotide excision repair and RNA polymerase II transcription
deficiencies *'', and knockout in mouse resulted in embryonic lethality prior to implantation *°®.
The single protein-coding variant identified in Mms19 that differed between BALB/cCrl
and FVB/N was not predicted to be highly conserved or damaging, meaning that Mms9 was
included as a candidate gene for sequencing in the human cranial NTD cohort mainly due to
protein function. We identified six protein-coding variants of interest in MMS19 in the cranial
NTD cohort (Table 3.10.5, Figure 3.10.4), one of which was a novel mutation that resulted in the
introduction of a premature stop-codon within the first half of the protein in the Dos2 interacting
domain. As is the case with the majority of nonsense mutations, this mutation is likely a complete
loss-of-function mutation due primarily to nonsense-mediated decay in combination with a
severely truncated protein product. The proband containing this nonsense mutation was also a
confirmed compound heterozygote for another low frequency protein-coding variant that affected

a highly conserved amino acid and was predicted to be damaging. An additional two probands

were confirmed compound heterozygotes and a third was possibly a compound heterozygote,
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with one MMS19 allele containing a rare, highly conserved variant predicted to be damaging and
the other allele containing a common variant that is highly conserved for all three probands. Yet
another variant identified in MMS19 demonstrated an ~2.5-fold enrichment in the human NTD
cohort, although this variant is not highly conserved and was not predicted to be damaging. These
results taken alongside what is currently known about the importance of MMS19 during
development makes MMS19 a strong candidate NTD gene. Future functional assays for MMS19
could be performed in cell culture to assess protein-protein interactions with known binding
partners, sub-cellular localization, and nucleotide excision repair capabilities. Endogenous
MMS19 will likely be present in most cell culture lines as MMS19 is expressed at moderate to
high levels in the vast majority of human tissues with the exception of liver, pneumocytes, and
hematopoietic cells (www.proteinatlas.org). Therefore, a tagged MMS19 gene construct can be
used to transfect cells for protein interaction and sub-cellular localization assays. A similar
strategy as described above for DNMBP involving the stable integration of the MMS79 construct
followed by knockout of the endogenous gene can be employed for nucleotide excision repair
assays or other phenotypic output assays. We could also perform in vivo zebrafish assays in the
future.

The third candidate gene identified in the human NTD cohort, 7JP2, encodes for the tight
junction protein TJP2 (also known as ZO-2) that functions in the assembly and maintenance of
epithelial and endothelial tight junctions. Epithelial junctions are crucial for maintaining the
integrity of the neural epithelium, and later in neurulation epithelial junctions become highly
dynamic structures due to apical constriction, which occurs during hinge point formation 7 We
identified two sub-regions in the mouse chromosome 19 modifier region shown to contain at least

165

one modifier gene (Figure 3.1.3) . Where Dnmbp and Mms19 are located within modifier

region 3 in mouse, 7jp2 is located within modifier region 1. It is interesting to note that DNMBP

and TJP2 proteins have been shown by co-immunoprecipitation to interact in human Caco-2

208

epithelial cell culture “. This is consistent with the hypothesis that the two modifiers in mouse

are involved in the same or related pathways since the modifiers are not additive '®>. TJP2 has

269

also been shown to interact with the protein product of SCRIB “, a gene known to function

within the planar cell polarity pathway and is involved in neurulation 270271

. It has already been
established with immunofluorescence that TIP2 protein is present in the apical region of the

neural epithelium of neurulating mouse embryos *'°. Homozygous knockout of Tjp2 in mice
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results in early embryonic lethality prior to implantation due to arrest during gastrulation 2.
Knockout embryos displayed reduced proliferation, increased apoptosis, and alterations in the
architecture of apical junctions >,

Tjp2 was included in the candidate modifier gene list mainly due to what was known
about protein function and expression. We identified only one protein-coding variant that differed
between BALB/cCrl and FVB/N, which was not predicted to be damaging. However, we
identified six protein-coding variants of interest in the human NTD cohort (Table 3.10.6, Figure
3.10.5). One variant was novel, affected a highly conserved nucleotide, was predicted to be
damaging by both SIFT and Polyphen2, and resulted in the alteration of an isoleucine to a
threonine within a functional SH3 protein domain. Future functional assays could be performed
in cell culture to analyze protein-protein interactions and sub-cellular localization. There were
two probands, 20-0620476 and 20-0521274, with variants identified in both DNMBP and T.JP2
(Table 3.10.2). It would be particularly interesting to determine if any of the variants in TJP2
interfere with protein binding to DNMBP, and if any of the variants identified in DNMBP
interfere with protein binding to TIP2. We could also perform in vivo zebrafish assays in the
future.

Once a variant within a gene is shown to have a functional impact, we can further explore
the contribution of genetic variants within that gene to human NTD etiology by expanding our
sequencing efforts. This would involve sequencing the gene of interest in additional NTD
affected individuals. An association of a more common variant and/or a higher burden of rare or
novel variants would provide further evidence that this gene contributes to NTD etiology. We
would then go back to the mouse model to determine if the gene of interest is involved in
neurulation. As the genes sequenced in this study are candidate modifiers of NTDs, performing a
BAC transgenic rescue of the BALB/cCrl gene variant by introducing the FVB/N gene variant
would test whether or not exencephaly penetrance can be reduced in BALB/cCrl by introducing
the putatitive resistant allele. In the event that a mouse knock-out model of the gene of interest
has not yet been produced, future work could involve generating such a model to explore the
phenotypic effects of a complete knock-out on the process of neurulation in mouse. A
combination of functional analyses of the identified variants in the human cranial NTD cohort, an

association or burden of variants within the gene of interest in additional human NTD cases, and
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establishment that the gene of interest functions in mouse neurulation would provide a strong

case for the gene of interests’ involvement in human NTD etiology.

Conclusions

The complex, multifactorial nature of NTDs is exemplified in our Cecr2 mutant mouse
model, which demonstrates a reduced penetrance that appears to be changing over time (due to
possible genetic background changes or environmental influences) and that varies between mouse
strains. This complexity is further demonstrated by the fact that a region on chromosome 19 was
shown to contain not just one, but at least two, modifier genes that are capable of rescuing the
exencephaly phenotype from ~54% penetrance to ~33% penetrance. Also, there are additional
modifier loci outside of the chromosome 19 region as the chromosome 19 modifier loci are only
capable of a partial rescue from ~54% to ~33%, and additional suggestive modifier regions on
chromosome 2 and the X chromosome have previously been identified by whole genome linkage
analysis '**. Sequencing of CECR2 and 24 candidate modifier genes of CECR2 in one of the
worlds largest human cranial NTD cohorts identified protein-coding variants of interest;
however, more work needs to be done in order to determine if these variants are NTD
susceptibility factors. Confirmation of the functional impact of these variants will help to
illuminate the role of CECR?2 and candidate modifiers of CECR? in the etiology of cranial NTDs
in humans. As none of the 24 candidate modifier genes are known NTD genes, determining
whether any of these candidates are indeed NTD modifier genes will lead to the identification of
anovel NTD gene and aid in unraveling the complex genetic architecture of NTDs both in mice

and in humans.
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Chapter 4

dikar, the Drosophila melanogaster homologue of Cecr2, is dispensable for normal development

Preface

Work in this chapter was done in collaboration with Dr. John Locke, who provided the
Drosophila stocks, reagents, lab space, and assistance with experimental design. Kathryn
Wilfong-Pritchard (Biology 499 honors project student under my partial supervision) performed
the irradiation experiments on a series of embryo/larva ages with varying irradiation doses (0
gray, 15 gray and 30 gray), as well as aided with data analyses for these experiments. I was

responsible for overall study design, all other experiments, and data analyses.
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4.1:  Introduction

In mice, homozygous mutation in Cecr2 results in the neural tube defect exencephaly. A
homologue of mouse Cecr2, named dikar, is present in the fruitfly Drosophila melanogaster.
However, unlike mice, Drosophila do not possess a neural tube, therefore making Drosophila not
ideal for studying the actual process of neurulation. On the other hand, Drosophila have proven
to be a valuable genetic model for studying the basic molecular underpinnings of conserved
developmental genetic pathways involved in mammalian neurulation, including but not limited to
Hedgehog signaling ''® and planar cell polarity (PCP) '". Here, phenotypic analyses of the
Drosophila Cecr2 homologue, dikar, were undertaken in an effort to advance our understanding
of the basic molecular function of Cecr2 (dikar). While preliminary results were promising,
unfortunately more detailed analysis revealed that a probable second-site mutation prevented
useful conclusions regarding dikar function in Drosophila. However, this research indicates that
dikar is unlikely involved in PCP or double-strand break (DSB) repair, and thus is presented
here.

Keuling et al. (2007) has previously characterized the Cecr2 homologue, dikar, in
Drosophila melanogaster '*°. What was originally annotated to be two separate genes (dikar and
CG32394) in FlyBase was shown to produce a single transcript, herein referred to as dikar
(Figure 4.1.1). Keuling et al. (2007) also produced and characterized three dikar deletion mutants

by imprecise excision of the P element P{SUPor-P}dikar*""***

in the first intron of dikar. The
three mutant alleles were (a) dikar’, which contains a deletion of non-coding exons 1A and 1B as
well as upstream sequence, (b) dikar’, which contains a deletion of non-coding exons 1A and 1B
as well as coding exons 2 and 3, and (c) dikar’, which contains a deletion of coding exons 2, 3, 4,
and a portion of 5 (Figure 4.1.1A). Phenotypic analyses of homozygous mutant flies
demonstrated that these flies are homozygous viable and appear morphologically normal.

As human CECR2 has been shown to physically interact with SNF2L, Keuling et al.
(2007) also looked for a dominant genetic interaction between dikar® and an Iswi’ single point
mutation *”*, which are mutant alleles of the fly homologues of CECR2 and SNF2L respectively.
No genetic interaction was observed, although this did not exclude the possibility of a physical

interaction. A genetic screen by Burgio et al. (2008) in Drosophila of ISWI binding proteins

identified 255 factors that functionally interacted with ISWI. However, none of these interacting
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factors were dikar or CG32394 *"*, therefore making the possibility of a physical interaction less
likely. According to the online database PFAM (pfam.xfam.org), dikar has a predicted DDT
domain, and although the prediction E-value does not reach significance, it is closer to consensus
than the human CECR2 DDT domain. Also, dikar has a predicted WHIM1 (WSTF, HB1, Itclp,
MBD?9 motif 1) domain, which is normally found in conjunction with WHIM2, WHIM3, and
DDT domains and interacts with the SLIDE domain of ISWI proteins and nucleosomal linker
DNA 275276

In summary, phenotypic analyses of the three dikar deletion mutations performed by
Keuling et al. (2007) demonstrated no observable mutant phenotype and therefore gave no
indication as to what the role of dikar is in Drosophila. The authors suggested that this might be
due to compensation by other chromatin remodeling proteins, such as Acfl, which has been
shown to interact with ISWI in the chromatin remodeling complexes ACF '>> and CHRAC *”’.
Alternatively, reverse transcriptase PCR experiments demonstrated that all three dikar intragenic
deletion alleles did produce some transcript, with dikar’ and dikar lacking 3’UTR sequence and
dikar’ displaying a largely aberrant transcript product that contains very little coding region
(Figure 4.1.1B,C). The authors also suggested that the aberrant transcripts produced in the
mutants might retain enough function for normal development. Based on studies on Cecr?2 in
mammals, it is possible that dikar plays a role in PCP and/or DNA double-strand break repair,
both of which are discussed briefly below.
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A D. melanogaster gene prediction with mapped excisions
dikar CG32394 1 kb
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I = Coding sequence - = absence of detectable PCR product
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Figure 4.1.1: Three dikar deletion alleles generated by imprecise excision of the P element
P{SUPor-P}dikar®®""** (32394 has been re-annotated as the C-terminal end of dikar
(www.ensembl.org). Three independent imprecise excision events generated the dikar’, dikar”,
and dikar’ mutant alleles (A). All five dikar alleles (dikar’, dikar”, dikar’, P{LacZ}dikar’,
P{SUPor-P}dikar*“""***) produce transcript (B), with dikar’ producing a largely aberrant

transcript (C). Image modified from Keuling et al. (2007) '*.

The planar cell polarity (PCP) pathway was mainly characterized in Drosophila, but since
then, it has been well established that PCP plays an important role in vertebrate neurulation '°.
The PCP pathway is a non-canonical Wnt signaling pathway that functions to orient cells within
the plane of an epithelium and to determine the cellular orientation of actin hairs and cilia '"°.
Although mutations in the PCP pathway affect all tissues in Drosophila, one of the major
phenotypic outputs is the misplacement of actin hairs/bristles on the wing, thorax, or abdomen,
which results in a swirled pattern of hair growth rather than the normal distally-pointing

orientation *’®. There are 31 genes implicated in PCP in Drosophila *”’; however, only the six
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core PCP proteins will be discussed here. Planar polarity is achieved by the asymmetric
distribution of five core PCP proteins, with the three proteins, frizzled (fz), dishevelled (dsh), and
diego (dgo, ANKRDG6 in mammals), forming a complex at the distal end of the cell, and the two
proteins, Van Gogh (Vang) and prickle (pk), forming a complex at the proximal end of the cell
(Figure 4.1.2). The sixth core protein, flamingo (fmi, CELSR1 in mammals), is not
asymmetrically distributed but is rather implicated in intercellular signal communication between
opposing fz and Vang complexes, thereby establishing local alignment of cell neighbors within
the same plane **°

more than one paralogue, such as for dsh (Dvll, Dvi2, and DvI3), fz (Fzd3 and Fzd6), Vang
(Vangll and Vangl?2), and pk (Pricklel and Prickle2) in mouse. Cecr2 has not been directly

. Vertebrate homologues exist for all six core PCP genes, some of which have

linked to PCP in mice as evidenced by no significant misregulation of PCP genes in Cecr?2
mutant embryos 3. however, mislocalization of PCP proteins in Cecr2 mutants has not been
tested. There is suggestive evidence that Cecr2 may be indirectly involved in PCP. Spina bifida
was an additional phenotype seen in mouse embryos homozygous mutant for the more severe

Cecrztm]. 1Hemc

allele that also contained a heterozygous mutation in the PCP gene Vangl2, thereby
demonstrating a genetic interaction as spina bifida was not seen in embryos containing only one
of these genotypes '*. Also, mice homozygous mutant for Cecr2 have misoriented inner ear

stereocilia bundles '**, a common phenotype in planar cell polarity mutants.

Vang =
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> Dgo
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Figure 4.1.2: Distribution of the six core PCP proteins in drosophila wing cells. The Vang-
prickle(Pk) complex is located to the proximal side of the cell and the frizzled(Fz)-
dishevelled(Dsh)-diego(Dgo) complex is located on the distal side of the cell. Flamingo (Fmi) is
located on both sides of the cell. The black actin hairs are pointing distally. Information for this

figure was obtained from Seifert & Mlodzik (2007) .
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Impaired DNA double-strand break (DSB) repair has also been implicated in the etiology
of NTDs 282'286, as well as various other disorders including cancer, neurodegeneration, and

287

immune dysfunction (reviewed in ©°'). Endogenous DNA DSBs have an estimated rate of one

break per 10® bp per cell cycle ***. The introduction of endogenous DSBs arises due to an

289, some of which are then

accumulation of single-stranded lesions during the cell cycle
converted to DSBs during DNA replication **. There are two well-known exogenous sources of
DNA double-strand breaks: chemotherapeutic drugs (DNA-alkylating agents, cross-linking
agents, radio-mimetic compounds, topoisomerase inhibitors) and ionizing radiation (IR)
(reviewed in *°). Repair of DSBs begin with the recruitment of MRN complex, which then
activates the ATM kinase *°'. Upon activation, ATM phosphorylates several substrates, including
the variant histone H2AX (H2Av in Drosophila), which is called yYH2AX (yH2Av) when
phosphorylated. This phosphorylation event is one of the earliest markers of the presence of
DSBs and the repair response '2°. yYH2AX recruits MDC1 *%, which then recruits additional DNA
damage response proteins, ultimately resulting in checkpoint activation and temporary cell cycle
arrest to allow time for repair. DSBs are normally repaired by the cell via one of two
mechanisms, non-homologous end-joining (NHEJ) or homologous recombination (HR). NHEJ
functions throughout the cell cycle *°, and involves the processing of broken ends to allow for
ligation of the break ***, which can be prone to introducing errors such as base mismatches and
small insertions/deletions **°. HR utilizes the DNA sequence of the sister chromatid as a template
for correction of DSBs; however, HR only functions during the S and G2 phase of the cell cycle

due to the requirement of a sister chromatid >

. Decreased cell proliferation as well as increased
apoptosis have been shown to result in NTDs (reviewed in ***). Defective DNA DSB repair
results in prolonged cell cycle arrest, which prevents proliferation, as well as increased rates of
apoptosis. Homozygous mutation in the homologous recombination repair gene, Xrcc2, in mouse
results in embryonic lethality with a fraction of mutant embryos displaying neural tube defects
82 Folic acid deficiency and the antiepileptic drug valproic acid, both of which can cause NTDs,
have been shown to result in higher levels of DSBs ****. A study conducted at the Ewha
Womans University in Korea demonstrated that siRNA knockdown of human CECR?2 followed
by ionizing radiation (IR) in HEK293T cell culture resulted in an increase in unrepaired DSBs, as

indicated by comet assay, and a reduced cell survival '**. The authors also demonstrated a
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reduction of YH2AX and 53BP1 foci, which occur in response to the presence of DSBs. These
results led the authors to conclude that CECR?2 plays a role in DNA DSB repair.

Elucidating dikar function in Drosophila and determining if this function is conserved
between Drosophila and humans would present with a more tractable genetic model for studying
the basic molecular function of dikar (Cecr2). The following experiments will show that dikar
does not appear to be involved in PCP and that an IR sensitivity phenotype present in

homozygous mutants is not due to the dikar’ and dikar’ mutant alleles.

RESULTS
4.2:  RNAi-mediated targeted gene silencing of dikar does not result in a planar cell polarity or

other overt phenotype

As dikar® and dikar’ homozygous mutants appear phenotypically normal and may have
residual gene function, an independent method of gene knockdown, RN Ai-mediated gene
silencing, was utilized to assess phenotypic effects. RNAi gene knockdown can be achieved in a
temporal or tissue specific manner via the GAL4/UAS system (Chapter 2, Figure 2.31.1). There
are three available Drosophila RNA1 lines that target dikar, all of which were used here to look
for any overt phenotypes in adult flies. Specifically, to determine if down-regulation of dikar
results in defects in planar cell polarity, expression of the genes dikar, Vang, and fz was down-
regulated by RNAi-mediated targeted gene silencing. Since the phenotype is well characterized in
Drosophila Vang and fz mutants, RNAi-mediated knockdown of these two genes acted as a
phenotypic positive control that the GAL4/UAS RNAIi system was functioning and also provided
a visual of the typical PCP phenotype. Both Vang and fz are members of the fz signaling pathway,
and therefore result in similar phenotypes in Drosophila when mutated, which include
misorientation of wing-hairs, thorax bristles, abdominal bristles, and eye ommatidia (reviewed in
2719296y Three different dikar RNAI lines, 2 different Vang RNAI lines, and 2 different /= lines, all
of which were under the regulation of the UAS promoter, were each crossed to 8 different GAL4
driver lines. A summary of the expression patterns of GAL4 drivers used in this study is provided
in table 4.2.1. The three planar cell polarity mutant phenotypes that were identified were whorls
in the wing bristles, misorientation of the small thorax bristles, and misorientation of the

abdomen bristles. A subset or all of these phenotypes were seen in the resulting adult progeny
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when the four independent RNAI lines, two for Vang and two for fz, where crossed to 5 of the 8
GALA4 drivers with one exception (Table 4.2.2, Appendix F). The exception was that the two HS-
GALA4 drivers did not induce a phenotype in progeny when crossed to the Vang RNAi1 CG8075
7376/GD line (Table 4.2.2). Three of the GAL4 drivers (eyeless-GAL4, T279-GALA4, and prd-
GAL4/TM3) did not produce any observable planar cell polarity phenotypes in any adult
progeny, which may be due to inappropriate spatial, temporal, or level of GAL4 expression. I did
not observe any planar cell polarity mutant phenotypes in adult progeny resulting from RNAi
targeted gene silencing of dikar for all 3 dikar RNAI lines and all 8 GAL4 driver lines tested,
indicating that dikar does not play a major role in PCP. Additional data regarding the frequencies

of each phenotype is summarized in Appendix F.

Table 4.2.1: GAL4 driver expression patterns. Only GAL4 drivers used in this study are listed.
Two independent Hsp70 and Actin 5C GAL4 drivers were used in this study. Information

acquired from FlyBase (www.flybase.org).

GAL4 driver Spatial expression Temporal expression

eyeless (ey) Eye and nervous system Later stages of embryonic
development, larval
development

maternal tubulin aTub67C | Ubiquitous Throughout embryonic

(T279) development

paired (prd) Specific alternating pattern Early embryogenesis during

for segment development segment development, later

restricted to embryonic central
nervous system

Hsp70 (HS-2, HS-3) Ubiquitous Low basal expression, greatly
elevated during heat shock

engrailed (en) Specific polarized pattern in | Early embryogenesis during
embryo to establish segment | segment development
polarity and later in larva
imaginal disc polarity

Actin 5C (actin-2, actin-3) | Ubiquitous Transcript levels vary
throughout development

Lethality and male-specific pupal lethality were additional phenotypes observed in

progeny from several crosses (Table 4.2.2, Appendix F). However, lethality was seen in a subset

159



of all crosses, regardless of what gene was knocked down, suggesting that this is an off-target
effect of RNAI. It should be noted that nothing could be found in the literature regarding lethal
phenotypes in Drosophila with a homozygous mutation in fz or Vang. One possibility is that high
levels of GAL4 had a toxic effect that, in some cases, affected males to a greater degree than
females.

Since no PCP phenotypes were seen in 3 dikar RNAi knockdowns paired with 8 GAL4
driver lines, and the PCP phenotypes were seen in all four PCP control lines, I conclude that
dikar is not involved in the PCP pathway in Drosophila. In addition, no other abnormal

phenotype was noted in any of the dikar mutants, other than the off-target lethality.

Table 4.2.2: External phenotypes seen in Drosophila melanogaster as a result of RNAi-

mediated targeted gene silencing of dikar, fz, and Vang.

RNAi CG3239%4 CG323%4 CG32393 CG17697 CG17697 CG8075 CG8075
24738/GD 100383/KK | 107312/KK | 43077/GD 105493/KK | 100819/KK 7376/GD

GAlL4 (dikar) (dikar) (dikar) (f2) (2 (Vang) (Vang)
eyeless X X x x X X
T279 X X X X x x x
prd/TM3 X X x X X X
HS-2 X X L g x
HS-3 X x * o X
en X x 2 L 4 4 L & 2
actin-2/CyO x L 2 * o L 2 * o *e o
actin-3/TM6B L 2 * o L 2 ® 6 60 o

€ Lethality (not sex specific, 100% penetrant except for RNAi CG8075 7376/GD (Vang))
Male-specific pupal lethality (not 100% penetrant)

€ Whorls in wing bristles (PCP, 100% penetrant in actin-2 and 3-GAL4, and en-GAL4)
Misorientation of small thorax bristles (PCP, 100% penetrant in actin-2 and 3-GAL4)

€ Misorientation of abdomen bristles (PCP, 100% penetrant in actin-2 and 3-GAL4)

x  No apparent phenotype
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4.3: Irradiation sensitivity of homozygous dikar mutants appears to be due to a second-site
mutation

144 1 tested two

CECR? function has been implicated in DNA double-strand break repair
Drosophila mutant lines, dikar® and dikar’, for ionizing radiation (IR) sensitivity. If homozygous
dikar mutants are indeed deficient in DSB repair, we would expect to see an IR sensitive
phenotype. When irradiated as embryos/larvae, this would manifest as a larger proportion of
mutant flies dying prior to eclosion compared to their heterozygous siblings. All IR experiments
were set up so that a proportion of the progeny were heterozygous (with a balancer chromosome)
for the mutation of interest, which should be phenotypically wildtype. This balancer class acted
as an internal control and allowed for statistical analyses within each cross.

A pilot IR experiment contained a range of Drosophila embryos/larvae (0-7 days post egg
laying) and results indicated that flies homozygous mutant for dikar’ were sensitive to IR at 20
gray (P =9.2E-05), 30 gray (P = 7.1E-06), and 40 gray (P = 0.048, Figure 4.3.1). Progeny ratios
for the 0 gray control cross did not show any IR sensitivity in the ratio of homozygous mutant to
heterozygous wild type (P = 0.16). An undergraduate student, Kathryn Wilfong-Pritchard,
performed further experiments to look at the effects that IR doses 15 gray and 30 gray had on
various ages of embryos/larvae (0-2 days old, 2-4 days old, and 4-6 days old) for both dikar’ and
dikar’ (Figure 4.3.2). Results showed that no adult flies were produced in crosses where the flies
were exposed to IR doses of 15 gray or 30 gray at 0-2 days old for dikar’ (P = 3.7E-35) and
dikar’ (P = 4.2E-20), meaning all flies were dying prior to eclosion regardless of genotype. For
crosses where flies were irradiated at 2-4 days old, there was a genotype specific IR sensitivity
seen for dikar’ at both 15 gray (P = 3.4E-03) and 30 gray (P = 7.4E-06), and for dikar’ at 15 gray
(P =6.1E-03) and 30 gray (P = 8.2E-04). This genotype specific IR sensitivity was also seen for
4-6 day old dikar’ flies at both IR doses (15 gray P = 7.4E-04, 30 gray P = 3.4E-02), but not for
dikar® (15 gray P=0.72, 30 gray P = 0.20). This difference between the two alleles may be due
to a milder phenotype in dikar’ mutant flies. These results indicated that the best timing for IR
experiments was 2-4 days, with an exposure between 15-30 gray.

I performed the remaining IR experiments on 2-4 day old larvae, as 0-2 day old larvae all
died from the irradiation and 4-6 day old larvae were too resistant. The IR dosage was 22.5 gray,

intermediate between the mild affect seen at 15 gray and the more generalized killing seen at 30
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gray. These experiments included confirming IR sensitivity in dikar’ and dikar’ homozygotes,

which was successful in showing that dikar’ (P = 3.7E-08) and dikar’ (P = 1.7E-21) were IR
sensitive (Figure 4.3.3).
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Figure 4.3.1: Flies homozygous for the dikar’ allele are sensitive to IR doses of 20 gray, 30
gray, and 40 gray. Irradiated vials contained flies ranging from 0 to 7 days old. The asterisks
denote IR experiments where homozygous mutant progeny numbers were statistically different
from the expected ratio (exact binomial goodness-of-fit test). Total number of flies produced for
each experiment (N) is displayed under each graph column. Expected progeny is normalized to

100%.
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Figure 4.3.2: Irradiation sensitivity for dikar’ and dikar’ flies on three ranges of
embryo/larva ages (0-2 days, 2-4 days, and 4-6 days) dosed with 0 gray, 15 gray, and 30
gray. The asterisks denote IR experiments at 15 or 30 gray where homozygous mutant progeny
numbers were statistically different from the expected ratio (exact binomial goodness-of-fit test
for 0-2 days) or statistically different from control experiments at 0 gray (x” test-of-independence
for 2-4 days and 4-6 days). Total number of flies produced for each experiment (N) is displayed

on graph columns. Expected progeny is normalized to 100%.

Next, we tested the dikar® and dikar’ mutations in flies that were heterozygous the dikar’
or dikar’ allele and heterozygous for a deletion of the locus. This would test each mutation with a
clear null allele as well as localize the IR sensitive locus to within the deletion. The deficiency
Df(3L)ZN47 is predicted to encompass dikar as well as an additional 175 genes. Results showed
that the dikar deletion alleles over the Df(3L)ZN47 deficiency were also IR sensitive, as would be
expected (dikar’/Df(3L)ZN47 P = 3.8E-27, dikar’/Df(3L)ZN47 P = 1.1E-11) (Figure 4.3.3).
These experiments supported a role for dikar in DSB repair. A second deficiency, Df(3L)ED212

was obtained from Bloomington but found to erroneously contain dikar.
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As a negative control, the parental P{SUPor-P}dikar*“*"** line was also tested for IR
sensitivity. This fly stock had to be re-ordered from Bloomington; however, the new stock from
Bloomington was no longer homozygous viable for the P{SUPor-P}dikar*“*"*** P element.
therefore recreated the line through a series of 3 crosses to the dikar”/dikar’ fly line, and was able
to recombine away the second-site recessive lethal. This parental line still contains the P{SUPor-
P}dikar*“""%5? P element, and due to the fact that it was crossed to dikar’, the genetic background
should be at least 87.5% similar to the dikar® and dikar’ lines (even moreso considering that
dikar® and dikar’ were generated from this same parental stock several years ago). Also, the
introduction of the 7M3 balancer chromosome came from the dikar’/TM3 fly stock, meaning that
the experiments performed on the parental line, dikar” line, and dikar’ line should be comparable.
Two homozygous viable males were recovered and used to generate two independent parental
P{SUPor-P}dikar*“""** lines. Results from the two independently generated parental lines
(P{SUPor-P}dikar**"***(1) and P{SUPor-P}dikar*®""***(2)), which represented the same
genetic background as dikar® and dikar’ prior to imprecise excision of the P element, were also
sensitive to IR (P{SUPor-P}dikar*®""***(1) P = 1.6E-26, P{SUPor-P}dikar*“""***(2) P = 8.0E-
24). Although we were expecting the parental P{SUPor-P}dikar*“""** line to behave similar to a
wildtype dikar allele, these results suggested that the P element interfered with dikar function.
Therefore, as a better control, the parental P element was precisely excised in order to re-establish
a wildtype allele of dikar. Again, the two dikar”" independent lines produced by precise excision
of the P element showed IR sensitivity (dikar” (1) P = 3.1E-45, and dikar” " (2) P = 5.6E-26).
Therefore, this suggests that IR sensitivity is resulting from the genetic background itself, such as

a second-site mutation, rather than the mutations in dikar® and dikar’.
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Figure 4.3.3: Irradiation sensitivity in flies homozygous for the dikar’ and dikar’ alleles,
heterozygous for a dikar deletion over a deficiency, as well as for homozygous flies
produced in control crosses (P{SUPor-P}dikar*®""*** and dikar”") at 22.5 gray. Progeny
ratios for IR experiments at 22.5 gray were statistically different () test-of-independence) from
progeny ratios at 0 gray for all crosses. Total number of flies produced for each experiment (V) is

displayed on graph columns. Expected progeny is normalized to 100%.

4.4:  The locus conferring irradiation sensitivity is likely within the chromosomal region

encompassed by the Df(3L)ZN47 deficiency: Gen and dikar are candidate genes

Since IR sensitivity was similar in homozygous dikar® and dikar’ flies, the P{SUPor-

P}dikar*“”"%? parental line, and the precisely excised P element dikar”" flies, this suggested that
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the phenotype originated from either a second-site mutation in dikar or a second-site mutation in
another gene on chromosome 3 in this fly strain. The IR sensitivity observed in flies with dikar’
or dikar’ over the Df(3L)ZN47 deficiency suggests that the second-site mutation lies within the
bounds of the deletion. I therefore evaluated the genes that mapped within the deficiency for
obvious candidates. Gene ontology (GO) analysis of the 176 genes within this region identified
13 genes annotated to bind DNA (Table 4.4.1). Three of these genes were annotated as DNA
repair genes, which were Gen, DNApol-¢58, and CG7376. DNApol-¢58 mainly functions in

replication. DNApol-¢58 also has roles in base excision and nucleotide excision repair (reviewed

. 297 297

in © ") but does not respond to DNA damage in yeast (reviewed in © ). There is little in the

literature regarding the DNA repair activity of CG7376. Interestingly, Gen is a known DSB

repair gene that functions in resolving Holliday junction intermediates produced during HR **

39 1 therefore elected to test Gen and dikar for second-site mutations.
o
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Figure 4.4.1: Genomic region encompassed by the Df(3L)ZN47 deficiency. Image modified
from FlyBase (http://flybase.org/reports/FBab0000006.html).
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Table 4.4.1: Gene ontology (GO) analysis of 176 genes within the Df(3L)ZN47 region
identified 13 DNA binding genes. All genes assigned ssDNA binding, DNA repair, DNA

metabolic process, or chromatin binding GO terms were also assigned the DNA binding GO

term.
DNA .
Gene Flybase ID bi?1:illl\19 ;:_3':‘:9 DNA repair metabolic cm::::;m
process

Gen FBgn0263831 Yes Yes Yes Yes X
DNApol-£58 FBgn0035644 Yes X Yes Yes X
CG7376 FBgn0035689 Yes X Yes Yes X
shep FBgn0052423 Yes Yes X Yes X
dikar FBgn0261934 Yes X X X Yes
Rccl FBgn0002638 Yes X X X Yes
Blimp-1 FBgn0035625 Yes X X X X

vv/ FBgn0086680 Yes x X X X
Ets at 65A FBgn0005658 Yes X X X X
CG10576 FBgn0035630 Yes X X X X
CG10147 FBgn0035702 Yes X X X X
CG8398 FBgn0035708 Yes X X X X
CG13287 FBgn0035643 Yes X X X X

The coding exons and splice sites of both dikar and Gen were Sanger-sequenced in
heterozygous dikar”"/TM3 (not IR sensitive) and homozygous dikar” ' /dikar”” (IR sensitive)
flies. Analyses focused on DNA sequence variants that were heterozygous and that altered the
amino acid sequence in the dikar”"/TM3 flies. Sequence of the dikar” " /dikar”" flies elucidated
what variant allele belonged to the dikar”” chromosome, which would be a candidate IR
sensitivity variant. The other variant would therefore belong to the 7M3 balancer chromosome.

I identified a total of 11 protein-coding variants in Gen that differed between the dikar” "
chromosome and the 7M3 chromosome (Figure 4.4.2). Gen contains 726 amino acids, meaning
that the two alleles differ by 11/726 amino acids, or 15.15 differences per 1000 amino acids. This
appears to be a particularly high number of nonsynonymous variants between two Drosophila
lines. I compared the number of nonsynonymous variants in Gen/, the mouse homologue of Gen,
in all mouse strains on the MGI database (http://www.informatics.jax.org/). In 17 strains there
were a total of 7 nonsynonymous variants in mouse Gen/ (protein product = 908 amino acids, 7.7
differences per 1000 amino acids), where no two strains contained more than 3 differences when

compared to each other (3.3 differences per 1000 amino acids). It is difficult to draw any

conclusions regarding the biological significance of the high number of nonsynonymous variants
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that differ between the two Drosophila Gen alleles, as no sequence analyses between fly stocks

are available.

Figure 4.4.2: Gen protein sequence alignment shows 11 Gen amino acids that differ
between the Gen allele on the dikar”” chromosome and the Gen allele on the TM3

chromosome. Amino acids that differ between the two chromosomes are indicated in green.

Gen (dikarWT) 1 MGVKELWGVLTPHCERKPINELRGKKVAIDLAGWVCESLNVVDYFVHPRHHLKNLEFFRTC
Gen (TM3) 1 MGVKELWGVLTPHCERKPINELRGKKVAIDLAGWVCESLNVVDYEFVHPRHHLKNLEFRTC

kA hkhkhkhkhkrhhkhkhhAhkhk A hhkhhkhkhhhkhkhdAhkhkrhhkhkhhkrhkhkhkhkrhkhkrhkkhkhkhhkrkrkkrxkkxk*x

Gen (dikarWT) 61 YLIWEQVTPVEFVLEGVAPKLKSQVIAKRNELQFRGVKPKNSPECTQSQPSKGDKGRSREN
Gen (TM3) 61 YLIWEQVTPVEVLEGVAPKLKSQVIAKRNELQFRGVKPKNSPECTQSQPSKGDKGRSREN

kA hkhkhkhkhkhhkhkhkhhkhkhkrhkhhkhkrhkhkhkhkdAhhkrhkhhhkrhkhkhhkrhkhkrhkkhkhkhhkrkxhkxkkxk*x

Gen (dikarWT) 121 HVLKQCETLLLSMGIQCVQGPGEAEAYCAFLNKHGLVDGVISQDSDCFAYGAVRVYRNFES
Gen (TM3) 121 HVLKQCETLLLSMGIQCVQGPGEAEAYCAFLNKHGLVDGVISQDSDCFAYGAVRVYRNES

kA hkhkhkhkhkhhkhkhkhhkhkkhkrhhkhhhkrhhkhkhkhhkhhkrhhkhhhkrhkhkhhkrhkhkrhkkhkhhkrkrhkxkkxk*x

Gen (dikarWT) 181 VSTQGAQAASGGAVDIYDMREITSRMDFGQQKIIVMALLCGCDYCPDGIGGIGKDGVLKL
Gen (TM3) 181 VSTQGAQAAAGGAVDIYDMREITSRMDEFGQQOKIIVMALLCGCDYCPDGIGGIGKDGVLKL

KAIAKAAIAKAAKN A A A A A AR A AR A AR AR A KA IR A AR AR A AR A AR AR A A A A A A AR A A AR A X kK

Gen (dikarWT) 241 FNKYKETEILDRMRSWRGETDKYNALEIRVDDKSICSNCGHIGKTQSHTKSGCSVCRTHK
Gen (TM3) 241 FNKYKETEILDRMRSWRGETDKYNALEIRVDDKSICSNCGHIGKTQSHTKSGCSVCRTHK

KA AR A AR AR A AR A AR AR A A A A AR AR AR A A A A AR AR A A A A AR AR AR A A A A AR A A A AR A Xk K

Gen (dikarWT) 301 GCDESLWKEQRLSIKSELTLRRKALLSPDFPNEEIIAEFLSEPDTIPNLNLNWRQPNLVK
Gen (TM3) 301 GCDESLWKEQRLSIKSELTLRRKALLSPDFPNEEIIAEFLSEPDTIPNLNLNWRQPNLVK

KA AR A AR AR A AR A AR AR A A A A A A AR A AR AR A AR AR A A A AR A AR AR A A AR AR A AR AR A X kK

Gen (dikarWT) 361 FIKQIGHLLOQWPEIYCFQKFFPILTRWQVQQSKQEKILIQPHEIIKKRTVKGVPSLELRW
Gen (TM3) 361 FIKQIGHLLOWPEIYCFQKFFPILTRWQVQQOSKQEKILIQPHEITKKRTVKGVPSLELRW

KA AR A AR AR A AR A AR AR A AR A AR AR AR A A A A AR AR A AR A AR AR A A A A AR AR A Ak kA kX k%

Gen (dikarWT) 421 HDPSGIFKGLIPDKQIAEYEAEHPKGIEELYYTIEPLDMLETAYPDLVAAFLKSKEKPAK
Gen (TM3) 421 HDPSGIFKGLIPDKQIAEYEAEHPKGIEELYYTIEPLDMLETAYSDLVAAFLKSKEKPAK

KA A KA AR AR A AKAAAA AR A AR A AR AR AR A A A AR AR A AR A AR A, K, Ahk Ak Ak A Ak kA kA kA k%

Gen (dikarWT) 481 KTTRKKKTASEEENKENEPNSKPKRVVRKIKAQPEENQPLLHQFLGRKKEGIPVKAPAPQ
Gen (TM3) 481 KTTRKKKTASEEENKENEPNSKPKRVVRKIKAQPEENQPLLHQFLGRKKEGEPVKAPAPQ

KA A KA AR AR A AR AR A AR A AR AR A AR AR A AR AR A AR A AR AR A AR AR A AR A *k Ak Ak Ak k*k

Gen (dikarWT) 541 RQQCSTPITKFLPSDLESDCDAEEFDMSDIVKGIISNPNATPALTNHDGHQLHYEPMAED
Gen (TM3) 541 RQQCSTPITKFLPSDLESDCDAEEFDMSDIVKGIISNPNAKPALTNHDGHQLHYEPMAED

kxkhkkrkhkhkrhkhkhhkhkhkhkrhkhkrkhhkrhkhkhhhkhkhkrhkhkrhkhkrkhkhhkhk *khkrhkhkrhkhkrkhkrxhkhkxhkxk*k

Gen (dikarWT) 601 LSLRLAQMSLGNVYESPKVETKRDLSQVDQLPQSKREFSLEDSFDLLVKGDLQKLARTPVE
Gen (TM3) 601 LSLRLAQMSLGNVBESPKVETKRDLSQVDQLPQSKRFSLEDSFDLLVKGDLQKLARTPVE

khkkhkkhkkhkkhkhkkhhkkhkhkhkhk hhhkkhhkhhhhhhhhhhhhhrrrhrhrkhkrhhrkhkrkhkrkrrkrkrkrkrkrkrkrkrxhxxxx

Gen (dikarWT) 661 RFKMQHRISEKIPIPVKPLDNISYFEFNQSSDNADVFEELMNSSLVPQDQEDNDGEEEDDD

Gen (TM3) 661 RFKMQHRISEKIPSPVKPLANISYFENQSSDNADVFEELMNSSLVPQDQEDNAEDEEEDD
Kokok ok k kK kA k ok ok ok kAR KK ok ok ok ok kK K Kk ok ok ok ok K kK K K Kk ok ok ok K kK K Kk ok ok *k kK
dikarWT 721 LVVISD
Gen (TM3) 721 LVVISD
* Kk Kk Kk kK
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As we would predict that Gen variants on the IR sensitive dikar” ' chromosome would be
damaging relative to Gen variants on the 7M3 chromosome (not IR sensitive), SIFT scores were
generated to compare Gen protein variants on the dikar”” chromosome relative to Gen protein
variants on the M3 chromosome. SIFT predicted that 8 of the 11 variants on the dikar””
chromosome are tolerated relative to the 7A/3 chromosome (Table 4.4.2). The remaining 3
variants were predicted to be damaging; however, these predictions were low confidence due to
low diversity of the sequences used at this position. SIFT scores were also generated for the
reverse comparison, which was the Gen protein variant on the 7M3 chromosome relative to the
Gen protein variant on the dikar”” chromosome. Only one variant on the 7M3 balancer
chromosome was predicted to be deleterious, which was the presence of a serine residue in lieu of

a proline residue.

Table 4.4.2: Protein predictions of deleteriousness of the 11 variants in the Gen protein.
SIFT analyses compared variants on the dikar”” chromosome relative to the TM3 chromosome,

and vice versa.

Amino acid dikar"" chr. relative TM3 th. |rﬁlative to
to TM3 chr. SIFT dikar”' chr. SIFT
dikarV’T TM3 Predicted score Predicted score

chr. chr. deleteriousness of... deleteriousness of...

S A S 0.40 A 1.00
P S P 1.00 S 0.05
T P T 1.00 P 0.09
T K T 0.24 K 1.00
Y D Y 0.01* D 0.53
T S T 0.58 S 1.00
D A D 0.02* A 1.00
D A D 0.63 A 0.41
G E G 0.05* E 1.00
E D E 1.00 D 0.42
D E D 0.14 E 1.00

Asterisk - Low confidence prediction due to insufficient sequence diversity

As there were 11 amino acid differences within Gen, it made sense to analyze the protein
as a whole rather than analyze each variant individually. I used the web-based program I-
TASSER to compare predicted protein structures between the two alleles. As part of the
secondary structure prediction, [-TASSER assigned each amino acid as an a-helix, B-strand, or

coil along with a number between 0-9 that denoted prediction confidence, where lower numbers
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correspond to lower confidence. The secondary structure prediction also assigned each amino
acid with a number ranging from 0-9 that denotes solvent accessibility, with lower numbers
corresponding to buried residues and higher numbers corresponding to more exposed residues.
These secondary structure analyses are displayed for the amino acids that differ in Gen between
the dikar”" chromosome and the TM3 chromosome in Table 4.4.3. The local secondary structure
prediction assignments of a-helix, B-strand, or coil assignments around all 11 amino acids (£ 20
amino acids) were similar between the two protein variants, with 14 differences, all of which had
low confidence predictions (< 4). There were some differences in the assignment of a-helix, -
strand, or coil secondary structure predictions between the two protein variants that were at least
20 amino acids away from the 11 amino acid variants; however, amino acids within these regions
were also assigned low confidence values (< 4). Overall, there were no obvious differences in the

predictions of secondary structure for the Gen protein variants.

Table 4.4.3: Secondary structure predictions for the 11 amino acids that differ in Gen
between the dikar” " chromosome and the TM3 chromosome. Analysis was done using the

web-based software -TASSER. Confidence predictions range from 0 (low) to 9 (high). Solvent

accessibility ranges from 0 (buried) to 9 (highly exposed).

Amino acid a-helix, B-sheet, or coil Confidence Solvent accessibility
dikar" chr. TM3 chr. | dikar"" chr. TM3 chr. | dikar”™ chr. TM3 chr. | dikarV" chr. TM3 chr.
S A coil coil 4 5 4 4
P S coil coil 6 7 2 2
T P coil coil 8 8 5 5
T K coil coil 8 8 4 4
Y D coil coil 4 3 6 6
T S coil coil 8 8 4 3
D A coil coil 1 3 4 4
D A coil coil 5 7 7 4
G E coil coil 4 7 6 4
E D coil coil 6 6 5 6
D E coil coil 2 5 4 4

Prediction analysis of tertiary structure was also done using I-TASSER. Five models for

each protein variant were generated, each with a confidence score ranging from [-5,2] where a

higher score indicates higher confidence of the prediction. Model 1 for the Gen protein variant on

the dikar”” chromosome and model 2 for the Gen protein variant on the 7M3 chromosome
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appeared to have a similar overall topology to each other (Figure 4.4.3); however, all tertiary

structure models generated for the two Gen protein variants had confidence scores less than -3.

Figure 4.4.3: The most comparable Gen protein
prediction models of tertiary structure between the
two protein variants. Predictions of tertiary structure
were generated by [-TASSER. The Gen protein variant
on the TM3 chromosome is depicted in (A), and the Gen
protein variant on the dikar” " chromosome is depicted in
(B). All predictions of tertiary structure had low

confidence scores (< -3).

I identified four protein-coding variants in dikar that differed between the dikar” "
chromosome and the 7M3 chromosome, one of which was an Asparagine insertion in a poly-
Asparagine region (Figure 4.4.4). Dikar contains 3232 amino acids (3231 amino acids for the
TM3 chromosome allele), meaning that the two alleles differ by 4/3232 amino acids, or 1.2
differences per 1000 amino acids. Therefore, Dikar is much more similar at the amino acid level
between the two chromosomes compared to Gen (15.15 differences per 1000 amino acids). I
compared only a portion of the two Dikar protein sequences with [-TASSER, as the web-based

software does not accept submissions greater than 1500 amino acids (indicated in Figure 4.4.4).
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Figure 4.4.4: Dikar protein sequence alignment shows 4 Dikar amino acids that differ
between the dikar allele on the dikar”” chromosome and the dikar allele on the TM3
chromosome. The amino acid insertion/deletion is indicated in blue and the amino acid

substitutions are indicated in green. Region in bold black text was analyzed by I-TASSER.

dikar (dikarWT) 1 MVSTFIGLLDIQSWWEIPCISHFCSLFSSAFDLPDIDIEDLESALLSDGTSDEDQVALVP
dikar (TM3) 1 MVSTFIGLLDIQSWWEIPCISHFCSLFSSAFDLPDIDIEDLESALLSDGTSDEDQVALVP

R i b b e 2 b I b b I I b b b I b b I I b b I I b b b i b b b I b b I I b b I I b b b I b b b I b b b I 2 b b i 4
dikar (dikarWT) 61 ELIVRLLKGCDALQTVAKEITHSNYQMFLRRFLRQOCRLHQTENHFDTDIDFQSLPVRKR
dikar (TM3) 61 ELIVRLLKGCDALQTVAKEITHSNYQMFLRRFLRQQCRLHQTENHFDTDIDFQSLPVRKR

R i b S e 2 b I b b I I b b b I b b I I b b I I b b I i b b b I b b I I b b b I b b b I b b b I b b b I 2 b b i 4
dikar (dikarWT) 121 LHILHDLCHFRLDSVDVQVILSNLEADSLRVEPLGYDAKNSGYWYFYGTRLYREDKATGG
dikar (TM3) 121 LHILHDLCHFRLDSVDVQVILSNLEADSLRVEPLGYDAKNSGYWYFYGTRLYREDKATGG

L i I e I I I b I I b I I b I b I b b I b b I i b b I I b b I b b I I b b b I b b I I b b b b 2 b b i 4
dikar (dikarWT) 181 SASSSSGSGSGGAGASTGGASNSKGIGSNGTVWQVICFTEEDWQNLAAKFKTSTNAKERE
dikar (TM3) 181 SASSSSGSGSGGAGASTGGASNSKGIGSNGTVWQVICFTEEDWONLAAKFKTSTNAKERE

EE I I I I e I I I I I e I I I I I I e I I e e I I I I I b b e b I I b I e b b b b b b b I b b b b i g
dikar (dikarWT) 241 LFNILDDNFLPKLPQLFRERERLRRRKLLQVRNSSRIRNIAELKARQEEERQRRERENLY
dikar (TM3) 241 LFNILDDNFLPKLPQLFRERERLRRRKLLQVRNSSRIRNIAELKARQEEERQRRERENLY

EE I I I I I e I I e I I e I I I I I I I I I e e I I I I I I b e b I e I b b b I b b b e b b I b b b b g
dikar (dikarWT) 301 QDRQNAHWLAPPQQOQQQQQQQ0QQQ00QSQQRTRRRSQSTSTASGISTYASSLRRTTTITN
dikar (TM3) 301 QDRONAHWLAPPQQOQQQQQQQ000Q0Q0Q0SQQRTRRRSQSTSTASGISTYASSLRRTTTTN

EE A e I I I I e I I e I I e I I I I I I e I I I e I I I I I I e e b I e b b I b b b b b b b I b b b b g
dikar (dikarWT) 361 SSEFLCHRETFCLSPENDEDDDDDDEALDAEQQSDQPEQQRQQEEQPPEEEQRQEPEELL
dikar (TM3) 361 SSEFLCHRETFCLSPENDEDDDDDDEALDAEQQSDQPEQQRQQEEQPPEEEQRQEPEELL

KA A A A A A A A A A A AR AR A A A A A A A A A A A A A AR ARk kA hkkkdkkkk

dikar (dikarWT) 421 AVSATDDDFRSPEAPKSQTPAELKSKSSHHHHHHHHKKKKSSKKQKKRHHRDKGRERDRE

dikar (TM3) 421 AVSATDDDFRSPEAPKSQTPAELKSKSSHHHHHHHHKKKKSSKKQKKRHHRDKGRERDRE
hokdkkkdkhkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkk ko kkkkkk ke kkkkkkk ko

dikar (dikarWT) 481 HHHHHRRRHKHASEADEGEDDNNNHNSNSNSNSNTNSISSNNSVQPKRRRSGQQQQHYQQ

dikar (TM3) 481 HHHHHRRRHKHASEADEGEDDNNNHNSNSNSNSNTNSISSNNSVQPKRRRSGQQQQHYQQ
hokdkkkdkhkkkhkkkhkkkkkkkkkkkkkkkhkkkkkkkkkk ke kkkkkkkkkkkx

dikar (dikarWT) 541 AETTEPSTSLSPEDKENFCRQLQLLDTNSAAIAVATSIADLSLPSPVAHESETEQDEQVD

dikar (TM3) 541 AETTEPSTSLSPEDKENFCRQLQLLDTNSAAIAVATSIADLSLPSPVAHESETEQDEQVD
B T T T T L

dikar (dikarWT) 601 QPAVVEAQPPALTSAMAPAANVKLPGRQTNNSLSSLTGNIFIPSGSAQQQQQQSQEPPSS

dikar (TM3) 601 QPAVVEAQPPALTSAMAPAANVKLPGRQTNNSLSSLTGNIFIPSGSAQQQQQQOSQEPPSS
B T L L L T T T L

dikar (dikarWT) 661 SSSSQSGTTTTASTVRSKKQKAVLNSSGSSSTSKMADKADRNLSKTETTGKSKKSAAGSS

dikar (TM3) 661 SSSSQSGTTTTASTVRSKKQKAVLNSSGSSSTSKMADKADRNLSKTETTGKSKKSAAGSS
B T T L 2 X L 2 T L g g T T T L

dikar (dikarWT) 721 ASSSSSKAERISGAYSDKSGDDHVNSSNRSTTNNNSSLNNNNNHKHAPHHSHNNNNNNSH

dikar (TM3) 721 ASSSSSKAERISGAYSDKSGDDHVNSSNRSTTNNNSSLNNNNNHKHAPHHSHNNNNN-SH
B T T R L A 2 X L g S L A 2

dikar (dikarWT) 781 SMTTSATTTATTTTSQGYHYNSNHNHNQNHQONSHSHHTHHHHHHHHHTTNNHSNKHKTKS

dikar (TM3) 780 SMTTSATTTATTTTSQGYHYNSNHNHNQONHQONSHSHHTHHHHHHHHHTTNNHSNKHKTKS
B T 2 T X T Y 2 S R A
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dikar (dikarWT) 841 HHSLAHNNNNNNNPTTNPTSTSLLHPVTTNNNSTYNSSNHANILSFTETEEVLQIGMHKV

dikar (TM3) 840 HHSLAHNNNNNNSPTTNPTSTSLLHPVTTNNNSTYNSSNHANILSFTETEEVLQIGMHKV
L L e T T T L T L

dikar (dikarWT) 901 LVYVKNHRDAWPFVDPVEEDIAPRYYSIIRRPMDLLKMEDKLDSGEYHKFSEFRNDFRLI

dikar (TM3) 900 LVYVKNHRDAWPFVDPVEEDIAPRYYSIIRRPMDLLKMEDKLDSGEYHKFSEFRNDFRLI
L e L T T L T L

dikar (dikarWT) 961 VNNCRLYNGHNNEYTEMVNNLQDAFEKATKKYFDNLSDDEDDDPNLSYPAADSKMNVFRE

dikar (TM3) 960 VNNCRLYNGHNNEYTEMVNNLQDAFEKATKKYFDNLSDDEDDDPNLSYPAADSKMNVFRE
L e L L T T T L T L

dikar (dikarWT) 1021 KYFSKKAKEETEKDAPGRPAVSSAEEDLSEIEAEAPQKAQKRKRKEKDKRRKKKTKSKAD

dikar (TM3) 1020 KYFSKKAKEETEKDVPGRPAVSSAEEDLSEIEAEAPQKAQKRKRKEKDKRRKKKTKSKAD
ddokdkkkhokdkdkk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok

dikar (dikarWT) 1081 VETDDEDMEAEREPTPPPPPPTSKKSKTSKTGKEKEKDKEKEKDKDKEKDKETSSFKRGR

dikar (TM3) 1080 VETDDEDMEAEREPTPPPPPPTSKKSKTSKTGKEKEKDKEKEKDKDKEKDKETSSFKRGR
hkkdkkkhkdkdkkkdokdkkkhkdkdkkkdokdkkhkdkdkkkdoksdhkhokskkdkhkdokkkkkkkkkx

dikar (dikarWT) 1141 KTKSDKSASKSSKKTKKGAKKSSADSDPESDPSDSRESEDYSDDDHISLAKTKSLVKPTA

dikar (TM3) 1140 KTKSDKSASKSSKKTKKGAKKSSADSDPESDPSDSRESEDYSDDDHISLAKTKSLVKPTA
hokdkkkkdkhkhkk ko kkkkkkkkkkkkkkkkkk ko k ke kk ke kk ke kkkkkkk ko

dikar (dikarWT) 1201 RTIAAQKKKSVPAESKVKMPTPVKRQVKGKGKGGRKAKDDSLDSDQSDVNVKKQLPPTAA

dikar (TM3) 1200 RTIAAQKKKSVPAESKVKMPTPVKRQVKGKGKGGRKAKDDSLDSDQSDVNVKKQLPPTAA
hokdkkkdkkkkk ko kk ko k ko kk ke k ke kk ek kk ek ok ko k ok ko k ok ko

dikar (dikarWT) 1261 AALAESAAELEEDPDDPPPDEDEDEDSSRSRSMSPFKVDLHKKYSKSALNDDLSELLTTV

dikar (TM3) 1260 AALAESAAELEEDPDDPPPDEDEDEDSSRSRSMSPFKVDLHKKYSKSALNDDLSELLTTV
hokdkkkdkkkkkhkkkkkkkkkkkkkkkkkkkkkk ko kkkkk ek kkdkkkkkkkk ko

dikar (dikarWT) 1321 KKVPTAETTKLSARHQDEADEERSSRESDGDFKSLSNSRASSEERPPVAKKGKKAESSKK

dikar (TM3) 1320 KKVPTAETTKLSARHQDEADEERSSRESDGDFKSLSNSRASSEERPPVAKKGKKAESSKK
hokdkkkdkkkkk ko kkkkkkkkkkkhkkkkkkkkkkkkkkkkkk ke k ke kkkkkkk ok

dikar (dikarWT) 1381 EKEKKGRDKDRDRDKEKDKDKDKSRSAKDKKSKDESPVLVAAAEAAAVVQAELDMLLPFM

dikar (TM3) 1380 EKEKKGRDKDRDRDKEKDKDKDKSRSAKDKKSKDESPVLVAAAEAAAVVQAELDMLLPFM
hokdkkkdkhkkkhkkkkkk ko kkkkkkkkkkkkkkkkkkkkkkdkkkkdkkkkkkkk ok

dikar (dikarWT) 1441 DKYDVIKYRRSRAAFSGSSASNSLAPSEDSKSASTKSNRENKKASAKREKSPDAVENKRG

dikar (TM3) 1440 DKYDVIKYRRSRAAFSGSSASNSLAPSEDSKSASTKSNRENKKASAKREKSPDAVENKRG
B T L T T T L

dikar (dikarWT) 1501 RKSKDQKRSKESDKAEKSDKASKADTEKHSEKSKKKEEPPKVVEKAPREKSPAPVSALET

dikar (TM3) 1500 RKSKDQKRSKESDKAEKSDKASKADTEKHSEKSKKKEEPPKVVEKAPREKSPAPVSVLET
B T T T T L

dikar (dikarWT) 1561 IKEPPAPTPIATSASGKVKEGPAKKEPKKRPDKQMPPPPKPADKSSEKGSGKKSSSKKAA

dikar (TM3) 1560 IKEPPAPTPIATSASGKVKEGPAKKEPKKRPDKQMPPPPKPADKSSEKGSGKKSSSKKAA
B T L T T s T L

dikar (dikarWT) 1621 QKAGQPQTNNNTNLEALDVETEQTLKDINRWLEHTPRFTEFSSASNSPSRYNLLDDFDSG

dikar (TM3) 1620 QKAGQPQTNNNTNLEALDVETEQTLKDINRWLEHTPRFTEFSSASNSPSRYNLLDDFDSG
B T T L 2 X L 2 T L g T L T L

dikar (dikarWT) 1681 IGSKLDAADFRRPVALAAPKAELVPTKLAEALNELVSEPKEAVSKSESESVAPTPSSVSS

dikar (TM3) 1680 IGSKLDAADFRRPVALAAPKAELVPTKLAEALNELVSEPKEAVSKSESESVAPTPSSVSS
B T T L 2 X L 2 T L g g T L T L

dikar (dikarWT) 1741 SCGTPPHSMHSGNSIGSTSATAASSSNCSNNSMPTPLPVAVTPTPTPAPPPLLPIPKPKE

dikar (TM3) 1740 SCGTPPHSMHSGNSIGSTSATAASSSNCSNNSMPTPLPVAVTPTPTPAPPPLLPIPKPKE
B T 2 X g X L Y 2 R 2
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dikar (dikarWT) 1801 PSTTQLILNPPPPPHIKQQLAKEAKRKSLKEKQAAQAAQAQQVKAKANVMRTIDRLQPGK

dikar (TM3) 1800 PSTTQLILNPPPPPHIKQQLAKEAKRKSLKEKQAAQAAQAQQVKAKANVMRTIDRLQPGK
L e L T T L T L

dikar (dikarWT) 1861 AKGNLLQONVVAVKSTEEGGDSHAGVNPVTTKVKELKNALITETCEGAPKLSLGTVLKTQD
dikar (TM3) 1860 AKGNLLONVVAVKSTEEGGDSHAGVNPVTITKVKELKNALITETCEGAPKLSLGTVLKTQOD

LR R R L L L L R e e e e e e e e e e e e e I e i i e i S e I I i I i I e I e I S S S S S S S S i g

dikar (dikarWT) 1921 FSLGKSLEEMSGKKDANEDDRPNEEASPKNSSPPTTPNTEAPKPFEALHELSKRGKSSEP
dikar (TM3) 1920 FSLGKSLEEMSGKKDANEDDRPNEEASPKNSSPPTTPNTEAPKPFEALHELSKRGKSSEP

KK AR KRR AR A AR AR A AR A A A AR A A A A A A AR A AR A A A AR AN A IR AR A A A A A A A A A A AR AR R Ak
dikar (dikarWT) 1981 SKSEASQKEKPNLSAWLKAFGGPKVSKKSEDEEKQQTPVQDLQGDSKVAPPAHSPAGDNF
dikar (TM3) 1980 SKSEASQKEKPNLSAWLKAFGGPKVSKKSEDEEKQQTPVQDLQGDSKVAPPAHSPAGDNF

Ak Ak khkhhkh kA hhhkhhk A hhkhhhkhhkhkhhhkhhkrhhkhkhkhkrhkhkhkhhkhkhkrhkkhkrhkhkrhkkhkhkrkxx

dikar (dikarWT) 2041 SLPTVMRQRKPSTGSTNSERSSFSQDPDSPRIAIDERYGSYAAGSYTSPIGASPIGASPI
dikar (TM3) 2040 SLPTVMRQRKPSTGSTNSERSSFSQDPDSPRIAIDERYGSYAAGSYTSPIGASPIGASPI

Ak Ak hkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkrhhkrhkhkhkhhkhhkrhkhkrhhkrhkkhkhkxkxx

dikar (dikarWT) 2101 MVSPKPNDDMGKPASPYPLNGAIKVGFYQDTTTKSSPDKSCSPREMNSPYPQYSQHIYSS
dikar (TM3) 2100 MVSPKPNDDMGKPASPYPLNGAIKVGEFYQDTTTKSSPDKSCSPREMNSPYPQYSQHIYSS

kA hhkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkrhhkrhkhkhkhhkhkhkrhkhkrhhkrhkkhkhkxkxx

dikar (dikarWT) 2161 ASSPNVSTPDMSGTSPYGGGNSYNPSGSEASKTPAYSSTSPLPIYDQYKQPRSQESDYNS
dikar (TM3) 2160 ASSPNVSTPDMSGTSPYGGGNSYNPSGSEASKTPAYSSTSPLPIYDQYKQPRSQESDYNS

Ak Ak hkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkhhhkrhkhkhkhhkhhkrhkkhkrhkhkrhkkhkhkxkxx

dikar (dikarWT) 2221 SMSPSTPNPHSPYQQPQSSPYTTPQOQOSQSTHPSPYHNQSPYHOQQHSPYHPPAAQQOQQOS
dikar (TM3) 2220 SMSPSTPNPHSPYQQPQSSPYTTPQQSQSTHPSPYHNQSPYHQOQHSPYHPPAAQQQQOS

kA hkhkhkhhkhk kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkrhhkrhkhkhkhhkhkhkrhkkhkrhhkrhkkhkhkxkxx

dikar (dikarWT) 2281 SQPSHSPAAHQQALSPMHSVESPASSAATQPPTPLAQSPAEQQHSPYQQPVLSPYQQPOQ
dikar (TM3) 2280 SQPSHSPAAHQQALSPMHSVESPASSAATQPPTPLAQSPAEQQHSPYQQPVLSPYQQPQQ

Ak Ak hkhkhhkh kA hhhkhhkrhhkhkhhkrhkhkhhhkhhkrhhkrhhkrhkhkhkhhkhhkrhkkhkrhhkrhkkhkhkxkxx

dikar (dikarWT) 2341 QVQPPVVPPVQPSAGAQASTALGNNGYAPTHDSYQQLOQQOORSLYNPATLINPLSTAASS
dikar (TM3) 2340 QVQPPVVPPVQPSAGAQASTALGNNGYAPTHDSYQQLOQQQORSLYNPATLINPLSTAASS

Ak Ak khkhkhhkh kA hhhkhhkrhhkhhhkrhkhkhhhkhhrhhkrhhhkrhkhkhhhkhhkrhkkhkrhhkrkkhkhkxkxx

dikar (dikarWT) 2401 TASITKPNNDWSLNRSLLPPSITNTVNQAAQQOQQQQQQQQOAGOLOQQPOMOAAQQQLOST
dikar (TM3) 2400 TASITKPNNDWSLNRSLLPPSITNTVNQAAQQOQQOQQOQQQQOAGOLOQQPOMOAAQQQLOST

R I I e I I I I I I I e I b I I I I e b I b b b b b b b b b b b b b b b b b b b I b b b b g
dikar (dikarWT) 2461 PQOOOQOQOQOLOGTPOOQQLOGSQQOQ000Q0000QLOTSQOQQQOVLGHQQQOHKPKYPTY
dikar (TM3) 2460 PQOOOQOOOQOLOGTPOOOOLOGSOQOQQ00Q000Q00Q0LOTSQOQQQQOVLGHQQOHKPKYPTY

L I I B I I I I I I I I I I I b I I b b b b b b b b b b b b b b b b b b b b I b b b b g
dikar (dikarWT) 2521 AQYQSTNAAANAAAAADAVDNLOQQQQOKIAPPTYGSDMATFMOHOMQOQPPKTDTLINPLK
dikar (TM3) 2520 AQYQOSTNAAANAAAAADAVDNLOQQQQOKIAPPTYGSDMATFMOHOMOQPPKTDTLINPLK

R b I I e I I I I I I I I e I b e I I I I I b b b b b b b b b b b b b b b b b b b b i b b b b b g
dikar (dikarWT) 2581 RPGEEIGMDYSGNAANKMOKREETPAQQQQQQQQOQQPTONQOTOSLLNKQQOMFNSFLGTM
dikar (TM3) 2580 RPGEEIGMDYSGNAANKMOKREETPAQQQQQQQQQQPTONQOTOSLLNKQQOMFNSFLGTM

ER RS R R R B I I I I I I I I i I I I b b b I b b I I b b b b b b b b b b b
dikar (dikarWT) 2641 AFGKPIGNIAPDKAFEMYNRAAAMGFPKDFAKDNSCOLOQQQOQQQSPOVTTNKQQANQQ
dikar (TM3) 2640 AFGKPIGNIAPDKAFEMYNRAAAMGFPKDFAKDNSCQOLOQQOQQQQQSPOVTTNKQQOANQQ

ER RS R S R I I I I I b I I I I I I b I b I b b I I b b b b b b b b b b i
dikar (dikarWT) 2701 TQOOPOOQOSQQOSOPHLTQOLOTALSONYQOQQOQOTOAQKLPOOOQOOQPPOOLNYQQQQAQL
dikar (TM3) 2700 TOOQOPQOOSQOQOSQOPHLTOLOTALSONYQQQOQQOTOAQKLPOOOQQQPPOOLNYQQQQAQL

KA A KA AR A AR AR A AR A AR AR A AR AR A A A AR A AR A AR A AR AR A A Ak A A Ak Ak hA Ak Ak Ak h k)%
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dikar (dikarWT) 2761 NHNYTAQQQATAVPDKPPAAQSTVAAAVSESSSNMMNLPSTAHQHHLSQTHHLAAYNKPT

dikar (TM3) 2760 NHNYTAQQQATAVPDKPPAAQSTVAAAVSESSSNMMNLPSTAHQHHLSQTHHLAAYNKPT
%k ok ok ok kK kK kK ko ok kK K K K ko ok ok ok K Kk ok ok ok ok ok kK Kk ok ok ok ok K kK ok ok kK K X Kk kK
dikar (dikarWT) 2821 PPPPQTYSNPLMQSMLGYAGNYFDKTMPPAAHMYSASSSAASAYGNPAQQLPGNYVPGNN
dikar (TM3) 2820 PPPPQTYSNPLMQSMLGYAGNYFDKTMPPAAHMYSASSSAASAYGNPAQQLPGNYVPGNN
Kk ok ok ok kK kK kK ok ok kK K Kk ko ok ok ok K K ko ok ok ok ok kK Kk ok ok ok kK kK ok ok kK K K K kK ok
dikar (dikarWT) 2881 NPAHQOQOQOPQOQOQOQOQOQOQQAPAVPPAEVKAPAKRGRKKKAATIAAEAAAAAAKQQOQQQQQ
dikar (TM3) 2880 NPAHQOOQQOPQOQOOOOOQQQAPAVPPAEVKAPAKRGRKKKAATIAAEAAAAAAKQQOQQQQQ
%k ok ok ok kK kK K Kk ok ok ok K K Kk ko ok ok ok K Kk ok ok ok ok kK K Kk ok ok ok ok K kK ok ok kK K K K kK
dikar (dikarWT) 2941 QQ0000000OAQQQQOOVAGOOOHQQQQOVSAQQOOQQHQQVAAQQQOOHQAMPQYNMPQSMA
dikar (TM3) 2940 QQ000000QQAQO00QVAGQOOHOOQOOVSAQQOOOOHQQVAAQOQQHOAMPQYNMPQOSMA
Kk ok ok ok ok kK K K K ok ok ok ok kK Kk ok ok ok K K Kk ok ok ok ok ok K K Kk ok ok ok ok kR K Kk kR ok K K K K K K
dikar (dikarWT) 3001 SAAAATNNQLQAHAQALQQGFQLYAGLKSGGVSSPVGSSAATPVNSGSTTNQTAADAAAT
dikar (TM3) 3000 SAAAATNNQLQAHAQALQQOGFQLYAGLKSGGVSSPVGSSAATPVNSGSTTNQTAADAAAT
Kok Kk ok kK ok kK ko Kk ok ok ko ok ko ok ok ko ok ok ok ko ok ok ko ok ok ok ko ok ok ko ok ko ok ko ok ok ok ok ok ok kK k
dikar (dikarWT) 3061 SLKTSTGGMVPGSAEFNFAPTPGTLGLYGDQAAAASSYLDQFRDAPNPYYMPPAPAHSGTA
dikar (TM3) 3060 SLKTSTGGMVPGSAFNFAPTPGTLGLYGDQAAAASSYLDQFRDAPNPYYMPPAPAHSGTA
Kok kK ok ok ko kK ko ok ok ok ok ko ok ko ok ok ko ok ok ok ko ok ko ok ok ok ko ok ok ok ok ok ok ok ko kK ok ok ok ok ok k
dikar (dikarWT) 3121 ANPSGNAADKGONPLNTAAGSYPFLAAAHPSSRAAAAAAAYPFADPNSQLYQQYLRRDDF
dikar (TM3) 3120 ANPSGNAADKGQNPLNTAAGSYPFLAAAHPSSRAAAAAAAYPFADPNSQLYQQYLRRDDF
Kok Kk ok kK ok kR kK ko ok ko ok ko ok ok ko ok ok ok ko ok ok ok ok ok ok ok ko ok ok ok ok ok ko ok ko ok ko ok ok kK k
dikar (dikarWT) 3181 HTRMIFNQSLLGGPAAAAAAAGYGQPPPPPSAYQRAALGMPKPYDINRQSWF
dikar (TM3) 3180 HTRMIEFNQSLLGGPAAAAAAAGYGQPPPPPSAYQRAALGMPKPYDINRQSWE

hhkkhkhkhkhkrkkhkhhkhhkhhrkhkhhkhhkhhhkhkrkhkhhkhhhhkrkhkhkhkhkhkdhkhrhk ok hkhrkhhkxkx*k

As was done for Gen, SIFT scores were generated to compare the three amino acid
variants in Dikar. Unfortunately, all three predictions had low confidence due to low numbers of
sequences used by the SIFT algorithm and low sequence diversity between these sequences.
Therefore, SIFT scores were not helpful for analyses of these three variants and are not displayed
here.

Secondary and tertiary structure predictions were made for Dikar using the I-TASSER
web-based software. Secondary structure predictions placed all three variants in coil regions of
the protein, rather than a-helix or B-sheet. There was low confidence in these predictions for the
second variant (alanine to valine) and moderate confidence for the third variant (alanine to
valine) (Table 4.4.4). Solvent accessibility for all three variants were similar to each other, with
all variants displaying a moderate solvent accessibility (score of 4-6 on a scale of 0-9) (Table
4.4.4).

There were very few differences between the secondary structure assignments of a-helix,

B-sheet, or coil between the two Dikar protein variants, with any differences having low
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confidence scores. A total of five tertiary structure model predictions were generated for each
Dikar protein variant. Model 1 for each protein variant demonstrated a similar overall topology
when compared to each other (confidence C-score = 0.96 for Dikar variant on dikar”” chr., and
C-score = 0.94 for Dikar variant on 7M3 chr.) (Figure 4.4.5). Model 2 for each protein variant
also demonstrated a similar overall topology when compared to each other (confidence C-score =
-1.24 for Dikar variant on dikar”" chr., and C-score = -1.51 for Dikar variant on M3 chr.).
However, Model 2 was very different from Model 1 (Figure 4.4.5). None of the remaining 3
models for both Dikar variants appeared to be very similar to each other, all of which had low

confidence scores (C-score < -3).

Table 4.4.4: Secondary structure predictions for the 3 amino acids that differ in Dikar
between the dikar” " chromosome and the TM3 chromosome. Analysis was done using the
web-based software [-TASSER. Confidence predictions range from 0 (low) to 9 (high). Solvent
accessibility ranges from 0 (buried) to 9 (highly exposed).

Amino acid a-helix, B-sheet, or coil Confidence Solvent accessibility
dikar”” chr. TM3 chr. | dikar”” chr. TM3 chr. | dikar"” chr. TM3 chr. | dikar"" chr. TM3 chr.

N S coil coil 8 7 4 4

A \Y coil coil 2 1 4

A \Y coil coil 4 5 6 5

Figure 4.4.5: The most comparable
Dikar protein prediction models of
tertiary structure between the two
protein variants. Predictions of tertiary
structure were generated by I-TASSER.
Model 1 predictions for Dikar on the
dikar”" chromosome (A, C-score = 0.96)
and the TM3 chromosome (B, C-score =
0.92). Model 2 predictions on the dikar”"
chromosome (C, C-score = -1.24) and
the TM3 chromosome (D, C-score = -
1.51).
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4.5:  Discussion

Drosophila melanogaster is an amenable genetic model organism for studying the
molecular function of genes and genetic pathways. Therefore, characterization of the Drosophila
Cecr2 homologue, dikar, was undertaken in an effort to better elucidate the basic molecular
function of dikar (Cecr2). Unlike in mice, where a homozygous mutation in Cecr2 results in a
myriad of mutant phenotypes, including the NTD exencephaly, mutation or down-regulation of
dikar failed to produce an observable mutant phenotype affecting planar cell polarity or IR
sensitivity. Original characterization by Keuling et al. (2007) of two different mutant alleles,
dikar’ and dikar’, produced no observable mutant phenotype 186,

In this thesis, an independent method of gene knockdown involving RNAi was utilized to
confirm or refute that dikar is a dispensable gene for normal fly development. While control
RNAI crosses involving the PCP genes fz and Vang both demonstrated expected PCP phenotypes
when RNAI constructs were driven by a variety of promoters, none of the three RNAi
knockdown of dikar under the same GAL4 drivers produced PCP phenotypes. No other obvious
abnormal phenotype specific to dikar knockdown was seen in these flies either. Off-target pupal
lethality, male specific in some cases, was seen to varying extents in all lines. Therefore, I found
no evidence that dikar is involved in the PCP pathway. A caveat to this experiment is that all
three dikar RNAI constructs may have failed to sufficiently knockdown dikar, although it is
unlikely that all three constructs driven by 8 different GAL4 promoters failed.

A study conducted by Lee et al. (2012) concluded that CECR?2 functioned in DSB repair
in HEK293T cell culture '**. Therefore, we hypothesized that the absence of a phenotype in flies
homozygous mutant for the dikar’ or dikar’ alleles may be due to the absence of sufficient DSBs
to produce an observable phenotype. Experiments that exposed developing fly larvae to ionizing
gamma radiation (IR) were undertaken in order to introduce enough DSBs to kill a fly with
impaired DSB repair. Sensitivity to IR was observed in dikar® and dikar’ homozygous mutant
flies compared to heterozygous flies carrying a TM3 balancer chromosome. However, the IR
sensitivity was also seen in control progeny homozygous for the parental P element P{SUPor-
Pdikar*“""*** allele as well as progeny homozygous for the precisely excised P element

(dikar™") allele (Figure 4.3.3). This suggested the presence of a second-site mutation causing the
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IR sensitivity. As dikar’ or dikar’ over the Df(3L)ZN47 deficiency also showed IR sensitivity, the
most likely location of this second-site mutation is within the deficiency region Df(3L)ZN47.
Gene ontology analyses of the 147 genes within the deficiency region identified two
genes, Gen and dikar, that were the best candidates for carrying second-site mutations. Gen was
chosen due to its known function in resolving Holliday junctions **'. Holliday junctions are DNA
intermediates produced during homologous recombination (HR), an event that can occur during
mitosis, meiosis, and DNA repair including but not limited to DSB repair. Homozygous mutation
in Drosophila Gen has previously been shown to result in hypersensitivity to exogenously
induced DNA damage by the crosslinking agent nitrogen mustard (HN2) and the alkylating agent

methyl methanesulfonate (MMS) 2%

. However, Sanger sequencing of both Gen and dikar
failed to identify any obvious functional mutations. Analysis of 11 missense mutations in Gen
and 3 missense mutations in dikar did not predict any obvious functional consequences.
Additional experimentation would be required to confirm this. Although my focus was restricted
to the genes within the Df{3L)ZN47 deficiency region, it is still possible that the IR sensitivity
locus lies on chromosome 3 outside this region. If this were the case, then the IR sensitivity locus
would be the same on the dikar”” containing chromosome and on the Df{3L)ZN47 containing
chromosome, but different on the 7M3 chromosome. Based on the results presented here, it is no
longer worthwhile to follow up the IR phenotype in the dikar’ and dikar’ Drosophila lines.

It is still possible that dikar may cause IR sensitivity that would be epistatic to the second-
site mutation. The best way to test this would be to generate a new dikar mutant allele on a
different genetic background that does not contain the second-site IR sensitivity locus. One
suggestion to identify a 3" chromosome that is not IR sensitive relative to the 7M3 chromosome
would be simply to test various 3" chromosomes in a homozygous state compared to
heterozygous over TM3. Unfortunately, the 7M3 chromosome would not be good for generating
a new dikar allele in as it is not homozygous viable. The CRISPR/cas9 technology could be used
to introduce a targeted germline mutation in Drosophila in a suitable genetic background

393) One would then look for a phenotype that was present in the dikar mutant but

(reviewed in
not the wildtype parent.

We have yet to identify a mutant phenotype for dikar in Drosophila. Previous analyses by
Keuling et al. (2007) demonstrated that the memory defect originally seen in P{LacZ}dikarl

mutant flies was due to a second-site mutation. Also, dikar’ or dikar’ mutations did not display
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any obvious mutant phenotypes or interact with the Zswi’ mutation '*®. In this thesis, RNAi failed
to produce any obvious phenotype specific to dikar. Also, IR sensitivity in dikar’ and dikar’ flies
was not due to the dikar® or dikar’ alleles, but rather to an additional second-site mutation.
Keuling et al. (2007) suggested that the lack of a mutant phenotype for dikar may be because of
functional redundancy with another chromatin modeling protein, and they proposed AcfI as a
good candidate. ACF1 has been shown to be a component of two different ISWI complexes, ACF
and CHRAC '>*”. Fyodorov et al. (2004) previously generated and characterized AcfI deletion
mutations by imprecise excision of the P elements EP(3)1181 and EY08629 (parental stocks
available from Bloomington) **. Their study demonstrated that AcfI mutant flies had chromatin

remodeling defects and displayed partial viability ***

. The authors suggested that the partial
viability in Acf1 mutant flies might be due to the presence of other ATP-dependent chromatin
remodelers ***. Future experiments could include the characterization of dikar and AcfI double-
mutants to look for an exacerbation of the Acf1 phenotype in double-mutant flies, or to attempt to
rescue the Acf1 phenotype in AcfI mutant flies by over-expression of dikar. If such an experiment
were to be performed, it would be ideal if a different dikar mutant allele was used in lieu of or in
addition to the dikar’ and dikar’ mutant alleles.

Unlike Cecr2 in mice, dikar is dispensible for normal fly development. To date, no
obvious phenotype has been seen in flies deficient in dikar. We suspect that the pupal lethality
seen in RNAi-knockdown of dikar, Vang, and fz to be due to non-specific off-target effects.
However, we are unable to conclude whether or not mutation in dikar results in IR sensitivity.
Also, functional redundancy is another possible explanation as to why dikar is dispensible in
flies. Therefore, we are still unable to conclude that dikar deficiency does not produce a mutant

phenotype. Identification and characterization of a dikar mutant phenotype could lead to a more

tractable genetic model for studying the basic molecular function of Cecr?2.
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Chapter 5

Circling behavior and stereotypic route-tracing in a genetically distinct cohort of male mice

Preface

Work in this chapter was done as part of a collaboration. I was responsible for study design, data
collection, and data analyses. I collected tissue samples for the high performance liquid
chromatography (HPLC) experiment, and Gail Rauw conducted the HPLC experiment. Dr. Glen
Baker aided in HPLC experimental design and HPLC data analysis. A manuscript is in
preparation for a version of this chapter with authorship as follows: R.Y.M. Leduc, G. Rauw, G.

Baker, and H.E. McDermid.
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5.1:  Introduction

The gene Arhgap19 was initially the top candidate modifier of Cecr2-associated
exencephaly (Chapter 3). Very little is known about Arhgap19 specifically, although it belongs to
the family of GTPase activating proteins (GAPs), which are responsible for the negative
regulation of Rho proteins and are involved in a myriad of cellular processes including but not
limited to cell adhesion, cell migration, gene expression, cytoskeletal dynamics, and planar cell

200202 11 an effort to better understand the specific function of Arghapl9, we set out to

polarity
characterize the phenotypic effects of the Arhgap19°7"P2V8¢ mutant allele (see Figure 5.5.1
for additional information on this allele). As part of our analyses, we established a mouse line
homozygous for the Arhgap 19772V gliele. We observed that male mice within this line
displayed stereotypical route-tracing and circling behavior, and therefore proceeded to
characterize this abnormal phenotype. Although this behavior does not appear to be associated
with the Arhgap 19 mutation, an important finding was that circling was dependent on an
environmental trigger, as mice housed under different conditions displayed differences in
penetrance of the circling phenotype.

Implementation of social housing for laboratory mice has become standard, and
increasing environmental complexity by providing environmental enrichments is becoming more
common in order to improve animal welfare. It has been well established that housing male mice
individually greatly increases their propensity to fight when introduced to a new male. However,
male mice that are socially housed together from a young age and are not separated are less

395 In fact, male mice

aggressive than individually housed males or males housed with a female
prefer social contact with another male cage-mate over environmental enrichment such as nesting
material, indicating that social housing is beneficial to the welfare of male mice >, although no
differences between socially housed and individually housed males were evident when stress
behaviors and stress hormones were measured **’.

However, in some instances, the provision of environmental enrichments, such as
running-wheels, to socially housed male mice may adversely affect welfare due to increased
aggression caused by competition for what is considered a valuable resource **®. Increased
aggression and stereotypic behavior resulting from competition over environmental enrichments,

which included a running-wheel, has also been reported in socially housed female mice *%.
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Running-wheels are commonly used as an environmental enrichment, as voluntary wheel-
running has been widely observed in several species of wild, domestic, and laboratory animals.
However, it remains controversial as to whether voluntary wheel-running is beneficial or

310 Wheel-running has been shown to be beneficial to many

maladaptive (reviewed in
physiological systems including but not limited to the brain, heart, and digestive system, and has
a positive effect on metabolism and aging (reviewed in *'"). Nevertheless, under certain
circumstances, wheel-running can also lead to body changes (tail hyperflexion and arching of the
back), increased aggression and possible addiction-like behavior (reviewed in *'").

A commonly reported benefit of environmental enrichment for mice is the attenuation of
stereotypic behavior *'**'?| defined as a behavior that is highly repetitive, invariant, and has no
obvious function *'*. Common stereotypic behaviors in mice include bar-chewing, cage-top
twirling, circling and route-tracing. Voluntary wheel-running has been shown to significantly

308,315

reduce stereotypic behavior in mice . Howerton et al. (2008) demonstrated that the presence

of a running-wheel significantly reduced the stereotypic behaviors bar mouthing, repetitive
clawing, gnawing the water bottle, and route-tracing in male CD-1 mice *°*. The authors
suggested that the reduction in stereotypic behaviors may be due to re-direction of these
stereotypic behaviors towards stereotypic wheel-running, or that the wheel-running decreased
frustration resulting from limited exploration opportunities. A consensus has yet to be reached as
to whether or not wheel-running itself is a form of stereotypic behavior (reviewed in *'%).
However, a recent study demonstrates that voluntary wheel-running can be considered an elective
behavior rather than a stereotypic behavior since wild mice have been shown to utilize running-
wheels, when provided in a natural setting, to approximately the same extent as laboratory mice
316

Circling behavior in mice is one type of stereotypic behavior, but is a behavior that is also

often attributed to defects in vestibular function of the inner ear, affecting the ability to sense

317 318 319
4 3 177,

gravity. Inner ear defects are seen in mice deficient in SLC26A4 °'’, caspase- and Dmp

as well as in the stargazer, turning, and waltzing rat strains **°, all of which display circling

behavior. Some circling rodent models with inner ear defects also show defects in the dopamine

321,322

(DA) signaling pathway and induced vestibular dysfunction results in alterations in the DA

323-325

system . This suggests that circling behavior due to vestibular dysfunction may partially act

through secondary changes in the DA system. DA primarily acts as a neurotransmitter in the
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brain, and is involved in several behavioral and cognitive functions such as voluntary movement,
reward-driven learning, memory, and attention. In humans, abnormalities in the DA system are
associated with neuropsychiatric disorders, which include autism **°, attention-
deficit/hyperactivity disorder (ADHD) **’, and schizophrenia ***. Dopamine transporter (DAT)
knockout mice have circling behavior and are used as an ADHD model (reviewed in **), and
polymorphisms in DAT have been associated with ADHD in humans ****. The chakragati
mouse, which contains a transgenic insertional mutation in an unknown gene, demonstrates
hyperactivity and circling behavior, and is used as a model for schizophrenia **'**2. Chakragati
mice have asymmetry in dopamine D2 receptors and circle away from the side of the brain with
higher D2 receptor levels ***, consistent with the theory that mice exhibiting unilateral circling
behavior will turn away from the side of the brain hemisphere with higher DA levels ***.

Like DA, serotonin (5-hydroxytryptamine, 5-HT) is another biogenic amine involved in
neurotransmission; however, 5-HT is synthesized and metabolized in a different metabolic
pathway than DA. Alterations in brain 5-HT levels have been reported in partial bilateral striatal
6-hydroxydopamine-lesioned rats, which demonstrate unilateral circling behavior, however, these
rats also have alterations in brain DA levels ***. DA and 5-HT have been proposed to be
agonistically linked in rodents **°, meaning that reduction in DA levels leads to reduction in 5-HT
levels.

We observed an increase in stereotypic behavior in a specific cohort of male mice (herein
referred to as FVB/129P2) housed with running-wheels, where pronounced circling with route-
tracing was the manifesting stereotypic behavior. Circling behavior developed more often in
socially housed male mice that were in cages requiring separation of inhabitants due to fighting
compared to socially housed males that did not require separation. Circling male mice also show
significant alterations in whole brain levels of the biogenic amines DA and 5-HT and their

metabolites.

RESULTS
5.2:  Circling behavior in FVB/129P2 male mice

We introduced running-wheels at the time of weaning (~21 days old) to all non-breeding

mice in our colony as environmental enrichment for a period spanning 11 months. Our colony
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contains BALB/cCrl, FVB/N and C57BL/6 strains, some of which carry mutations in one of the
genes Cecr2, Snf2l, Snf2h, or Arhgap19. Both sexes of all mouse strains were observed to utilize
the running-wheels, although wheel utilization was not recorded for individual mice. During this
time, unidirectional circling behavior manifested at 2-3 months of age in a proportion of males of
a particular cohort of mice (FVB/129P2). This cohort is referred to as FVB/129P2 since they are
81.25% FVB/N and 18.75% 129P2 genetic background (Figure 5.2.1). During this time, we did
not see circling behavior in any male mice of other mouse lines in our colony. We did see a total
of three female mice not of the FVB/129P2 line develop circling behavior. One of these mice was
from the wildtype FVB/N strain, the other two were from the FVB/N mouse line that carried the
Cecr2™Hm gllele; however, both mice were wildtype for the Cecr2™ /™ allele. All three
female mice were housed with running-wheels since they were weaned. To look for circling
behavior in FVB/129P2 mice, cages were removed from the ventilated rack and the mice were
observed in their cages. Circling behavior was first noted in short bursts and a tendency to turn
the same direction. Once the behavior was noted, within approximately one week the mouse
adopted obvious circling behavior that consisted of running unidirectional circles in rapid
succession. This was easily observed when the mice were active, and circular tracks in the
sawdust bedding within cages containing circling mice were often apparent. The majority of
circling mice did not utilize the wheel during bouts of circling, and we considered the circling
behavior stereotypic because route-tracing was evident. For example, one circling mouse would
almost always run through the doors of his house as part of his circling route, whereas another
mouse would run over top of the wheel as part of his route for two circuits, and on the third
circuit would briefly run on the wheel then jump off of it, and would continue this pattern with
little deviation. Once a mouse adopted circling behavior, it exhibited this behavior for the rest of
its life, regardless of whether the mouse was housed with a running-wheel or not, and regardless
of whether the mouse was housed with other mice or alone. Circling was more pronounced when
the mouse was more alert and/or aggravated, such as during a cage change. The circling mice
appeared healthy; however, eating and sleeping behaviors were not measured and therefore a
subtle disruption may be present. Two circling males in breeding pairs lived for 75 and 294 days,
and continued to circle throughout their adult life. The male breeder mouse that lived for 75 days
was separated from his female shortly after being introduced to her due to his circling behavior;

therefore, he never had a chance to sire any pups. The other male breeder mouse remained with
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his female breeder mouse despite his circling behavior and sired 11 litters over a period 6 months.
Five of these litters were lost; however, one of these five litters was lost after the circling male

was separated from the female.

Ny
r\__.a“ 3 Figure 5.2.1: Mouse pedigree showing the
FVB/M Chimera .
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Once it was clear that this severe circling behavior was limited to one genetic cohort of
mice in the colony, we performed experiments to characterize the phenotype and its relationship
to the presence of the running wheels. A total of 75 FVB/129P2 male mice were weaned in
groups of 2-5 sibs (depending on the number of males weaned at any one time) with either a
running-wheel dome house or a cardboard house. An additional 7 male mice with no brother
littermates were weaned into individual housing with either a running-wheel (6 mice) or a
cardboard house (1 mouse). Socially housed males were separated and housed singly when any
sign of fighting was observed to avoid injury. Original observations were of wounds, particularly
to the hind trunk and/or tail; however, later observations involved diligent monitoring by the

technicians and separation prior to any sign of injury (detailed in Chapter 2.27). We continued to
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house separated mice with the same house-type as when they were weaned. Only FVB/129P2
mice housed with running-wheels showed circling behavior (30/67, 44.8%). None of the
FVB/129P2 mice housed without running-wheels (standard housing) showed circling behavior
(0/15). This difference associated with the presence or absence of the running-wheel is
statistically significant, as indicated by a 2 x 4 5 test-of-independence (P < 0.01, Figure 5.2.2A).

We first noticed circling behavior in male mice approximately 4-11 weeks after receiving
running-wheels at ~3 weeks old (weaning). When wheels were introduced to 9 adult male mice
that ranged from 6 to 12 weeks old, six of these mice required separation due to fighting, two of
which developed circling behavior approximately 6-7 weeks after wheel introduction. The 6-7
week timeframe falls within the timeframe that was seen with recently weaned mice. Therefore,
this implies that circling behavior can develop in mice exposed to running-wheels later in life,
and not only in mice exposed to wheels at weaning age.

It was noted that a large proportion of socially housed male mice exposed to running-
wheels required separation due to fighting within a cage. In 2-5 male groupings, 72.1% (44/61) of
males with running-wheels were in cages where fighting was noted, while none (0/14) of the
males without wheels were associated with observed fighting (P < 0.0001, Figure 5.2.2B).
Circling behavior in cages with running-wheels manifested in FVB/129P2 male mice in cages
with fighting (27/44, 61.4%) significantly more often than in males that were not in cages with
fighting (3/23, 13.0%) (P < 0.001, Figure 5.2.2B). One of these three circling mice was
individually housed with a wheel since weaning (Figure 5.2.2C). On average, mice were
separated due to fighting prior to circling behavior being observed, although appearance of
fighting ranged from 51 days prior to circling to 30 days after circling (mean = 15.5 days prior,
median = 14 days prior, n = 24). Of the 24 mice where the date of circling and separation due to
fighting was noted, 19 mice developed circling behavior after being exposed to fighting, 1 mouse
developed circling behavior on the same day that the brothers were separated due to fighting, and
4 mice exhibited circling behavior before having to be separated due to fighting within the cage.
We did not measure the level of fighting in these experiments, as discussed in the materials and
methods (Chapter 2.27); therefore, we were not able to decipher which animals were aggressors,
victims, or bystanders. Even though mice were separated at the first signs of fighting, it is still

possible that mice were exposed to stressful social interactions prior to observed fighting, which
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later developed into the observed fighting. It is also possible that these stressful social

interactions were occurring in cages where mice were never separated.
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Figure 5.2.2: Circling in FVB/129P2 male mice. Circling behavior was observed only in males
where a running-wheel was present in the cage (A-C). Mice represented under “Separated
(fighting)” were initially weaned into social housing with 2 to 5 males per cage and then
separated into individual housing when signs of fighting, such as wounding and fighting after
cage change, were observed (A). Mice represented under “Not separated” were weaned into
social housing with 2 to 5 males per cage and were never separated due to fighting (B). Mice
represented under “Housed alone” were housed alone since weaning (C). Mice were either
housed with running-wheels (Wheel), or housed with cardboard houses (No wheel). Circling
behavior was seen significantly more often in male mice exposed to fighting. Overt signs of
fighting were exclusively observed in mice housed with wheels. A total of 75 socially housed
mice and 7 individually housed mice are represented in this graph. Numbers of mice for each

category are represented on graph columns.
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Both fighting and individual housing can be stressful for mice. As circling mice, all of
which were housed with wheels, were often exposed to aggression and then subsequently to
individual housing, it is difficult to decipher whether it was the running-wheel itself, the ensuing
fighting, or the resulting separation that triggered the circling behavior in these mice. Therefore,
circling behavior of the 55 male mice in which the date was recorded for circling as well as
separation due to aggression was addressed (Figure 5.2.3). Prior to separation, a total of 8/55
mice developed circling behavior, which was not significantly different from the 0/14 mice that
circled in the absence of a running-wheel according to a y* test-of-independence (P = 0.12909).
Of these 8 mice that developed circling behavior, 2 were never separated from their siblings, 4
were separated after the circling behavior was observed, and 2 were separated on the same day
that circling behavior was observed. After separation, an additional 15 of the 55 mice went on to
develop circling behavior, resulting in a total of 23/55 mice developing circling behavior. The
15/55 mice that went on to develop circling behavior post-separation was close to being
significantly different from the 0/14 mice that circled in the absence of a running-wheel (P =
0.05560); however, the total 23/55 mice that eventually circled was significantly different from
the 0/14 mice that circled in the absence of a running-wheel (P = 0.00304). As mice were
exposed to both stressors, fighting and individual housing, we cannot eliminate individual
housing as a possible stressor. However, for the 8 mice that developed circling behavior prior to
separation, we can conclude that individual housing did not contribute to the development of

circling behavior in these mice.

60 Figure 5.2.3: Socially housed mice can develop
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E included. Numbers of mice for each category are
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5.3:  Circling behavior is not associated with the Arhgap19°T"PH2987¢ mutation

The FVB/129P2 cohort of mice are all homozygous for a genetrap mutation in Arhgap19
(Arhgap19°TPH020B8) The Arhgap19°TPHO2VB% glele is described in greater detail in Chapter
3, with expression analyses demonstrating that Arhgap19 is present in the developing brain from
embryonic days E9.5 to E13.5, but is no longer expressed in E14.5 brain (Figures 3.8.2, 3.8.3).
We therefore performed a genetic analysis to see if circling behavior is associated with
Arhgap19°TPH20B8 homozygosity. We crossed the FVB/129P2 mice to FVB/N mice to create
heterozygotes, which were then crossed to each other, thereby creating all 3

9UTDHOZ0BYE genotypes in their progeny: 25% homozygous mutant, 50% heterozygous

Arhgapl
for the mutation, and 25% wildtype. If the Arhgap19°7"PH025¢ mutation is associated with
circling, then the phenotype should only have been seen in the homozygous mutant progeny if the

9CTAPHO20)BYE a]1ele is homozygous recessive, or in both heterozygous and homozygous

Arhgapl
mutant progeny if the Arhgap19°7"PH7?V5¢ glele is dominant. All progeny were given running-
wheels at weaning. Circling was seen in male mice of all 3 genotypes, including homozygous
wildtype, thereby eliminating the Arhgap 97029878 mutation as the cause of the circling
behavior (Table 5.3.1). This suggests that the presence of an independent second-site mutation in
a gene other than Arhgap19 is responsible for circling. If this second-site mutation was also
homozygous in the FVB/129P2 mice but not present in FVB/N mice, then the progeny examined
above would also have been ~25% homozygous for this mutation. The penetrance of circling
behavior in the FVB/129P2 mice exposed to running wheels is only 50.8% (30/59). Therefore, a
circling penetrance of 6/53 (11.3%) in the overall progeny of the heterozygous males is
approximately the expected incidence of 12.5% (~50% of the ~25% of homozygotes). This

supports a genetic basis for the circling behavior in the presence of a running-wheel, but in a gene

not linked to Arhgap19.
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Table 5.3.1: Circling behavior is not associated with the Arhgapl 9CIYHDOZOBYE mutation.
Heterozygous crosses that produced all 3 genotypes showed that circling did not follow the

mutant genotype in male mice. +/+ homozygous wildtype, +/- heterozygous, -/- homozygous

mutant.
# of male mice +/+ +/- -/-
Circling behavior 1 3 2
Total 15 24 14

Concurrently, we also backcrossed the Arhgap19°"MPP2V5% heterozygotes to the FVB/N
strain for 10 generations to create a congenic line for Arhgap19°"™P??V8%¢ on the FVB strain.
When congenic Arhgap19°"™P?VB2EVB males were provided with running-wheels, 0/51 males
developed circling behavior. Since we selected mice at each backcross generation for the
presence of Arhgapl 9UITHPO20)By8 a1 independent mutation would most likely be lost after 10
generations, explaining the loss of the circling behavior. We also noted that fighting in
Arhgap19°""P02VB8EVB males with running-wheels remained high, with 20/48 (41.7%) males
in cages requiring separation due to fighting compared to 0/15 males with no wheel. As mice of
different genotypes were housed together and we did not measure fighting, we could not

determine if fighting was associated with the Arhgap19“"™P?V%¢ mutation.
5.4:  Circling behavior in female mice

Female FVB/129P2 mice housed with running wheels show a very low penetrance of
circling behavior (1/33, 3.0%). This is also true of the female progeny of the
Arhgap19°""PR20BE heterozygous crosses in the previous section, with a circling incidence of
2/28 (7.1%). None of the socially housed FVB/129P2 females showed any noticeable fighting
that would result in their separation. Although three out of 28 (10.7%) female progeny from the
heterozygous cross were exposed to fighting and separated, none of them developed circling
behavior. Unlike male congenic Arhgapl 9UI(HD020)ByeE\ B mice, of which none circled, there
were 3/46 (6.5%) female congenic mice housed with wheels that acquired circling behavior, none
of which were exposed to fighting. Of female congenic Arhgap19°""™*P"?V"*¢FVB mice not
housed with wheels, 1/13 developed circling behavior. These data demonstrate that the circling

behavior phenotype manifests differently in female mice compared to male mice. As female
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circling behavior is more sporadic and has been seen in three females from other mouse lines in
our colony (mentioned in section 5.2), it possible that the cause of female circling behavior is

different from the cause of the circling behavior seen in FVB/129P2 male mice in this study.

5.5:  Circling mice do not have obvious behaviors typical of inner ear defects

Circling behavior in rodents is most often associated with inner ear defects. We therefore
tested three of the most severe circling males with a series of behavioral tests designed to look for
the inability to sense gravity due to vestibular dysfunction and compared to four non-circling
control mice. The three tests consisted of 1) the trunk-curl test, where mice with inner ear
dysfunction will preferentially curl their trunk rather than reach for a presented surface when
suspended by their tail, 2) the contact-righting test, where mice with inner ear dysfunction will
not right themselves when turned upside down while inside a tube that applies contact to their
feet, sides, and back, and 3) the forced-swim test, where mice with inner ear dysfunction will
display difficulties swimming and underwater tumbling. There were no obvious differences in
behavior for the trunk-curl test as both circling mice and non-circling mice would occasionally
curl their trunk as well as reach for a presented surface. Circling mice did spend more time
curling their trunk forward, but 2 of the 3 circling mice also reached for presented surfaces (Table
5.5.1). Circling mice were capable of righting themselves in the contact-righting test, and were
often quicker to do so compared to non-circling mice. Circling mice also spent more time with
their heads sideways; this was because they were righting themselves more often (Table 5.5.1).
All mice were capable of swimming and no consistent differences were seen between the two
groups. The only abnormal swimming behavior seen in circling mice was that one of them spent
32 out of the 60 seconds swimming in circles; however, two non-circling mice also swam in
circles (10.4 sec and 2.5 sec each, Table 5.5.1). None of the mice displayed underwater tumbling
at any time during the two minutes of swimming. These severe circlers did not show any

indication of an obvious inner ear defect; therefore no further circling mice were tested.
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Table 5.5.1: Times for individual mice spent engaging in each behavior scored in the

behavioral tests for inner ear function. Three male FVB/129P2 males with severe circling

behavior underwent the trunk-curl, contact-righting, and forced-swim test in order to determine if

they were able to sense gravity, and were compared to four non-circling FVB/129P2 male mice.

The tests were video recorded and time spent in each behavior was calculated.

Trunk-curl
Reach (sec) Side curl (sec) Forward curl (sec) Total (sec)

Circling 1 18.0 0.0 0.0 18.0
Circling 2 7.8 10.2 0.0 18.0
Circling 3 0.0 0.0 18.0 18.0
Average 8.6 34 6.0 18.0
Non-circling 1 18.0 0.0 0.0 18.0
Non-circling 2 11.6 0.0 6.4 18.0
Non-circling 3 5.7 7.7 4.6 18.0
Non-circling 4 18.0 0.0 0.0 18.0
Average 13.3 1.9 2.8 18.0
Contact-righting

Right side up (sec) Sideways (sec) Upside down (sec) Total (sec)
Circling 1 1.2 9.2 9.6 20.0
Circling 2 9.8 8.2 2.0 20.0
Circling 3 3.5 9.1 7.4 20.0
Average 4.8 8.8 6.3 20.0
Non-circling 1 12.5 35 4.0 20.0
Non-circling 2 13.1 2.0 4.9 20.0
Non-circling 3 4.2 8.7 7.1 20.0
Non-circling 4 0.0 2.6 17.4 20.0
Average 7.5 4.2 8.3 20.0
Forced-swim

Regular swim (sec) Circular swim (sec) Immobile float (sec)  Total (sec)
Circling 1 60.0 0.0 0.0 60.0
Circling 2 28.0 32.0 0.0 60.0
Circling 3 24.9 0.0 35.1 60.0
Average 37.6 10.7 11.7 60.0
Non-circling 1 57.5 2.5 0.0 60.0
Non-circling 2 45.0 10.4 4.6 60.0
Non-circling 3 56.5 0.0 3.5 60.0
Non-circling 4 60.0 0.0 0.0 60.0
Average 54.8 3.2 2.0 60.0
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5.6:  Dopamine and serotonin biochemistry is altered in circling FVB/129P2 male mice

Changes in some amino acids and biogenic amines have been shown to be associated with

321329333 "We therefore analyzed brain levels of biogenic amines, amino acids and

circling in mice
metabolites. Compounds were measured in left and right brain hemispheres of male FVB/129P2
mice housed with wheels that did or did not develop circling behavior and compared to male
FVB/129P2 mice in standard housing conditions. Although some asymmetries between brain
hemispheres were noted, these asymmetries were seen in both circling and non-circling mice and
no definitive pattern in circling mice could be discerned (Appendix E). Therefore, left and right
hemispheres were treated as technical replicates and averaged to obtain concentrations in whole
brain. Levels of the biogenic amines dopamine (DA), noradrenaline (NA), and the metabolite 3,4-
dihydroxyphenylacetic acid (DOPAC) were significantly altered as indicated by one-way
ANOVA (DA [P<0.01, F=6.5], NA [P <0.05, F=5.9], DOPAC [P <0.05, F = 4.5]).
Bonferroni corrected pairwise tests identified a significant drop in circling mice housed with
wheels compared to males housed under standard conditions for DA, NA, and DOPAC (P < 0.01,
P <0.05, and P < 0.05 respectively), and non-circling mice housed with wheels displayed an
intermediate but not significant drop (Figure 5.6.1A). The precursor amino acid, tyrosine (TYR),
and the metabolite, homovanillic acid (HVA), demonstrated a similar trend, although differences
did not reach significance. The metabolite 3-methoxytyramine (3-MT) did not appear to be
different between the three groups and did not follow the same trend. The serotonin (5-HT)
biogenic amine metabolic pathway was also affected (P < 0.05, F'=4.6): circling mice housed
with wheels showed a significant drop in 5-HT when compared to standardly housed males (P <
0.05), and non-circling males housed with wheels displayed an intermediate drop that did not
reach significance (Figure 5.6.1B). The precursor amino acid, tryptophan (TRYP), and the
metabolite, 5-hydroxyindoleacetic acid (5-HIAA), showed similar trends although they did not
reach significance. Of all other amino acids, biogenic amines, and their metabolites tested, none

showed a significant difference between any of the three groups (Tables 5.6.1 and 5.6.2).
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Figure 5.6.1: Male FVB/129P2 mice that circle have altered brain biochemistry. Male
circling mice have significantly lower DA, NA, and DOPAC concentrations compared to male
mice with standard housing, all of which did not circle (A). Male circling mice have significantly
lower 5-HT compared to male mice with standard housing (B). Arrows denote the metabolic
pathway, with only intermediates measured by HPLC shown. Single asterisk denotes P < 0.05
and double asterisk denotes P < 0.01 when compared to mice with standard housing. Y-axis
displays total brain concentration with TYR, and TRYP as pg/g of tissue and the rest as ng/g of
tissue. Error bars represent standard error of the mean. Abbreviations: tyrosine (TYR), dopamine
(DA), 3.,4-dihydroxyphenylacetic acid (DOPAC), noradrenaline (NA), 3-methoxytyramine (3-
MT), homovanillic acid (HVA), tryptophan (TRYP), serotonin (5-HT), 5-hydroxyindoleacetic
acid (5-HIAA).
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Table 5.6.1: Analyses of concentrations of biogenic amines, their metabolites, and their
precursor amino acids in male FVB/129P2 comparing circling mice housed with wheels,
non-circling mice housed with wheels, and non-circling mice housed with cardboard
housing (standard). Samples from left and right hemispheres from each mouse were treated as
technical replicates. Values represent concentration =+ standard error of the mean. TYR and TRYP
are pg/g of tissue and the rest are ng/g of tissue. Abbreviations: noradrenaline (NA), tyrosine
(TYR), 3,4-dihydroxyphenylacetic acid (DOPAC), dopamine (DA), 5-hydroxyindoleacetic acid
(5-HIAA), homovanillic acid (HVA), 3-methoxytyramine (3-MT), serotonin (5-HT), tryptophan
(TRYP).

NA TYR DOPAC | DA S5-HIAA HVA 3-MT 5-HT TRYP
Standard housing 368 +8 14+1 270+ 9 1315+22 258 +11 165+ 6 71+2 446 + 6 5.8+0.6
(n=6)
‘Wheel, non-circling 32718 13+£2 242+ 13 1200 = 62 243 £33 15517 | 64+4 42219 50+14
(n=5)
Wheel, circling (n=6) | 319 + 7* 11=+1 234 + 6* 1139 +20** 21910 150+ 6 72£3 396+ 11* 38+0.2

*P <0.05
**P <0.01

Table 5.6.2: Analyses of amino acid concentrations in male FVB/129P2 comparing circling
mice housed with wheels, non-circling mice housed with wheels, and non-circling mice
housed with cardboard housing (standard). Samples from left and right hemispheres from
each mouse were treated as technical replicates. Values represent concentration (pg/g of tissue) +
standard error of the mean. Abbreviations: aspartate (ASP), glutamate (GLU), L-serine (L-SER),
D-serine (D-SER), glutamine (GLN), glycine (GLY), arginine (ARG), taurine (TAUR), alanine
(ALA), gamma-aminobutyric acid (GABA).

ASP GLU L-SER | D-SER | GLN GLY ARG TAUR ALA | GABA
Standard housing 553424 | 2073+114 77 +4 24+1 807+42 121+6 32+1 1821 + 74 80+2 | 389+15
(0=6)
Wheel, non-circling | 512+£35 | 1958+15 81+6 23+1 1094+173 1268 2845 1671 £ 57 87+4 | 433421
(0=5)
Wheel, circling 596+65 | 2118+39 84+5 25+1 894+37 123+3 2442 1763 =77 91+5 | 422+18
(n=6)

5.7:  Discussion

Social housing and running-wheels are both commonly used as environmental

enrichments to improve welfare of laboratory mice. However, a study by Howerton et al. (2008)
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demonstrated that in certain strains of mice, social housing coupled with the provision of
running-wheels can induce aggressive behavior in male mice, which was measured by video-
recording of the first 15 minutes of each hour over a 48 hour period and behavior analyses of the
accumulated 720 minutes of video-recordings for each cage ***. Aggression with stereotypic
behaviors (including route-tracing) has also been shown to occur in female C57BL/6J mice in
clustered environmental enrichments which included running-wheels **.

As the gene Arhgap19 was a possible modifier of Cecr2-associated exencephaly, we set
out to characterize any resulting phenotypes induced by the genetrap allele. As part of this

CH(YHDO020)Byg genetrap allele on

analysis, we generated a line of mice homozygous for the Arhgapl
an 81.25% FVB/N and 18.75% 129P2 genetic background, herein referred to as FVB/129P2. In
the current study, we have shown that this mouse line, FVB/129P2, has an underlying genetic
predisposition to the development of permanent circling behavior with route-tracing that only
manifested in the presence of an environmental trigger. We hypothesized that the underlying
genetic predisposition was the homozygous mutation in Arigap19. It should be noted that the
endogenous mutant allele, Arhgap9="", did not produce an observable phenotype in
BALB/cCrl (Chapter 3). Two possible explanations for this is that the Arhgap19~""" allele may

gUI(rHD020)Byg genetrap allele, or that manifestation of a phenotype

be less severe than the Arhgap 1
due to mutation in Arhgap19 differs between the FVB/129P2 strain and the BALB/cCrl strain.
The possible environmental triggers were the presence of the running-wheel, the ensuing
aggression resulting from the presence of the running-wheel, and individual housing as a result of
separation due to fighting. As circling behavior failed to develop in the absence of the running-
wheel, it is most likely that the running-wheel played a major role in triggering the circling
phenotype. However, as circling behavior was seen more often in mice exposed to fighting, it is
possible that the wheel indirectly triggered the circling behavior by introducing a stressful social
situation, which might have been instigated by competition over the running-wheel. It is also
possible that individual housing was a stressor; however, 8 male mice were observed to develop
circling behavior prior to separation (Figure 5.2.3). Since aggression was not measured and could
have been present in unseparated males at a low level, it is also possible that multiple stressors
(wheel, aggression and individual housing) could combine to induce circling. Small numbers of
mice individually housed since weaning were included in this study (6 with wheel, 1 without),

thereby making it difficult to draw conclusions as to whether the stress of individual housing

196



alone can cause circling behavior. Phenotypic analyses of individually housed FVB/129P2 male
mice with or without a running-wheel are currently underway.

This predisposition to circling behavior in males is specific to the FVB/129P2 cohort in
our colony, since BALB/cCrl, FVB/N and C57BL/6 mice were also housed with wheels and none
displayed circling behavior. The high level of fighting was also specific to the FVB/129P2 cohort
and the later generations that were a part of the congenic Arhgap19°"PP?V¢EVB cohort, with
little to no fighting observed in the other strains in our colony. Although aggression and circling
has been reported in female mice housed with running-wheels **, fighting and circling was
minimal and demonstrated no correlation to each other in female mice in the FVB/129P2 and
related cohorts. Also, three female mice outside of the FVB/129P2 and related cohorts but with a
FVB/N genetic background developed circling behavior. Taken together, these observations may
indicate a basic susceptibility within the FVB/N background to circling behaviors that manifests
differently in males and females.

FVB/129P2 mice are homozygous for a genetrap mutation in Arhgapl9; however, our
results from the heterozygous cross indicated that circling behavior is not a phenotype caused by
this mutation, since circling does not follow the inheritance of the Arhigap 19 mutant allele.
Further evidence supporting that a mutation in Arhgap19 is not associated with circling is that
BALB/cCrl mice in our colony were also housed with running-wheels during the same 11-month
period. Although the BALB/cCrl substrain contains a homozygous nonsense mutation in
Arhgap19 '®, no fighting or circling behavior was observed in these mice in our colony. The
circling phenotype was also no longer evident in congenic Arhgap19°""PP?V%¢FVB mice,
suggesting that circling is caused by a second-site mutation that was unselected for and therefore
lost. However, fighting levels remained high in congenic Arhgap19°"™P*?V%¢EVB males housed
with wheels. Therefore, it is possible that the mutation in Arhgap 19 increases levels of fighting in
male FVB/N mice, while a different Arhgapl9 mutation in a different strain (BALB/cCrl) does
not. Another possibility is that other genetic factors present in the FVB/129P2 line led to a
predisposition to fighting in the presence of competition over a valued resource like a running-
wheel. The putative second-site mutation in the FVB/129P2 background then predisposes to
developing circling behavior in male mice housed with wheels and exposed to fighting. The
second-site mutation may have originated in the 129P2 parental strain, or may be due to a

spontaneous mutation that occurred in one of the mice used to generate the FVB/129P2 line.
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Second-site genetrap insertions in the chimeric founder are also a possibility, and may have
affected a gene resulting in the circling phenotype. Results from the heterozygous cross indicated
that the circling phenotype, and therefore the second-site mutation, is not linked to Arhgap19.

Additionally, Arhgapl QGH(YHD020)Byg

genotyping used primers within the genetrap, which therefore
excluded the possibility of a full-length second-site insertion that is not linked to Arghap19. It is
still possible that a fragment of the genetrap inserted elsewhere in the genome is responsible for
the circling phenotype, and backcrossing to FVB/N resulted in the loss of this second-site
mutation.

Circling behavior often manifests in mice with vestibular dysfunction. If the FVB/129P2
line had vestibular defects, it would be more likely that circling behavior would manifest
regardless of housing conditions; however, only male mice housed with wheels developed
circling behavior. Forced-swim, contact-righting, and trunk-curl tests demonstrated that
FVB/129P2 circling mice were able to sense gravity, although it is still possible that their inner
ears and ability to sense gravity are subtly affected. It has been shown that vestibular dysfunction
leads to secondary changes in DA signaling ***>*°, and FVB/129P2 circling mice have
significantly lower levels of DA and its metabolites, NA and DOPAC. This lends credence to the
hypothesis that circling behavior in mice with vestibular dysfunction is more likely due to
secondary alterations in DA signaling rather than to the primary vestibular lesion. This study did
not afford us the ability to determine if the alterations in biogenic amines are causative or an
effect of the circling behavior; we were only able to conclude that there was a significant
association. Additional experiments to determine whether alterations in biogenic amines were
causative or an effect of circling behavior could involve longitudinal measurements of dopamine
in mice to determine if changes in DA occur prior to or after circling behavior. Methods to
measure DOPA uptake, DA synthesis, and DA turnover multiple times in a single live animal
have been developed for the rat and involves the use of positron emission tomography (PET) **’.
Also, fighting and separation were confounding variables for biogenic amine measurements. All
of the circling and the majority of the non-circling mice housed with wheels that had biogenic
amines measured were separated due to fighting, but none of the mice housed with cardboard
houses that had biogenic amines measured required separation. It is important to note that several
studies have linked serotonin (5-HT) hypofunction and dopamine (DA) hyperfunction to

aggressive behaviors in both humans and animal models (reviewed in ***). Currently, it is unclear
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whether individual housing can alter dopaminergic or serotonergic functioning in mice; however,
this could easily be tested by performing HPLC to measure DA and 5-HT in individually housed
mice and compare to socially housed mice. In this study, circling mice did show lower levels of
biogenic amines than non-circling mice housed with wheels (although not significant), even
though both of these groups were housed under the same conditions and required separation due
to fighting.

Male FVB/129P2 mice were much more likely to develop circling behavior than female
FVB/129P2 mice. The sex differences in circling phenotype in our mice may be due to higher
levels of fighting observed in males compared to females **°, which then acts as a stressor that
triggers the abnormal circling behavior. These sex differences may also be due to inherent sex
differences in DA and 5-HT systems. In humans, it has been established that DA neurobiology
differs between the sexes >**?*. Also, males are more likely to be diagnosed with autism **’,
ADHD *** and schizophrenia **°. DA neurobiology is believed to play an important role in the
etiology of these three psychiatric diseases. Sex differences in DA neurobiology have also been
established in animal models, with more than one study demonstrating that sex steroids modulate

350-354

DA signaling . Velisek et al. (2005) showed sex differences in circling as well as synaptic

activity in the dopaminergic substantia nigra in mice *>°. Sex differences in serotonin (5-HT)

356-358 359-361

neurobiology have also been established in both humans and animal models

As mice housed with wheels that do not circle show intermediate levels of these
neurotransmitters, it is possible that the wheel acts as an environmental trigger to induce changes
in these neurotransmitter systems, which then results in behavioral abnormalities only in mice
where a certain threshold is breached. As male mice, on average, were observed fighting before
they developed circling behavior, the circling behavior may not have manifested directly because
of the presence of the running-wheel, but may have been an abnormal behavioral response to the
fighting. Combinations of stressors also may trigger circling. Stressors might include being
denied access to the valuable running-wheel resource by cage-mates, aggressive behaviors that
were not detected by technicians or researchers, and/or being housed alone. Our small sample
size of seven singly housed male mice with wheels made it impossible to accurately determine
the proportion of mice singly housed with wheels that would go on to develop circling behavior.
An experiment involving the phenotypic analysis of additional FVB/129P2 male mice

individually housed with wheels and comparing to FVB/129P2 male mice individually housed
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with cardboard houses is currently underway. If circling behavior is only seen in mice
individually housed with wheels, then it can be concluded that the wheel is sufficient to trigger
circling behavior in this cohort, directly or indirectly. If circling behavior is seen in mice
individually housed with either a wheel or a cardboard house, then individual housing in the
absence of a running-wheel may also be a trigger of the circling behavior. If circling is not
observed in any of the mice regardless of the presence or absence of a wheel, then this suggests
that the wheel in conjunction with social housing is necessary to trigger circling behavior in these
mice. Although this study will not tease apart the potentially combined contributions of the wheel
and aggression, it will better illuminate whether or not individual housing or the wheel can act
independently to trigger the circling behavior. Experiments to determine if aggression in the
absence of a wheel could induce circling behavior would require strategies to provoke inter-male
aggression. Aggression can be provoked between males by re-introducing individually housed
males into a social setting. An individually housed male mouse would be re-introduced in an
unfamiliar cage or arena (isolation-induced aggression paradigm) or introduced to another male
mouse cage (resident-intruder paradigm) and specific aggressive behaviors would be scored both
by live observation and video for a set period of time. Mice would have to undergo exposure to
aggression on a regular basis, for example, twice a day, until circling behavior developed or a
chosen end-point was reached. Control mice would have to also be individually housed and
exposed to the unfamiliar arena or another male mouse cage; however, they would be put into the
arena or cage alone.

The purpose of this study was to link the abnormal circling phenotype in this cohort with
genetic and/or environmental contributors. The circling behavior in these mice was very obvious
and permanent, meaning it was easily observed without the requirement of any special behavioral
analysis equipment. We did not, however, fully characterize the circling behavior, which would
involve more intensive behavioral studies in order to accurately quantify circling as well as assess
any additional subtle behavioral abnormalities. Future studies could accomplish this by
performing open-field tests, which quantitatively and qualitatively measures locomotion by
placing a mouse in a cage apparatus that contains a video camera and/or infrared beams to aid in
measuring locomotion. Employment of 24 hour video cameras could also help illuminate if other
behaviors, such as feeding, grooming and reproduction, are affected in circling mice. A more

complete understanding of the behavior in these mice would require a series of methodical
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behavioral tests that measure general health, anxiety, hyperactivity, motor function,
schizophrenia symptoms, depression, and learning and memory.

Fighting within cages and the resulting separation into individual housing are
confounding variables in this study. Determining if a large proportion of males still develop
circling behavior when individually housed at weaning with wheels and following up with
biogenic amine measurements would aid in separating out these confounding variables.
Maintaining social housing for males that are in cages with fighting so that they can be
appropriately compared to non-separated control mice would be unethical. Fighting mice could
obtain serious wounds and/or be killed by their cage-mates. In retrospect, an improved study
design would have included a cage containing an equal number of socially housed age-matched
male FVB/129P2 mice with cardboard housing for every cage of socially housed male
FVB/129P2 male mice with wheels, and if either cage required separation due to fighting, the
other cage would also be separated regardless of whether fighting was observed or not. Although
these confounding variables, fighting and separation, do exist in combination with the presence
of the running-wheel, we were still able to conclude that the circling behavior was the result of a
genetic predisposition combined with an environmental trigger. Circling behavior was not
observed in any FVB/129P2 male mice housed with cardboard houses. It is likely that the
running-wheel is not directly triggering the behavior, but is rather contributing to a stressful
environment that leads to this abnormal behavioral response in these particular mice, which may

include stressful social situations including aggression and/or individual housing.
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Chapter 6

General discussion and future directions
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Neural tube defects (NTDs) demonstrate a complex, multifactorial etiology in humans.
An elaborate interplay of hundreds of genes in several genetic pathways, along with the
appropriate environmental conditions and epigenetic regulation, are required for the highly
dynamic processes of neural plate induction, convergent extension, folding and fusion that
ultimately results in the formation of the neural tube. Of all commonly used animal models of
NTDs, mouse models best approximate human NTDs as mice are mammalian, mouse embryonic
development occurs in utero, and mouse NTDs are also subject to a complex, multifactorial
etiology. This thesis has shown that our mouse model of the cranial NTD exencephaly, which
contains a homozygous mutation in Cecr2, demonstrates a complex etiology with genetic
modifiers and possible environmental influences contributing to the penetrance of exencephaly
(Figure 6.1.1). Furthermore, we have explored the potential contributions of human CECR2 and
human homologues of the mouse Cecr2 candidate modifier genes to human cranial NTDs. An
unrelated genetic predisposition to circling behavior in FVB/129P2 mice illustrated the need for
the presence of an environmental trigger in order for the phenotype to develop, demonstrating a
strong gene-environment interaction in these mice. Additionally, knockdown of the Drosophila
Cecr2 homologue, dikar, did not produce an observable phenotype; however, it is possible that
mutations in additional, functionally redundant genes would be required in order for phenotype to

manifest in Drosophila.
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Figure 6.1.1: The Cecr2 mutant mouse is a multifactorial model of exencephaly. Mutation in
Cecr2 requires additional factors in order for exencephaly to manifest. Modifier genes within the
chromosome 19 modifier region, as well as elsewhere in the genome, contribute to Cecr2-
associated exencephaly penetrance as mutation in Cecr?2 alone is insufficient to induce
exencephaly in congenic Cecr2°7*" FVB/N mice. Reduced penetrance over time in four mouse
lines within our colony suggests environmental influences may contribute to Cecr2-associated

exencephaly penetrance.
6.1:  Analyzing exencephaly penetrance changes over time in Cecr2 mutant mice

Incomplete penetrance of a disease phenotype in the presence of a genetic mutation is
indicative of additional factors contributing to the manifestation of the disease. In other words,
incomplete penetrance can be considered a feature of multifactorial diseases. Homozygous
mutation in mouse Cecr?2 results in exencephaly with reduced penetrance. Previous penetrance
analyses were performed on Cecr2™ " BALB/cCrl at generation N3-N4, with a penetrance of
~96% ', and on Cecr2°™"“FVB/N at generation N5-N6, with a penetrance of 0% '*'. Updated
exencephaly penetrance analyses were completed for four different mouse lines (congenic
Cecr2°TP BALB/cCrl, congenic Cecr2™" 1™ EVB/N, Cecr2°™"“MOD 5, and Cecr297"¢
MOD 31), all of which demonstrated an exencephaly penetrance that dropped by ~15-20%. The

2tml. 1Hemc

Cecr allele has since been moved into the BALB/cCrl genetic background until congenic
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(N10), and it is currently assumed that exencephaly penetrance remains very close to 100% due
to the absence of homozygous mutant progeny at the time of genotyping (~2 weeks old). It is
possible that the lack of viable homozygous mutant progeny in congenic Cecr2™"/Hem
BALB/cCrl may also be due to other causes in embryos non-penetrant for exencephaly. Also, the
recent breeding strategy for maintaining this line involves a heterozygous parent mated with a
homozygous wildtype parent. Therefore, no homozygous mutant progeny are currently being
produced. Since the exencephaly penetrance in congenic Cecr2™ /" BALB/cCrl is currently
unknown, an updated penetrance analysis in these mice is called for in order to determine if
exencephaly penetrance has also dropped or if it remained the same in this line.

Since the original penetrance analysis performed on incipient congenic Cecr297*
FVB/N, the Cecr2°™ allele has been moved into the FVB/N background until congenic. Given
that the previous analysis demonstrated 0% exencephaly at generation N6, mice within this line
have been bred and maintained as homozygous mutants for Cecr2. However, it would be
interesting to perform an updated exencephaly penetrance analysis on congenic Cecr2°*"*
FVB/N, as changes may have occurred over time within this line as well. In fact, a single
homozygous mutant Cecr2°"*"* FVB/N pup was born with an encephalocele, which is a type of
cranial NTD that is less severe than exencephaly and, in this case, was compatible with life at
least up until ~2 weeks (Figure 6.1.2). Upon further investigation of the lesion, I discovered that
the cranium failed to develop within a radius of ~3 mm around the lesion (data not shown), which
provided evidence supporting that the lesion was in fact an encephalocele. Although the presence
of a cranial NTD in this pup may be due to random chance, other cases could also have been
missed if cannibalized by the mother perinatally. I therefore think it is still worthwhile to
determine if cranial NTDs of any type are affecting the congenic Cecr2°™" bic EVB/N mouse line

by doing an appropriate penetrance analysis. I would recommend looking at a minimum of 100

mutant and 100 control embryos in order to pick up low frequency occurrences.

Figure 6.1.2: Encephalocele in a homozygous mutant congenic
- Cecr2™%¢ FVB/N mouse pup (generation N10). This mouse strain
was previously established to have an exencephaly penetrance of 0%

at generation N5-N6 '*'.
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6.2: Identifying NTD modifier genes in susceptible genetic backgrounds in mice

The large difference in exencephaly penetrance between BALB/cCrl and FVB/N suggests
the presence of modifier genes that predisposes BALB/cCrl to the development of exencephaly
and protects FVB/N from exencephaly. This further exemplifies the validity of the Cecr2 mutant
mouse as a multifactorial model of NTDs. Strain differences in NTD penetrance is not unique to
Cecr2 mutant mice. A study performed by Korstanje et al. (2008) demonstrated differences in
NTD penetrance in various mouse strains homozygous for the vacuolated lens (v[) mutation, and
mapped five different modifier regions via whole genome linkage analysis *%*. Previous work in
our lab has provided evidence that FVB/N harbors a general resistance to the development of
NTDs, as demonstrated by a lower penetrance of NTDs when homozygous mutant for the NTD

164

genes Cecr2, Pax3 and shroom . FVB/N is not necessarily resistant to the development of all

types of NTDs. For example, Pani et al. (2002) showed that FVB/N mice are susceptible to NTDs

that occur in maternal diabetic pregnancies relative to C57BL/6J *%

. Decades of inbreeding along
with highly controlled environmental settings have produced individuals within a mouse strain
that possess very little variability between each other. Therefore, it could be argued that studying
an NTD causing mutation in multiple mice within a single mouse strain is analogous to studying
the same NTD factor in several clones of a single human being. Although such studies in mouse
are invaluable for characterizing the molecular contributions of the NTD factor under question,
other genetic factors contributing to the NTD phenotype in these mice cannot be accounted for or
addressed. Differences in penetrance between mouse strains, along with the responsible
modifying factors, have yet to be studied for many mouse NTD genes. Future endeavors in this
direction would shed light on the complex genetic architecture contributing to NTDs in mouse as
well as more appropriately model the multifactorial nature of NTDs in a highly variable human
population.

An effort to identify genetic factors that modify Cecr2-associated exencephaly and the
potential role that Cecr2 and its candidate modifiers play in human NTD etiology was a major
focus of this thesis. A combination of whole genome microarray and whole exome sequence
analyses aided in producing a list of candidate modifier genes within the chromosome 19 region,
and genetic analyses in mouse revealed that the top candidate modifier gene, Arhgap19, was not a

modifier of Cecr2-associated exencephaly. Targeted sequencing of human CECR?2 and human
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homologues of the remaining candidate modifier genes aided in identifying strong candidate
NTD genes in both mice and humans. I identified genetic variants within CECR2, DNMBP,
MMS19, TJP2, as well as additional candidate modifier genes, which may have contributed to the
development of a cranial NTD in the probands containing these variants. All variants of interest
identified in probands within the human cranial NTD cohort have been seen in the normal
population of the exome sequencing project (esp6500) and/or at least one normal parent. Not
surprisingly, this means that none of the variants of interest within the NTD cohort are capable of
causing NTDs with 100% penetrance on their own. If any of these variants are indeed located
within NTD genes, they require additional susceptibility factors in order for phenotype to
manifest. It is difficult to know whether only two or three factors are all that is required for a
NTD to manifest, or if each proband was exposed to tens or even hundreds of susceptibility
factors. Based on the complexity of the process of neurulation, which includes the involvement of
hundreds of genes and can be influenced by multiple environmental factors, it is probable that
each NTD case has a unique set of susceptibility factors, with some cases being exposed to a few
factors with high impact and other cases being exposed to many factors that each on their own
contribute a small impact. It is also likely that each proband contained more than one genetic
factor that contributed to the development of exencephaly. There were several probands within
the cranial NTD cohort that contained protein-coding variants of interest in more than one of the
25 genes sequenced (CECR?2 and 24 candidate modifier genes). Of 156 probands sequenced, 74
probands contained variants of interest within at least one of the 25 genes sequenced. 24 of these
74 probands contained variants of interest in more than one gene sequenced, 6 of which
contained variants of interest in three or more genes. When looking specifically at the 17
probands that contained variants in CECR2, 6 of these probands also contained variants in at least
one of the candidate modifier genes. Future analyses could involve accessing additional
information in the large esp6500 database to determine the frequency that two variants within
different genes co-exist within the same person (trans-heterozygosity). If two variants in two
different genes were co-inherited with a frequency lower than expected, this would suggest that
this combination of variants is deleterious and therefore selected against. Experiments to be
performed in the near future include in vitro and in vivo functional assays in order to test the
impact of identified variants on protein function. In the event that a variant is shown to be

functionally deleterious, that variant can be genotyped or the gene in which that variant was
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identified can be sequenced in additional human samples. The 156 probands sequenced in this
study are part of a larger cranial NTD cohort that contains an additional 1050 sampled
individuals, which include affected and unaffected family members. The entire Duke NTD cohort
consists of 5232 sampled individuals, which is inclusive of the cranial NTD cohort discussed
above as well as patients diagnosed with other NTD subtypes and their unaffected family
members. Genotyping or sequencing of additional human NTD samples may identify an
enrichment of the variant of interest and/or lead to the discovery of additional variants within the
gene of interest. Identifying an association with NTD cases alongside characterizing a functional
impact would ultimately lead to the discovery of a novel NTD gene in humans.

All genetic analyses and experiments directed towards identification and characterization
of candidate modifier genes were restricted to candidate genes located within the chromosome 19
modifier region, which was responsible for only a partial rescue of the exencephaly phenotype
from ~54% in BALB/cCrl to the ~33% in the MOD lines. This means that other modifiers that
provide NTD resistance exist elsewhere within the FVB/N genetic background. Whole genome
linkage analysis identified only one other modifier region, which was on the X chromosome and
had an LOD score above the suggestive threshold but below the significance threshold (LOD =
3.04) '%. Whole genome microarray identified four genes of interest within this region that
significantly differ in expression by at least 1.5 fold between BALB/cCrl and FVB/N. These four
genes are Fmrinb, Rab39b, Chm, and Col4a6. If efforts shift to identify modifiers outside of the
chromosome 19 region, future studies could include the validation and analysis of these four
genes, as was done for candidate genes within the chromosome 19 modifier region. It is also
possible that additional small-effect modifier genes are distributed throughout the genome. For
example, while investigating the cholesterol gene Lipa as a potential modifier (later excluded due
to the discovery of an artifact in the microarray results), I discovered differences in expression of
several genes in the cholesterol synthesis pathway between BALB/cCrl and FVB/N as indicated
by microarray. These differences revealed that FVB/N embryos at the time of neurulation appear
to have an overall down-regulation of the cholesterol synthesis pathway relative to BALB/cCrl
(Figure 6.2.1). Therefore, the NTD resistance seen in FVB/N may be partially due to reduced
levels of cholesterol in the neurulating embryo. One theory as to how reduced cholesterol levels
protect against the development of NTDs involves the role of cholesterol in Sonic hedgehog

(Shh) signaling. Excessive amounts of Shh signaling causes exencephaly, most likely due to the
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impairment of dorso-lateral hinge point (DHLP) formation (reviewed in ***). Impaired Shh
signaling due to homozygous mutation in Sh4 does not cause NTDs in mice, but rather results in
cyclopia, which is a severe form of holoprosencephaly, a condition where the cerebral
hemispheres fail to separate **°. Although Shh itself was shown not to differ in expression levels
between BALB/cCrl and FVB/N in the microarray analysis, Shh is known to undergo post-
translational modifications that include the addition of a cholesterol moiety *°. This cholesterol
moiety affects the ability of Shh to diffuse to neighboring target cells, with the presence of the
hydrophobic cholesterol moiety reducing the range of diffusion compared to the absence of the
moiety **’. This means that Shh with the cholesterol moiety would have a higher concentration
closer to the source of diffusion, whereas Shh with the absence of the moiety would allow for a
broader range of diffusion. Therefore, it is possible that embryos with lower cholesterol levels
(FVB/N) have a reduction in the amount of Shh that contains the cholesterol moiety, which
would lead to wider ranges of Shh diffusion that could result in a lower concentration of Shh at
the target DLHPs. Therefore, Shh signaling would be reduced at the DLHPs, which would
promote DLHP formation and ultimately protect against the development of exencephaly. It is
important to note that the premise of this hypothesis is based on a reduction and not a complete
abolition of cholesterol synthesis having a protective effect in FVB/N. In fact, human inborn
errors of cholesterol synthesis result in severe phenotypic anomolies including
holoprosencephaly, which suggests that Shh signaling is affected by the cholesterol synthesis
pathway (reviewed in *®%). A study by Cooper et al. (2003) demonstrated that a reduction in
cholesterol inhibited the response to Hh signaling in cell culture, and therefore postulated that it
is an inhibition of Shh response, rather than the lack of a cholesterol moiety, that results in the
phenotypes observed in patients with inborn errors of cholesterol synthesis **. Either way, the
literature seems to agree that impaired cholesterol synthesis results in a reduction in Shh
signaling. This fits with my hypothesis, which states that a mild reduction in cholesterol synthesis
in FVB/N can lower Shh signaling, which then can act as a protective effect by allowing for
better DLHP formation. One way to test this hypothesis would be to compare Shh diffusion
patterns using immunofluorescence between BALB/cCrl and FVB/N embryos at the time of
neurulation. Also, if this were the case, reducing cholesterol levels in homozygous mutant

2GT45bic

congenic Cecr BALB/cCrl embryos should partially rescue the exencephaly phenotype.

Increasing cholesterol levels in homozygous mutant congenic Cecr2°"* bic FVB/N embryos may
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predispose to the development of exencephaly; however, increased cholesterol levels would need

to be sufficient to breach the 0% exencephaly penetrance threshold in these mice.
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Figure 6.2.1: The cholesterol synthesis pathway appears to be down-regulated in FVB/N
relative to BALB/cCrl neurulating embryos. Enzymes in which expression levels are similar
between strains at E8.5 are indicated in yellow. Enzymes downregulated by at least 1.5 fold (P-
value < 0.05, exception DHCR24 P-value = 0.06*) in E8.5 FVB/N relative to E8.5 BALB/c are
indicated in red. The only enzyme that is up-regulated by at least 1.5 fold (P-value < 0.05) in
E8.5 FVB/N relative to E8.5 BALB/c is indicated in blue and is part of a complex that inhibits
the cholesterol synthesis pathway. Gene expression data was acquired from the whole genome
microarray analysis performed by Fairbridge et al. (2010) '**. Cholesterol pathway information

was obtained from Wilcox et al. (2007) *".
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6.3:  Gene-environment interactions contributing to abnormal mouse behavior

The development of abnormal circling behavior specifically in the FVB/129P2 cohort of
male mice exemplified a gene-environment interaction within mice in our colony, as the exposure
to an environmental trigger or combination of triggers in these genetically predisposed mice was
required for phenotype to manifest. It is possible that provision of running-wheels alone or in
conjunction with adverse social interactions (aggression and/or isolation) can act as an
environmental trigger, which then allows for these behavioral and brain biochemistry
abnormalities to manifest. Based on our results and similar cases reported in the literature ****%,
running-wheels should be introduced with caution to mice. If not for the obvious circling
behavior in FVB/129P2 male mice, we would not have known that wheels could adversely affect
mouse behavior. This implies that running-wheels could also be having low-level effects in other
strains, which could ultimately result in unnoticed but significant changes in an experiment. We
have therefore removed the wheels from all mice in our colony. We recommend opting for
environmental enrichments such as nesting material and cardboard housing, which did not cause
aggression or circling behaviour in either sex of all strains of mice in our colony (Balb/cCrl,
FVB/N, C57BL/6J). In a broader sense, this finding taken together with the drop in exencephaly
penetrance in four independent mouse lines, demonstrates the impact that environmental changes
within a lab setting can have on phenotype manifestation in genetic mouse models. For example,
psychiatric disorders such as ADHD and schizophrenia are hypothesized to have both genetic
factors and environmental conditions that work in concert to promote the manifestation of these
diseases. Research exploring the genetics or gene-environment interactions in psychiatric
disorders often involves the use of mouse models. Alterations in brain biogenic amines, along

with circling behavior, occurs in rodent models of ADHD **° and schizophrenia **'-*

. However,
when attempting to generate mouse models and analyze phenotype for psychiatric diseases,
environmental conditions should be taken in to consideration, as the absence of a phenotype in a

rodent genetic model may simply be due to the lack of an environmental trigger.
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6.4:  Characterizing dikar, the Drosophila homologue of Cecr?2

Drosophila melanogaster is an invaluable genetic model for the characterization of
developmental genes and genetic pathways. Therefore, I performed phenotypic analyses on flies
where the Drosophila Cecr2 homologue, dikar, was knocked down via RNAi or homozygous for
a deletion mutation. No clear, reliable phenotype was seen associated with dikar loss or reduction
in any experiments performed. We were unable to rule out IR sensitivity as a mutant phenotype
due to a possible second-site IR sensitivity locus, which may confer IR sensitive phenotype on
the chromosome bearing the dikar mutations. Although no phenotype was observed, it is still
possible that dikar plays an important albeit functionally redundant role in development. It is
interesting that a dikar mutant phenotype may only manifest in the presence of another genetic
mutation, for example, in the presence of an Acf7 mutation, or the appropriate environmental
insult, such as IR. If this were the case, it would be yet another example of the complex

contributions of genetic and environmental interactions on resulting phenotypes.

6.5:  Concluding remarks

Exencephaly penetrance in our Cecr2 mutant mouse model of NTDs is drastically
affected by more than one genetic modifier within the chromosome 19 modifier region,
additional genetic modifiers throughout the genome, as well as possible environmental
influences. This establishes our Cecr2 mutant mouse as a good model for exploring the
multifactorial nature of NTDs. Further characterization of the chromosome 19 modifier region
eliminated the top candidate modifier gene, Arhgap19, as a modifier, as well as identified
additional candidate modifier genes. Sequencing of human homologues of Cecr2 and candidate
modifiers of Cecr2 in a cranial NTD cohort identified variants of interest, particularly within
CECR2, as well as DNMBP, MMS19, and TJP2. Future investigation of the functional impact of
these variants could lead to the identification of one or more modifier genes within the Cecr2
mutant mouse model, as well as a novel NTD gene in humans.

Characterization of the circling phenotype in FVB/129P2 male mice, which demonstrated
a genetic predisposition that required an environmental trigger in order for phenotype to manifest,

further underscored the importance of taking genomic and environmental influences into account
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when investigating genetic disease. Minimizing genetic and environmental variation is important
for studying the effects of a gene mutation; however, recognizing and characterizing how these
variables impact a phenotype in a genetic model will provide invaluable insight into the complex

underpinnings of human diseases such as psychiatric disorders and NTDs.
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Appendix A: List of primers. All primers were obtained from Integrated DNA Technologies

unless otherwise noted in additional information. Primers used in Sanger sequencing reactions

are labeled with an asterisk.

Name Sequence Additional information Thesis
chapter

Cecr2 Intron7 F4 CCCCATTTATTTGCTTGAGCTG
Cecr2 Intron7 R4 CACGAACAATGGAAGGAATGA Cecr29T% genotyping 2.5
pGTI1R4 ACGCCATACAGTCCTCTTCACATC
SRY FOR GAGAGCATGGAGGGGCAT _

sex genotyping 2.5
SRY REV CCACTCCTCTGTGACACT
Ingenious SDL2 GTAGCGCCTATTTGTAATGGTCA
LoxCECR2_DEL3R AATGGTGGCGAAATCAACTC Cecr2™!-1Heme genotyping 2.6
IngeniousLox 1 TTAGAATAGGTGAGGGAGGAG
CECRZ_DDT F* CCGGTTGCTCTTCTCACAGT CECR2 novel missense, position 29
CECR2 DDTR TGTTAGCTGGGGTATCCAAGAG 22:17956663 '
CECR2-E4-F* AGTCATGACCCACAGTAGAAACA

CECR?2 15201912432 29
CECR2-E4-R TGAGACTATAGCTTGCCCTGA
CECR2-E14-2-F GCAGAACGTTGCAGGAAACC

CECR2 15199780601 2.9
CECR2-14-2-R* TCTTTGGGACTCTCTGGCCT
CECR2-E13-1-F* TCTCTTTCCAGGTTAAATGTTGTTC

CECR?2 15199565531 and 1s62623401 29
CECR2-E13-1-R TCCATGAGGTAGGAAGCCTG
CECR2-E14-3-F* CCAACCCGTATGGATGCAGT

CECR?2 rs142851999 2.9
CECR2-E14-3-R CATCTCTAAGGCCATTTTTCTGTT
CECR2-E15-F* GAAGGCAGTACCCTCGTGAC

CECR2 rs181553013 2.9
CECR2-E15-R TGCCAAGGAAGCACGATACA
CECR2-E5-F* GAAGCCTTTGGCCCTAACCT

CECR2 rs5747211 29
CECR2-E5-R GACATGCCTACCATCCCAGG
CECR2-EI12-F TGTCTCCAGCCGAGGTTTAG

CECR?2 rs1296794 2.9
CECR2-E12-R* TGTGCCATGCTTCTCTATGG
DNMBP-E10-R* GGTGGAAAAAGTTGGGCTGC 10:101654735 '
DNMBP-E12-F* GATCTGTATGGGTTTAGCTTGTG DNMBP novel misgense_position 29
DNMBP-E12-R GGGATGAACTAGCGACACATTC 10:101646214 '
DNMBP-E15-1-F* CACTATTGGCCTGGCTTTTG

DNMBP 15372003127 and rs11190305 2.9
DNMBP-E15-1-R CATCTGCAGAGTCCCCTGAC
DNMBP-E5-F* GGTTGGGGTGGCAGAGAATA

DNMBP rs114927649 and rs17854134 2.9
DNMBP-E5-R CCCCAAAGTAGGCTGAGACA
DNMBP-E15-2-F* GCCAGAAGCAGCCTCAAGAT

DNMBP rs147752816 2.9
DNMBP-E15-2-R AGAGGGGTCCAGGAATAGCC
DNMBP-E3-2-F* AAGAGATAGGGCCGGATGAG

DNMBP 1535924554 29
DNMBP-E3-2-R GGTACTGTTCTGAGTGCGGG
M155-F* ACATTGCTGTGGAGGCAAGA MMS19 novel stopgain-position

1 1 2.9

M155-R TGCTGTGCTGCTGAGTCAAT 10:99237155, req'd Q sol'n
M991-F* TAAGTGGCAGGATGGCCTTT

MMS19 15200490757, req'd Q sol'n 2.9
M991-R TTCATGATGTGGCCATCCCC

235



Name Sequence Additional information cr{;l;;stl;
M456-F* GCAGCATATCGCCCCTTTTC
MMS19 1s36023427, req'd Q sol'n 29
M456-R TTGCCTTGGATGAGCAAGGT
MRB46/645-F* AGTTACCTCTGTTCACTTGCCA MMS19 rs17112809 and 1512360068, req'd 29
M846/645-R GCCTAATATCAGACGTAGGCA Q sol'n '
M707-F* CACACAGGGGAGGATGGAAG
MMS19 1s3740526, req'd Q sol'n 29
M707-R TCAAATGGCAGCACCTCTGT
T989/040-F* CTGTTGGAGCTGTGACTCCC TJP2 novel missense-position 9:71850989 20
T989/040-R CAGTTCAGGCCACTCTCCAT and rs149911553, req'd Q sol'n ’
T149/988-F GCTGTTTGCCCTGCTGTATT TJP2 15199892018 and 1541277907, req'd 29
T149/988-R* CCTGGAGCTCCTGCATTCTC Qsol'n '
T842-F* TCGGCAGGGATACGGTTTTC
TJP2 rs41305539, req'd Q sol'n 2.9
T842-R GCTCGTAGTCTGGGTCGTAG
T877-F* AAGGTCCCCACATTTCCCAC
TJP2 1s34774441, req'd Q sol'n 2.9
T877-R CTGCCTTTGGCATAACTGACA
T235-F* CTGGTGTCGTCCATCACCC
TJP2 177236826, req'd Q sol'n 2.9
T235-R TGGACAGACGGCACCTAAAG
CPEB3 F* CAGCAGAGTTGAAAGCAGCG
CPEB3 15140779166 2.9
CPEB3 R ACCAAGCAGACAAAGGTGTG
CSTFZT_nov F* CTGCAGCGCCCATTATTGAC CSTF2T novel missense_position 29
CSTF2T nov R GGAGTCTGCATCAGAGGAGG 10:53458828 '
CSTF2T_tri F* CCAGAGGGATGGAAGCAAGG CSTF2T 15143644186, rs148098627, and 29
CSTF2T tri R CCCTAATCCAAGTGTGGGGA 1s142002882 '
EXOSCI1 F* GTGGCCAGAGTGGCTCTTAT
EXOSCI rs141001349 2.9
EXOSCI1 R TCCTTTTGTCCTAGATCATCCATGT
FAM45A F* TGGGAATTTGGGGTGTCAGG
FAM454 rs149569390, req'd Q sol'n 2.9
FAM45A R GCTGTACTGCTCACCACTGT
FAS F* GGCTTCTGCATCCTGCCATA
FAS 1s56006128 2.9
FASR TTTCTTTTCAAGGAAAGCTGATACC
GLIS3_tri F* AGCATGAAGCAGGAGTGGTC GLIS3 15143051164, rs148572278, and 29
GLIS3 triR GGCGTTCGGTCTTGAACAGG 1835154632, req'd Q sol'n '
GLIS3 sin F* CTGTTCAAGACCGAACGCCT
— GLIS3 1572687988, req'd Q sol'n 2.9
GLIS3 sinR CCTTCCTCAAGCTGAAGGGG
HPS6 F* CTTTCAGCCACTGTGTGTGC
HPS6 1336078476 2.9
HPS6 R AGTTCCAATGTGGAGCCCAG
PNLIPRP2 rar F* AGTCTGACCCAGCTTTGTGG
= PNLIPRP2 15200056143 2.9
PNLIPRP2 rar R CTCTGGGTGTCTTCAGCCTC
PNLIPRP2 mut F* | CAGCCCCCAGGTGATTCTTA
= PNLIPRP?2 rs62623669 2.9
PNLIPRP2 mut R TGATCCTGAGAGCTACGCCT
PNLIPRP2 com F TCCCTTGCTCCCACCTAGAA
= PNLIPRP2 rs4751996 and rs4751995 2.9
PNLIPRP2 com R* | GGAGTTAGCACATGACTCATTTTA
RNLS nov F* AGAGCAGGCACTGATAGGGA RNLS novel missense-position 29
RNLS nov R GACGACGGCCGTAAGTATCA 10:90332762 '
RNLS com F* CAGGGAGCACGGAACCAAA
= RNLS 152296545 2.9
RNLS com R GCTGTCTCAGGTCTCCCTCT
SCD_HOV F* CCCTCCATTGACCTGGTGTC SCD novel missense_position 29
SCD _nov R ACTGCCCCCTAATTTTATAGTGGA 10:102116427 :
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Name Sequence Additional information Thesis
chapter
SCD rar F* TGCGTCTCGGATACACCCTA
= SCD 15150416868 29
SCD_rar R GAGAAAAACCCCAACCGGGA
SFXN2_tri F* GAGAGCAGGCAGTCTGCAA SFXN2 novel missense-position
10:104486433, novel missense-position 29
SFXN2 tri R AGAACTGGAGCATGAAGCCC 10:104486843, and 15201068739, req'd Q ’
sol'n
SFXN2_sin F* CTGATCCATGGCAGAGCAGG
- SFXN2 rs151088981 29
SFXN2_sin R AGCCTGATGCCCTCACAAAA
TCTN3_357 F* TTGTTGGCTGGCACTGGAA
= TCTN3 1s55859130 29
TCTN3 357R TGGTAGGGAGGATAATGGGCT
TCTN3 261 F* TCACAGTCTGTCACCCTCCT
= TCTN3 15147928670 29
TCTN3_261 R AGGACGTACTTGCAAAGGCA
E:AEM 180_399 GGGCCTCTCTTTCTCATCCG
TMEM180 1s371861479 29
;MEM180_399 GGTTGCTGCAGTAGAGGGAG
E}:AEM 180_098 CGGCTCCCTCTCTGTCTTTG
TMEM180 1149406506 29
EMEM 180_098 GAAGTCCAGCCCAGCTGTAG
KANKI_509 F* | GAGCACACCTTGCATCTCCT , y
= KANK1 novel missense-position 9:732509 2.9
KANKI1 509 R GGTACCAGGCCATTCTACCA
KANKI1 588 F* | TCCCAGAAGACCGAACGAGT
= KANK] rs143775530 29
KANKI1 588 R CTCAGGGGCTGCTATCTGGA
KANKI1 972 F CCCAGCTGTTGTAGATCCAGG
= KANKI rs61737969 29
KANK1 972 R* | GAGTTGTGGTGAGGGAGGTG
pCECR2-1 R* CACCGGGTCCTCTTTGTACA CECR?2 ORF sequence validation 2.13
CECR2-OVR F* | ATCACGCCTCAGACATTCCA CECR?2 ORF sequence validation 2.13
pCECR2-2 F* TTCTAAAGGGCCTGGATGCA CECR?2 ORF sequence validation 2.13
pCECR2-3 F* TGTGCCAGACAGAAGAGGAA CECR?2 ORF sequence validation 2.13
pCECR2-4 F* GAGGAGAAGGTCAAGGCAGT CECR?2 ORF sequence validation 2.13
pCECR2-5 F* GACCATGTTCAGGAATTGTCGA CECR?2 ORF sequence validation 2.13
pCECR2-6 F* CTTCCAATGGCCGAGGTTTT CECR?2 ORF sequence validation 2.13
pCECR2-7 F* GCAGATAAGTGGCCCAAGTC CECR?2 ORF sequence validation 2.13
pCECR2-8 F* CAGGACCCTCTCACCAGC CECR?2 ORF sequence validation 2.13
pCECR2-9 F* GCCTGAGAATGACCAAGCAG CECR?2 ORF sequence validation 2.13
pCECR2-10 F* GGAGTCATTGGGGAAGCATC CECR?2 ORF sequence validation 2.13
pCECR2-11 F* GTATTCCTACCACCCACCGC CECR?2 ORF sequence validation 2.13
pCECR2-12 F* GGCCAGAGAGTCCCAAAGAA CECR?2 ORF sequence validation 2.13
pCECR2-13 F* CTTACTCTTCCCCTGTGGCT CECR?2 ORF sequence validation 2.13
CECR2-Kpnl-F gl(“}TGGTACCATGTGCCCAGAGGAGGGC
CECR2XhoLR | TTTCTCGAGCTAGCTCTGATCCAGGGG CECR2 ORF cloning 213
AAGTGTTGGAGG
CECR2-Kozak F iZ}CA(C}}ACTGGATCCGCCACCATGTGCCC
CTCTGGGCACATGGTGGCGGATCCAGT Kozak sequence introduction 2.14
CECR2-Kozak R CGAC
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Name Sequence Additional information Thesis
chapter
CECR2 DEL2 F CTAAGGAAATACTTAACCTGGTCGACT
GGATCCGCCATG Upstream vector single bp deletion 2.14
CECR2 DEL2 R | CATGGCGGATCCAGTCGACCAGGTTAA | ~PHEAm VECTOT SInETe b et '
CTATTTCCTTAG
CTCTTCACAGAGATGACGTGAAGTTTA
CECRZEKF | 10 AGTGACCTGATTG E32K novel missense, position )14
CECR2 E32K R CAATCAGGTCACTGATAAACTTCACGT | 22:17956663 '
CATCTCTGTGAAGAG
CECR2 R245Q F GAGAGGACCTCCCTTCAAGAACGGCA
GCTCTAC R245Q, 1s201912432 2.14
CECR2 R245Q R GTAGAGCTGCCGTTCTTGAAGGGAGGT ’ '
CCTCTC
CECR2 R271H F CCCAGAAGGGAAAACATCCACAGCGC
ACAAAG R271H, rs5747211 2.14
CTTTGTGCGCTGTGGATGTTTTCCCTTC 19 '
CECR2 R271HR TGGG
CECR2 P632L F STCCTCTGGAGTCCTGGAGCCACACCC
P632L, rs1296794 2.14
CECR2 P632L R igGGTGTGGCTCCAGGACTCCAGAGG
CECR2 M680V F (é?((}JACCTTTCTAACGTGGGCCCACACC
CAGGGTGTGGGCCCACGTTAGAAAGG | MO0V, rs62623401 214
CECR2 M680V R TGTG
CECR2 Y738C F CCTCCCAGCCATATGTGTCGATCGTAC
AAGTAC Y738C, 15199565531 2.14
CECR2 Y738C R GTACTTGTACGATCGACACATATGGCT 18 '
GGGAGG
CECR2 P1210R F gAGTCAGCCTCCCCGACCAAGGTCCCT
CECR2 P1210R GAGGGACCTTGGTCGGGGAGGCTGAC P1210R, rs199780601 214
R TG
CECR2 S1261L F GGAAATGTACAGACCATTAGGAATGC
AGATGCACC S1261L, rs142851999 2.14
CECR2 S1261L GGTGCATCTGCATTCCTAATGGTCTGT ? ’
R ACATTTCC
CECR2 P1430L F gégcAGGAGGAGGTGCTGCCTCATAAG
CECR2 P1430L GAGGCTTATGAGGCAGCACCTCCTCCT P1430L, rs181553013 2.14
R GTG
T7 pGEM* TAATACGACTCACTATAGGG Sequence validation of pEZY3 sub-cloning 2.15
SP6 pGEM* TATTTAGGTGACACTATAG Sequence validation of pCSDes sub-cloning 2.15
Ar19Ex6-F* GACATGCACTGGTGAGCACT 10 ) .
Arhgap’” nonsense mutation genotyping 2.22
Arl19Ex6-R ACTCTGCCCCATCTTCCTTT
Elmo2-1 F AGCCCTCAGCCTCATCCT Endogenous control, Probe #13, no known
SNVs under primer/probe 2.24
Elmo2-1 R AAGCCTAAGAGAGCAGGACTCA (www.ensembl.org)
VI1dIlrPr102-F TTGCAGCTCAGAAGCTGTTTT Probe #102, no known SNV's under 204
V1dirPr102-R AAATGTCTACCAACCTTGTCATCA primer/probe (www.ensembl.org) '
Scd1-34-F TTCCCTCCTGCAAGCTCTAC Probe #34, no known SNV's under 294
Scd1-34-R CAGAGCGCTGGTCATGTAGT primer/probe (www.ensembl.org) '
Lipo1-Pr106-F CACCTCAAGGATTTTCTTCAGTTAT
- Probe #106 2.24
Lipo1-Pr106-R ACATGAATAAGGCACATTGTTCTC
lipolpr106seq-F CATGGAATTTTGAAGCCTCTG L . .
- Sequence validation of Lipol primer/probe 2.24
lipolprl06seq-R* | TCCCATGAGGAATTCGGTTA
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chapter
Lipa-Pr102-F TGCCAGACCCTCTTCTCAAG
- Probe #102 2.24
Lipa-Pr102-R ATGATGACGTGGGTGCAAA
lipapr102seq-F* GGCTGCACCATAGGTTTCAT o ) .
5 Sequence validation of Lipa primer/probe 2.24
lipapr102seq-R CGCAGGGCAGTGTGTTGTAT
Fam160b1-45-F CTGGAAGGCGATTACACACTACT
Probe #45 2.24
Fam160b1-45-R GGATGGGATGTTTGTGTCG
Fam160b1-45-SF* TCCAAGCTTACGTCCATCCT Sequence validation of Faml160bl 294
Fam160b1-45-SR | TCCCGCTCATTTTCTTCTTG primer/probe '
Pnliprp2-94-F TGGAACAAACCTTTTTCCTGA
- Probe #94 2.24
Pnliprp2-94-R GTGTGACTGATACTTTGTATCTCCAAC
Pnliprp2-94-SF* TCCAGCACAATGACTGCTTC Sequence validation oanZiprpZ 204
Pnliprp2-94-SR GCGACCAAGATGTACCCACT primer/probe '
Fam45al3-F GCTGTCCAGGAGTTCACCAG
Probe #13 2.24
Fam45al3-R GATGGTCCAATCCTGTCGAT
Fam45al13-SF* TGCTGGCTCCATCAAAGACA Sequence validation of Fam45a 204
Fam45a13-SR AGAGGTCTGGTCTGTTGCTC primer/probe '
Hiflan96-F GCCTCTATCCATACCCTGTCC
- Probe #96 2.24
Hiflan96-R CAGGATTGTCAAAGTCCACCT
Hiflan96-SF* GGAAATGTGACACCTGCTCA Sequence validation olef]an 204
Hiflan96-SR GCCAACCACTGTCTCATAACC primer/probe '
Sfxn2-18-F TGCCGCTAACTGTGTCAATATC
Probe #18 2.24
Sfxn2-18-R CTTCACACAGATGCCCTGAA
Sfxn2-18-SF* AGCTACTACTACTGCGGTGG . .
Sequence validation of Sfxn2 primer/probe 2.24
Sfxn2-18-SR TCTGAGAATGGCCAAGCTCA
Sfrp5-104-F GACAACGACCTCTGCATCG
Probe #104 2.24
Sfrp5-104-R TCAGCGCTGTGCTCCAT
Sfrp5-104-SF* CTCATGGAGGCCTACGGTTT o .
Sequence validation of Sfip5 primer/probe 2.24
Sfrp5-104-SR CCACAAAGTCACTGGAGCAC
Rnls17-F TGACCTTGTCATCCTCACCA
Probe #17 2.24
Rnls17-R TCCCTCTGGCGTTCACTAAT
Rnls17-SF* AGTCTCCCTCAAGCACTGTG o .
Sequence validation of Rnls primer/probe 2.24
Rnls17-SR AGCATAGCGAGAGGAGTAGC
March5-76-F GGGTAGATGAAAAGCAAAGAGGA
Probe #76 2.24
March5-76-R GATCCAAGACATAAACCACTGGA
March5-76-SF* GCTTTGCCACCGATGAAGAT Sequence validation of March5 294
March5-76-SR CTGCATCACTGTCACTGCTC primer/probe '
Foxd4-1 F AAAAACAAAACAGTCTGCAATACAA . )
Probe #9, assay designed by M. Kooistra 2.24
Foxd4-1 R AACACTGGCAGTTCCTAAGCA
foxd4qRTseq-F CACGGTTTTCCCGACTTACA Sequence validation of Foxd4 204
foxd4qR Tseq-R* TTTTAACACTCCCCGTTGGA primer/probe ’
scd2qRTseq-F* GCTTTGTCCCTGATGACCTC Sequence validation of M. Kooistra's Scd?2 294
scd2qRTseq-R GTGTTGAACTTGGCCCCTTA primer/probe ’
pax2qRTseq-F* CCCAAAGTGGTGGACAAGAT Sequence validation of M. Kooistra's Pax2 294
pax2qRTseq-R GTTAGAGGCGCTGGAAACAG primer/probe '
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Name Sequence Additional information c}‘lggstlesr
exosc1qRTseq-F GCGAACGTCTGTGTAACTTGG Sequence validation of M. Kooistra's 593
exosclgRTseq-R* GCATTTTTGAGTGGTGTGGA Exoscl primer/probe '
dmrt2qRTseq-F* GTGGTTCCAGAGAGGTCTGC Sequence validation of M. Kooistra's 223
dmrt2qRTseq-R CTGGCTCTCCTTGACCAAAC dmrt2 primer/probe )
ar19qRTseq-F* GCATCATCCCTGCTCTCCTA Sequence validation of M. Kooistra's 593
arl9qRTseq-R TCCAGTTTCCATGGTGACAA Arhgap19 primer/probe '
tmem180qRTseq-F* GGCCCAGATCCATACTCTGA Sequence validation of M. Kooistra's 223
tmem180qRTseq-R CCCTACCCTTTCTGGTCCTC Tmem 180 primer/probe '
Ar19In2WT-F GATGTTGACTGGCTCGGTCT
Ar19In2WT-R CCCAATACTGTCAGCCTGGT

Arhgap19°MP020BE gonotyping 2.25
Engeo F AACAAACTTGGCCTCACCAG
Engeo R AAATTCAGACGGCAAACGAC
DK Pelem 3F* CGAGCGCAGAATTCAGACAA Sequence validation of P element precise 599
DK Pelem SR ACCTTTCATCGCGTGCAATT excision '
Gen-1F* TGTCACAACTTTGCACTTGG .

Sequencing Gen (Drosophila) 2.32
Gen-1R CCTTTTGGCTATCACCTGGC
DK5WT3-F CGTTTGAGGCGTAGGAAGTG Testing for presence of wildtype dikar in 530
DK5WT3-R TGTAAGCGAAGAGTATTTTGGCT Df(3L)ED212 deficiency region '
DK5WT5-F AATAGTAGTGCCCATTCGCG Testing for presence of wildtype dikar in 230
DKSWTS-R CATGTGTGTGTGTGTTGGGA Df(3L)ED212 deficiency region '
Gen-2F* ACGCTTTACCAACAGGAACC .

Sequencing Gen (Drosophila) 2.32
Gen-2R ATAGACACGAACGGCTCCAT
Gen-3F* CAACAAGCATGGCGTACGTA .

Sequencing Gen (Drosophila) 2.32
Gen-3R GACTCTCATCGCAGCCTTTG
Gen-4F* CTGCAGAATGAGAAGCTGGC .

Sequencing Gen (Drosophila) 2.32
Gen-4R GCAATTCTAAGCTGGGCACA
Gen-5F* AAATCTCAACTGGCGGCAAC .

Sequencing Gen (Drosophila) 2.32
Gen-5R GAGTACCTTCCTTCTTGCGC
Gen-6F* ACCGCATCTGAAGAGGAGAA .

Sequencing Gen (Drosophila) 2.32
Gen-6R TGCTGCATCTTGAATCGCTC
Gen-7F* TTCATTACGAACCCATGGCG . ]

Sequencing Gen (Drosophila) 2.32
Gen-7R AACAGTTGGAGCAGGCAATG
DMCTCO-F3* TCTGCCTTTGATCTGCCCGACAT Sequencing dikar, primerg designed by A. 232
DMCTCO-R3* CGATGTTGCGAATGCGGCTGGAGTT | Kueling and ordered from Invitrogen ‘
DMCTCO-F3 TCTGCCTTTGATCTGCCCGACAT Sequencing dikar, primers designed by A. 232
DMCECR2-5E-R1* | GCTCATCCTTGTTCCGTCTA Kueling and ordered from Invitrogen '
DMCECR2-5E-F1 GGAGAATCTCTACCAGGATC Sequencing dikar, primers designed by A. 532
DMCTCO-R2* GCTGCTGCTCTGGCTGATCGGACTG | Kueling and ordered from Invitrogen ‘
Drcecr2-6e-F1* CGACAGCTAGTGGTATTTCAA Sequencing dikar, primers designed by A.

Kueling, forward primer ordered from 232
DMCTCO-R1* GGCGCTATATCCTCCTCCACGGG Qiagen, reverse primer ordered from '

Invitrogen
DMCECR2-6E-F2* GCACAGCCACCAGCATTAAC Sequencing dikar’ primers designed by A. 232
DMCECR2-9E-R3* | CGGACGCTGATGTGGCTATT Kueling and ordered from Invitrogen ’
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DMCECR2-9E-F4* CTCCGATGACGAAGATGATG Sequencing dikar, primers designed by A. )30
DMCECR2-9E-R4* CCTTTGCGCTGCGAGACTTA Kueling and ordered from Invitrogen '
DMCECR2-9E-F5 GAGCGAGGATTACAGCGATG Sequencing dikar, prin’iers designed by A. 232
DMCECR2-9E-R3* | CGGACGCTGATGTGGCTATT Kueling and ordered from Invitrogen '
DMCECR2-9E-F5 GAGCGAGGATTACAGCGATG Sequencing dikar, primers designed by A. 232
DMCECR2-10E-R3* | CCGATTTGCTAACTGCCTCT Kueling and ordered from Invitrogen '
DMCECR2-9E-F1* GGCAAAGCGAAGGGTAATCT Sequencing dikar, primers designed by A. )3
DM-CECR2-10E-R1* | GGCATGGTCTTGTCGAAATA Kueling and ordered from Invitrogen '
DMCECR2-10E-F2* | CTCTGGGCAACAATGGATAT Sequencing dikar, primers designed by A. )30
DM-CECR2-10E-R1 | GGCATGGTCTTGTCGAAATA Kueling and ordered from Invitrogen '
DMCECR2-10E-F3* GACGCCGTGGATAATTTGCA Sequeneing dikar, prin’iers designed by A. 232
DM-CECR2-10E-R1 | GGCATGGTCTTGTCGAAATA Kueling and ordered from Invitrogen '
DM-CECR2-10E-F1* GCACTATGGCATTCGGCAA Sequencing dikar, primerg designed by A. 232
DMCECR2-10E-R2* | GGCAAACGGATAAGCAGCT Kueling and ordered from Invitrogen '
Dikar14-F* GACTTCCACACCAGAGAGCT )

- Sequencing dikar 2.32
Dikar14-R ATGACCTGCACATCGACGG
Dikarl5-F TGGAAGAATTGGTTGGATTTCGT .

- Sequencing dikar 2.32
Dikarl5-R* GATTTCGGCGCTTCTGGAG
Dikarl6-F* GGAGCAGCAGTCCGATCA .

- Sequencing dikar 2.32
Dikarl6-R* GACTTGCCCGTCGTCTCC
Dikar17-F* TCGGCTCATTTCATTCACACA i

- Sequencing dikar 2.32
Dikar17-R* GGGTGGAGTAGTGATGTGCT
Dikarl8-F* AGCACATCACTACTCCACCC )

- Sequencing dikar 2.32
Dikar18-R ACATCCGCCTTACTCTTAGT
Dikar19-F TTAATCGCTGGCTGGAACAC .

- Sequencing dikar 2.32
Dikar19-R* ACTCAGTTTTGGTGCTCCCT
Dikar20-F* CTGGCAGCACAAACTCAGAG )

- Sequencing dikar 2.32
Dikar20-R* TTCGTAATACTTGGCGGCAG
Dikar21-F* CCCCAGGTGACAACAAACAA .

- Sequencing dikar 2.32
Dikar21-R* GTTGCGCCTGTTGTTGCT
Dikar2In-F* ATCAGCAACAGCAAGCACAA Sequencing dikar, primers nested within 5132
Dikar21n-R* CTTCAGCCGCAATTGTAGCT above primer pair ‘
Dikar22-F* CAGAGATGCACCCAATCCCT .

- Sequencing dikar 2.32
Dikar22-R TGCATGTGGATTTGAAACCGT
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Appendix B: Cranial NTD phenotypes for 156 probands. Coding exons of 25 genes were

sequenced in each proband. Probands included in Table 4.6.1 are listed in the same order here.

Proband ID | Cranial NTD type Genes containing variants of interest
A1024167 anencephaly CECR2, DNMBP
20-0212267 | anencephaly CECR2, DNMBP
20-0504243 | anencephaly CECR2, DNMBP
A1015381 anencephaly CECR2, MMS19
20-0421416 | craniorachischisis CECR2

20-0601809 | anencephaly CECR2

20-0608812 | acrania CECR2, GLIS3, SFXN2
20-0711091 | anencephaly CECR2

20156471 anencephaly CECR2

A1021271 anencephaly CECR2

A1021263 anencephaly CECR2

20-0714522 | anencephaly CECR2

20-0800216 | cranial meningocele CECR2

20-0515262 | anencephaly CECR2

20-0601092 | craniorachischisis CECR2, PNLIPRP2
A1024158 anencephaly CECR2

20-0602035 | anencephaly CECR2

20-0620476 | anencephaly DNMBP, MMS19, TIP2, FAS
20-0521275 | anencephaly DNMBP, MMS19, TIP2
20-0421455 | anencephaly DNMBP, TCTN3
20-0504690 | anencephaly DNMBP

20-0801162 | anencephaly DNMBP

A1021253 anencephaly DNMBP, SFXN2
A1024197 anencephaly DNMBP

A1024256 anencephaly DNMBP

20-0426714 | anencephaly DNMBP

20-0613589 | occipital encephalocele DNMBP, GLIS3
20-0410539 | anencephaly DNMBP

20-0512275 | acrania DNMBP, EXOSC1
20-0514451 | anencephaly DNMBP

20-0601184 | anencephaly DNMBP, SCD
20-0806627 | anencephaly DNMBP

20-027140 anencephaly DNMBP

20-0302223 | anencephaly MMS19, TIP2
A1024176 anencephaly MMS19, TIP2, GLIS3
20-0700015 | anencephaly MMS19, GLIS3, PNLIPRP2
20-0300929 | anencephaly MMS19, SFXN2, TMEM180
20-0604224 | acrania MMS19, GLIS3
A1030655 anencephaly MMS19

720167301 anencephaly MMS19

20-0427674 | anencephaly MMS19

20-0708160 | occipital encephalocele MMS19

20-0705228 | anencephaly TIP2, PNLIPRP2
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Proband ID

Cranial NTD type

Genes containing variants of interest

Z0082501
A1024159
A1021228
A1024188
20-0518590
20-0609211
20-0613565
A1034284
20-0426206
20-0517865
A1030628
20-0422758
A1021274
A1034295
Z0082809
20-0608051
20-0424645
20-0802143
20-0602679
A1030639
70174261
20-0404771
A1030634
20-0800185
A1021240
70082701
20-0300594
20-014072
A1015387
20-028661
Z0156466
19-960239
19-973956
20-0212266
20-0300536
20-0307768
20-0409349
20-0409672
20-0409946
20-0410779
20-0411056
20-0411879
20-0412168
20-0424420
20-0424564
20-0425711
20-0427136
20-0504382

anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
occipital encephalocele
anencephaly
anencephaly
anencephaly
acrania
anencephaly
anencephaly
anencephaly
anencephaly
acrania
anencephaly
anencephaly
anencephaly
encephalocele
acrania
occipital encephalocele
encephalocele
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
craniorachischisis
encephalocele
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
occipital encephalocele
anencephaly
anencephaly

TIP2

TIP2

TIP2

TIP2

TIP2

TIP2

TIP2

TIP2

TIP2, HPS6
TIP2

TJP2, CPEB3
CSTF2T, PNLIPRP2
CSTF2T, KANK1
FAM45A, TCTN3
GLIS3
GLIS3
GLIS3

HPS6
PNLIPRP2
PNLIPRP2
PNLIPRP2
PNLIPRP2
RNLS

SCD

SFXN2
TCTN3
TCTN3
TCTN3
TMEM180
KANK1
KANK1
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Proband ID

Cranial NTD type

Genes containing variants of interest

20-0505812
20-0511614
20-0512010
20-0513594
20-0515291
20-0515436
20-0516527
20-0518777
20-0519874
20-0521489
20-0601091
20-0601287
20-0602131
20-0606470
20-0608659
20-0609034
20-0612708
20-0700618
20-0700642
20-0700669
20-0707657
20-0708234
20-0708241
20-0711055
20-0714509
20-0800725
20-0802386
20-0802445
20-0804648
20-0805590
20-0806702
A1000707
A1000764
A1013093
A1013101
A1013102
A1013566
A1015376
A1015378
A1015395
A1021227
A1021243
A1021267
A1021273
A1024152
A1024156
A1024183
A1024186

anencephaly
anencephaly
occipital encephalocele
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
acrania
acrania
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
occipital encephalocele
anencephaly
anencephaly
anencephaly
anencephaly
acrania
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
acrania
anencephaly
anencephaly
anencephaly
anencephaly
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Proband ID

Cranial NTD type

Genes containing variants of interest

A1024191
A1024196
A1024259
A1030617
A1030621
A1030651
A1030654
A1034279
A1034304
A1034308
20141223
20141445
20161943
720164031
720164034
20174262
20176661

acrania

anencephaly
anencephaly
anencephaly
acrania

anencephaly
anencephaly
anencephaly
acrania

anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
anencephaly
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Appendix C: Co-immunoprecipitation assay comparing human wildtype CECR2 to variant
CECR2 (E32K and P632L) in the ability to complex with SNF2L in transfected HEK293

cells.

A total of 9 variants of interest were identified in human CECR2 when the coding exons
were sequenced in a human cranial NTD cohort consisting of 156 probands (Chapter 3). In order
to determine whether or not these variants are deleterious, functional assays need to be
performed. Banting (2003) previously generated a human wildtype CECR?2 clone in the
pMIB/V5-His A vector (Invitrogen) ' . I then sequence verified this CECR2 clone and moved it
into the pPENTR™11 Dual Selection Vector (Gateway® Life Technologies). The additional 9
CECR? constructs, each of which contain one of the 9 variants of interest, were generated from
the CECR? clone by site-directed mutagenesis (see Appendix D for sequence information for all
10 CECR?2 constructs). Two variants of particular interest were the novel E32K variant within the
CECR2 DDT domain, and the P632L variant. Although the P632L variant was common (MAF ~
0.19), it was of particular interest because it contributed to compound heterozygosity in 4
probands, possibly contributed to compound heterozygosity in 4 additional probands, one of
which was the proband containing the novel E32K variant, and contributed to homozygosity in
yet another 3 probands. The CECR2 constructs for these two variants were sub-cloned into the
pEZY3 mammalian expression vector (Addgene plasmid #18672, gift from Dr. Fred Berry) '’°.
As the E32K variant is within the DDT domain, which functions to interact with the ISWI
binding partner SNF2L, we were interested in testing whether or not this variant (as well as the
P632L variant) affected SNF2L binding. HEK293 cells were chosen as the human cell type to
test this protein interaction as HEK293 cells were originally used to characterize the CERF
complex (CECR2 and SNF2L), which involved the successful transfection and characterization
of CECR2 in HEK293 cells '**. Ideally, a cell type with little to no endogenous CECR2
expression in conjunction with detectable levels of the CECR2 binding partner, SNF2L, would be
used. Western blot analysis indicated the presence of endogenous CECR2 protein after a long
exposure (> 2 hours) and endogenous SNF2L protein after a short exposure (~5 minutes) in
HEK?293 cells (Figure C.1). HEK293 cells were then transfected with a wildtype-CECR2
containing expression vector, an E32K-CECR?2 containing expression vector, or a P632L-CECR?2

containing expression vector. Then, co-immunoprecipitation (co-IP) assays utilizing the a-
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CECR?2 antibody were performed to determine how much SNF2L could be pulled down in
CECR2 complexes. Negative controls included (1) an IgG immunoprecipitation (IP) in lieu of an
a-CECR?2 IP, which should not specifically bind to and pull down CECR2 containing complexes,
(2) non-transfected HEK293 cells, which should only contain endogenous levels of CECR2, and
(3) EGFP transfected cells, which should behave similarly to non-transfected cells in the co-IP
assay. Preliminary results indicated that a-CECR2 antibody was able to pull down SNF2L in
cells transfected with the wildtype-CECR2 construct as well as the two variant CECR2 constructs
(Figure C.2). The ability for a-CECR2 antibody to pull down SNF2L appears to be specific
because the loading-control protein, Tubulin, was present in input protein but not pulled down in
IPs. In order to determine if there is a difference in SNF2L binding between wildtype and variant
CECR2, we need to be able to compare the amount of CECR2 present in the transfected cells.
However, a-CECR2 antibody was unable to pull down detectable levels of CECR2 in all
transfected HEK293 cell lines except for HEK293 cells transfected with wildtype-CECR2
(Figure C.2A). Further experimentation is required to explain the discrepancy between the lack of
CECR2 and the presence of SNF2L in the CECR2 IPs. Also, a-CECR2 antibody was able to pull
down detectable levels of SNF2L in non-transfected and EGFP-transfected cells (Figure C.2B).
Optimization of this protocol in HEK293 cells is required in order to be able to detect CECR2
protein from a-CECR?2 IPs. Performing functional assays of the CECR2 complex in a cell line
that does not express endogenous CECR2 but expresses CECR2 binding partners, SNF2H and/or
SNF2L, would be ideal.
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H = HEK293 cells
T = mouse TT2 ES cells (positive control)

Figure C.1: HEK293 cells have low endogenous levels of CECR2 when compared to the
level of CECR2 in mouse TT2 ES cells. CECR2 is easily detectable after a short exposure (~5
minutes) in TT2 ES cells, but is not detectable at all in HEK293 cells. A detectable level of
CECR?2 is seen after a long exposure (>2 hours) in HEK293 cells. The level of the CECR2 ISWI
binding partner, SNF2L, is detectable after a short exposure and is similar to SNF2L levels in
mouse TT2 ES cells. Tata-binding protein (TBP) was used as a loading control. The difference in
molecular weight is because this antibody detects an ~40 kDa band for human (HEK293 cells)
and an ~34 kDa band for mouse (TT2 ES cells) according to the manufacturer (ProteinTech™).
Numbers represent molecular weight in kilo Daltons (kDa). H = HEK293 cells, T = mouse TT2
ES cells.
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A HEK 293 cells

TT2 ES cell protein
CECR2-WT (input)
CECR2-E32K (input)
CECR2-E32K (CECR2 IP)
CECR2-P632L (input)
CECR2-P632L (CECR2 IP)
CECR2-WT (IgG IP)
Non-trans. (input)
Non-trans. (CECR2 IP)
EGFP (input)

EGFP (CECR2 IP)

‘ CECR2-WT (CECR2 IP)

170 kDa ’

5 minute exposure

130 kD:
: -~ o @

30 second exposure

o-CECR2

BLOT

a-SNF2L

55 kDa - o« & £ -

a-TUBULIN

30 second exposure

I 4
130k0w, o9 ..

2 minute exposure

o-SNF2L

Figure C.2: a-CECR2 antibody is capable of specifically pulling down SNF2L in HEK293
cells. SNF2L was present in CECR2 IP protein from HEK293 cells transfected with wildtype-
CECR2, E32K-CECR2, and P632L-CECR?2 (A). IgG immunoprecipitation performed on
HEK293 cells transfected with wildtype-CECR?2 did not pull down CECR2, SNF2L, or the
loading control protein, Tubulin, as expected (IgG lane is indicated with a black box). SNF2L
was also present in CECR2 IP protein from non-transfected HEK293 cells as well as HEK293
cells transfected with EGFP as shown by longer exposure of the a-SNF2L blot, with bands
indicated by black arrowheads (B).
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Appendix D: CECR2 OREF constructs in the pENTRTMll plasmid. Vector sequence is in
black text and the CECR2 OREF is in red text. Gateway® recombination sites (aftL) are

underlined. Introduced missense mutations are highlighted in red.
CECR2 - WT

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGARAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCAAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAAAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

250



CECR2 - E32K

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGIAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAAAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

251



CECR2 - R245Q

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCIAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAARAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

252



CECR2 - R271H

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACITCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAARAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

253



CECR2 - P632L

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAARAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCIGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGNGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

254



CECR2 - M680V

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAAAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACITGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

255



CECR2 - Y738C

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCAAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGARAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAARAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTITCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

256



CECR2 - P1210R

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAARAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCIACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG

257



CECR2 - S1261L

CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCARAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAAAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATIA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCCGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG
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CAAATAATGATTTTATTTTGACTGATAGTGACCTGTTCGTTGCAACAAATTGATAAGCAATGCTTTTTTATAATGCCAACTTTGTAC
AAAAAAGCAGGCTTCGAAGGAGATAGAACCAATTCTCTAAGGAAATACTTAACCTGGTCGACTGGATCCGCCACCATGTGCCCAGAG
GAGGGCGGCGCGGCCGGGCTGGGCGAGCTCCGCTCCTGGTGGGAGGTCCCGGCCATCGCGCACTTCTGCTCGCTCTTTCGCACCGCG
TTCCGCCTGCCCGACTTCGAGATCGAGGAGTTAGAAGCCGCTCTTCACAGAGATGACGTGGAGTTTATCAGTGACCTGATTGCCTGC
CTGCTTCAGGGCTGCTATCAACGAAGAGATATCACGCCTCAGACATTCCACAGCTACCTAGAGGACATCATCAACTACCGCTGGGAG
CTCGAAGAAGGGAAGCCCAACCCTCTGAGGGAAGCCAGTTTCCAGGACCTGCCTCTTCGCACACGGGTGGAGATCCTGCACCGACTC
TGTGATTACCGGCTGGATGCAGACGATGTCTTCGATCTTCTAAAGGGCCTGGATGCAGACAGTCTCCGTGTGGAGCCATTGGGTGAA
GACAATTCTGGGGCACTATATTGGTATTTCTATGGAACACGAATGTACAAAGAGGACCCGGTGCAAGGAAAATCCAATGGAGAACTC
TCTTTGAGCAGGGAAAGTGAAGGACAAAAAAATGTCTCAAGTATTCCTGGAAAAACGGGAAAAAGAAGAGGAAGACCCCCAAAACGG
AAGAAACTGCAGGAGGAGATTCTGTTGAGTGAAAAGCAGGAAGAAAATTCCTTGGCATCCGAGCCACAGACAAGACATGGGTCCCAA
GGGCCAGGCCAAGGTACTTGGTGGCTCCTGTGCCAGACAGAAGAGGAATGGAGACAGGTCACCGAGAGTTTTCGCGAGAGGACCTCC
CTTCGAGAACGGCAGCTCTACAAGCTCCTCAGTGAGGACTTCCTGCCTGAGATCTGCAACATGATCGCCCAGAAGGGAAAACGTCCA
CAGCGCACAAAGGCAGAGTTGCATCCTAGGTGGATGTCTGACCACCTGTCCATCAAACCCGTCAAGCAAGAGGAGACTCCTGTGCTG
ACCAGAATAGAAAAACAAAAGCGCAAAGAGGAGGAAGAAGAGCGTCAGATTCTTCTAGCAGTGCAGAAGAAGGAGCAGGAGCAGATG
CTAAAGGAAGAGAGGAAACGCGAGTTGGAGGAGAAGGTCAAGGCAGTGGAAGATCGAGCGAAGAGGAGAAAGCTCAGGGAAGAAAGG
GCATGGCTGCTGGCTCAAGGAAAGGAGCTCCCTCCAGAACTTTCCCATCTGGACCCCAATTCCCCCATGAGAGAGGAAAAARAAGACT
AAAGACCTCTTTGAGTTGGATGATGATTTCACTGCTATGTATAAAGTTCTAGACGTGGTAAAGGCTCACAAGGATTCCTGGCCCTTC
TTGGAACCTGTGGATGAATCTTATGCCCCTAACTATTATCAGATTATTAAGGCCCCCATGGATATTTCCAGCATGGAGAAGAAACTG
AATGGAGGTTTATACTGTACCAAGGAGGAATTTGTAAATGACATGAAGACCATGTTCAGGAATTGTCGAAAGTATAATGGGGAAAGT
AGTGAGTATACCAAGATGTCTGATAATTTAGAGAGGTGTTTCCATCGGGCAATGATGAAACATTTTCCTGGAGAAGATGGAGACACA
GATGAAGAATTTTGGATTCGAGAGGATGAAAAGCGGGAGAAAAGACGGAGTCGGGCTGGGCGAAGTGGTGGGAGCCATGTTTGGACC
CGCTCCAGGGACCCAGAAGGGTCCAGCAGGAAACAGCAGCCCATGGAGAATGGAGGAAAGTCGTTGCCCCCCACACGCCGAGCGCCC
TCTTCTGGGGACGATCAGAGCAGCAGCTCCACACAGCCCCCGCGGGAGGTGGGCACTTCCAATGGCCGAGGTTTTTCTCATCCCCTG
CATTGTGGTGGGACACCCAGCCAGGCACCCTTTTTAAACCAGATGAGGCCAGCAGTACCAGGAACATTTGGCCCTCTGCGAGGATCA
GATCCTGCCACCTTGTATGGCTCCTCTGGAGTCCCGGAGCCACACCCCGGGGAGCCTGTGCAGCAGCGTCAGCCTTTCACCATGCAG
CCTCCAGTTGGAATTAACAGCCTCCGAGGACCCAGGCTAGGCACACCAGAGGAGAAGCAAATGTGCGGGGGGCTGACACACCTTTCT
AACATGGGCCCACACCCTGGATCCTTGCAGCTTGGGCAGATAAGTGGCCCAAGTCAGGATGGAAGCATGTATGCTCCAGCTCAGTTC
CAGCCAGGATTCATTCCTCCCCGGCATGGGGGCGCTCCAGCCCGGCCACCAGACTTTCCTGAAAGCTCAGAAATTCCTCCCAGCCAT
ATGTATCGATCGTACAAGTACCTGAATCGAGTACACTCTGCCGTCTGGAATGGGAACCATGGTGCTACGAACCAAGGACCCTTGGGC
CCAGATGAGAAGCCCCACCTGGGGCCAGGACCCTCTCACCAGCCTCGCACTCTCGGTCACGTGATGGATTCCCGAGTCATGAGACCA
CCTGTCCCCCCCAACCAGTGGACTGAACAATCAGGCTTCCTACCTCATGGAGTTCCTTCCTCAGGGTACATGCGACCGCCCTGCAAG
TCTGCCGGACATCGGTTACAGCCACCTCCAGTGCCAGCACCCAGTTCTTTGTTTGGAGCACCTGCCCAGGCTCTTCGGGGGGTGCAG
GGAGGGGACTCCATGATGGACAGCCCAGAGATGATTGCGATGCAGCAGCTCTCCTCCCGCGTCTGCCCCCCAGGTGTGCCTTACCAC
CCCCACCAGCCTGCACACCCCCGTTTACCTGGCCCTTTTCCGCAGGTAGCTCACCCAATGTCAGTCACTGTGTCAGCCCCCAAGCCT
GCCCTGGGCAACCCTGGGAGGGCACCGGAGAACAGTGAAGCACAAGAGCCTGAGAATGACCAAGCAGAGCCGTTGCCTGGCCTTGAA
GAGAAACCACCAGGTGTTGGTACTTCAGAGGGGGTCTACCTCACACAACTACCTCACCCCACACCTCCCCTGCAGACTGACTGCACC
AGGCAGAGCTCACCACAAGAAAGGGAAACAGTGGGCCCGGAGCTCAAAAGCAGCTCCTCCGAATCTGCGGACAACTGTAAAGCAATG
AAGGGCAAGAATCCCTGGCCCTCGGATAGCAGCTACCCCGGCCCAGCCGCCCAAGGGTGCGTGAGAGACCTCTCCACGGTGGCAGAC
AGGGGCGCTCTATCCGAGAACGGAGTCATTGGGGAAGCATCTCCTTGTGGATCGGAGGGGAAGGGCCTTGGTAGCAGTGGTTCCGAA
AAGCTGCTCTGCCCCAGAGGCAGAACGTTGCAGGAAACCATGCCATGCACGGGACAGAACGCAGCGACACCGCCCAGCACAGACCCC
GGTTTGACGGGAGGCACTGTGAGCCAGTTTCCCCCGCTGTATATGCCTGGCCTAGAGTACCCGAATTCAGCTGCCCATTACCACATC
AGTCCAGGCCTGCAGGGTGTGGGCCCTGTGATGGGAGGGAAGTCCCCAGCATCCCATCCCCAGCATTTTCCCCCAAGGGGCTTTCAG
TCTAACCACCCACATTCTGGAGGCTTTCCCCGGTATCGCCCCCCACAAGGAATGAGGTATTCCTACCACCCACCGCCACAGCCTTCC
TACCACCACTATCAGCGAACTCCTTACTATGCCTGTCCACAGAGCTTTTCTGACTGGCAGAGACCTCTCCATCCCCAGGGAAGCCCA
AGCGGACCCCCAGCCAGTCAGCCTCCCCCACCAAGGTCCCTCTTCTCAGATAAGAATGCCATGGCCAGTCTGCAAGGCTGTGAGACA
CTGAATGCTGCCTTAACTTCTCCAACCCGTATGGATGCAGTGGCTGCTAAAGTCCCAAATGACGGGCAGAATCCTGGTCCAGAGGAA
GAGAAGCTGGATGAATCTATGGAGAGGCCAGAGAGTCCCAAAGAATTTTTAGACCTGGACAACCATAACGCAGCTACCAAGCGGCAG
AGCTCGTTGTCAGCCAGCGAGTATCTCTATGGAACTCCTCCGCCTCTGAGTTCAGGAATGGGATTTGGTTCATCTGCATTTCCACCC
CACAGTGTGATGCTGCAGACGGGGCCTCCCTATACCCCTCAGCGGCCGGCCAGTCACTTTCAGCCCAGGGCTTACTCTTCTCCTGTG
GCTGCCCTCCCACCTCACCACCCAGGGGCCACCCAGCCCAACGGCCTCTCTCAGGAGGGTCCCATCTATCGCTGCCAGGAAGAAGGC
CTGGGTCACTTTCAAGCTGTGATGATGGAACAAATTGGCACTAGAAGTGGAATAAGAGGACCTTTCCAGGAAATGTACAGACCATCA
GGAATGCAGATGCACCCGGTCCAGTCGCAGGCCTCGTTCCCAAAGACCCCCACAGCAGCAACATCACAGGAGGAGGTGCIGCCTCAT
AAGCCTCCAACACTTCCCCTGGATCAGAGCTAGCTCGAGATATCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTATAAGAAAGCA
TTGCTTATCAATTTGTTGCAACGAACAGGTCACTATCAGTCAAAATAAAATCATTATTTG
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Appendix E: Biogenic amine and amino acid concentrations in half brain samples.

Table E.1: Individual sample concentrations of biogenic amines, their metabolites, and their

precursor amino acids in male FVB/129P2 in circling mice housed with wheels, non-circling

mice housed with wheels, and non-circling mice housed with cardboard housing (standard). TYR

and TRYP are ng/g of tissue and the rest are ng/g of tissue. Abbreviations: clockwise circler

(CW), counterclockwise circler (CCW), noradrenaline (NA), 3,4-dihydroxyphenylacetic acid
(DOPAC), dopamine (DA), 5-hydroxyindoleacetic acid (5-HIAA), homovanillic acid (HVA), 3-

methoxytyramine (3-MT), serotonin (5-HT), tyrosine (TYR), tryptophan (TRYP).

Wheel Phenotype Hemisphere NA TYR DOPAC DA SHIAA HVA 3MT SHT TRYP
No Non-circler  Left 348.97 16.90 287.67 1285.77 287.67  176.43 71.75 463.08 8.46
Right 371.31 17.04 269.25 1174.77 276.81 164.51 60.87 418.91 7.89
No Non-circler  Left 380.09 15.12 305.56 1386.01 271.55 179.50 78.79 428.99 5.86
Right 394.49 16.69 292.11 1331.94 272.84  172.53 75.60 444.96 6.30
No Non-circler ~ Left 399.03 16.77 300.56 1411.71 277.97 186.26 63.92 472.61 6.81
Right 395.84 16.33 272.17 1277.75 273.52 168.44 74.20 443.99 6.75
No Non-circler  Left 342.96 13.55 262.51 1298.95 22929  148.65 78.00 402.17 4.56
Right 368.04 14.74 255.05 1324.47 235.88 148.01 65.58 440.28 4.77
No Non-circler — Left 360.42 11.23 256.63 1272.29 275.15 165.20 74.18 475.53 5.74
Right 347.86 11.40 261.47 1276.26 269.06  170.71 61.83 445.95 5.04
No Non-circler ~ Left 351.30 11.45 257.71 1368.44 223.11 151.93 76.32 446.12 3.78
Right 354.73 12.26 221.15 1372.17 204.83 141.90 75.08 471.13 3.98
Yes Non-circler  Left 360.39 26.63 277.87 1264.22 361.21  210.14 59.75 436.79 10.16
Right 363.62 10.29 291.39 1347.07 356.90  215.75 73.71 456.92 10.64
Yes Non-circler  Left 366.33 13.77 238.37 1363.34 234.22 149.33 79.17 468.07 4.00
Right 382.50 13.50 253.46 1376.70 248.70  158.37 76.09 475.83 4.24
Yes Non-circler ~ Left 272.94 10.42 230.31 1080.96 195.86  135.40 67.62 355.62 2.62
Right 292.99 9.70 230.27 1058.28 196.89 125.86 56.96 390.10 2.61
Yes Non-circler  Left 319.52 14.03 256.81 1198.61 251.18 163.60 50.32 412.68 4.97
Right 316.49 14.54 236.24 1194.60 251.28 163.64 67.82 457.48 4.83
Yes Non-circler  Left 293.37 6.78 197.98 1076.42 153.79 110.96 49.94 370.41 2.60
Right 299.90 7.52 211.87 1042.78 176.36  120.13 62.48 400.47 3.00
Yes CW Left 319.90 10.31 241.79 1172.94 236.84  179.90 74.63 397.98 4.50
Right 294.61 9.92 234.71 997.83 261.44 176.45 56.34 296.04 4.83
Yes Ccw Left 331.70 10.80 243.60 1152.03 234.78 149.10 84.32 417.64 3.86
Right 351.54 11.85 263.50 1077.28 263.55 153.16 77.89 411.56 4.24
Yes Ccw Left 295.23 9.35 217.00 1128.22 184.84  140.03 66.10 359.49 2.61
Right 321.09 11.33 212.25 1116.39 201.98 142.73 76.43 455.12 332
Yes CCW Left 348.75 15.25 249.35 1118.78 231.64  149.27 81.13 397.47 3.71
Right 331.89 14.26 212.30 1136.52 199.85 135.69 72.87 439.70 3.55
Yes CCW Left 311.69 9.63 230.05 1134.26 20640  137.71 59.58 402.00 3.68
Right 311.19 9.90 251.88 1179.21 211.76  138.81 63.96 392.68 3.60
Yes CCW Left 288.00 10.69 231.24 1248.05 189.68 146.19 76.30 351.94 3.48
Right 318.70 12.78 217.23 1201.87 205.42 155.43 72.92 423.19 4.02
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Table E.2: Individual sample amino acid concentrations in male FVB/129P2 comparing circling

mice housed with wheels, non-circling mice housed with wheels, and non-circling mice housed

with cardboard housing (standard). Concentration is pg/g of tissue.
Abbreviations: clockwise circler (CW), counterclockwise circler (CCW), aspartate (ASP),
glutamate (GLU), L-serine (L-SER), D-serine (D-SER), glutamine (GLN), glycine (GLY),

arginine (ARG), taurine (TAUR), alanine (ALA), gamma-aminobutyric acid (GABA).

Wheel Phenotype Hemisphere ASP GLU L-SER D-SER GLN GLY ARG TAUR ALA GABA
No Non-circler  Left 5447 19444 707 235 7351 1161 322 17605 77.1 3516
Right 5283 19100 722 230 8415 1086 30.7 15869 744 3350

No Non-circler  Left 5248 18886  66.0 225 7100 1040 286 16859 727 3483
Right 5524 17802  64.6 217 6768 977 296 14872 712 3450

No Non-circler ~ Left 549.0 19564  69.1 232 660.1 1104 281 16689 710 337.1
Right 653.6  2379.0 85.5 265 8195 1397 349 21327 855 4397

No Non-circler ~ Left 4704 17441 67.5 213 7534 1084 333 16300 793 3827
Right 4825 17993 743 211 7637 1227 389 1857.6 862 4628

No Non-circler  Left 6157 25188  97.0 294 9628 1405 347 19887 893 4302
Right 664.9 24933 94.7 286 9386 1361 339 19316 872 4087

No Non-circler  Left 585.6 24349 87.0 274 10166 1449 315 22642 912 4580
Right 4679 20220  71.8 23.6 8067 117.6 264 18556 764  365.6

Yes Non-circler ~ Left 663.7 21440 1139 265 1853.6 1617 420 16263 984 4956
Right 5804 18160 926 238 15473 1397 366 14511 841 421.0

Yes Non-circler  Left 5574 19782 84.7 245 8620 1385 377 19523 101.6  550.0
Right 5141 18879 712 226 7443 1143 307 16918 847 4107

Yes Non-circler ~ Left 5172 18945 84.5 248  860.0 1304 319 17506 923 4586
Right 539.5 19328 87.3 245 8780 1361 29.0 17713 942  462.0

Yes Non-circler  Left 4169 1861.8  67.9 189 12420 1079 149 14428 715 3529
Right 459.6 20650  74.8 21.1 12857 1204 17.6 16474 805 401.0

Yes Non-circler  Left 4135 19254  66.6 222 8181 1063 17.0 16588  80.1  384.2
Right 4572 20722  69.9 223  849.1 108.0 186 17202 821 396.2

Yes cw Left 8427 22857 101.7 26.5 10184 1287 250 15317 1069  402.3
Right 817.1 21074 937 250 899.6 1092 243 13133  97.0 3507

Yes Ccw Left 769.0 22032  91.1 262 9610 1190 258 18229 897 3976
Right 7463 20327 86.2 243 8924 1156 255 16565 850 3718

Yes cw Left 5873 23589 1023 327 10795 1379 270 18760 1113 4987
Right 4782  2120.7 89.8 206 9679 1236 221 17658 949  421.0

Yes ccw Left 499.8  1964.1 77.6 232 8089 1242 292 17428 943 4478
Right 5712 2213.6 89.2 251 8625 1434 333 19321 1047  514.1

Yes ccw Left 4424 1957.8 63.5 206 7197 1117 184 17735 724 3781
Right 4908 22338  78.6 252 8809 1412 236 22049 90.1 4915

Yes ccw Left 4333 1856.5 63.2 208 7197 1043 180 16726 693 3692
Right 4755  2081.1 725 226 9174 121.8 207 18605 79.0 4173
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Appendix F: Drosophila progeny counts for RNAi crosses.
Table F.1: Drosophila progeny counts for RNAi CG32394 2478/GD (dikar) crosses. Number

of males (M), females (F) and combined sexes (T) are given for both reciprocal crosses, and the

number of progeny from both crosses were summed to give the combined totals. y* goodness-of-

fit tests were done to compare observed to expected sex ratios and, where applicable, balancer

(TM3, CyO, TM6B) to non-balancer (Non-TM3, Non-CyO, Non-TM6B) ratios. Statistical

analyses were not performed to compare sex ratios in balancer classes. Significant P-values are

bolded and marked with an asterisk. The proportion of pupae that failed to eclose was an estimate

based on the observation of uneclosed pupae within the vial.

RNAi CG32394 24738/GD (dikar)

. ) Male to Balancer to Proportion
GAL4 driver M RNAi x M GAL_4 x | Combined female ratio no:_1-ba|ancer of pupae
F GAL4 F RNAI totals 2 ratio that failed
x* P-value 2
X* P-value to eclose
M-77 M-83 M-160
GAL4-eyeless F-66 F-69 F-155 0.7782 NA < 1/10
T-163 T-152 T-315
M-50 M-83 M-133
GAL4-T279 F-47 F-101 F-148 0.3709 NA < 1/10
T-97 T-184 T-281
TM3: TM3: TM3:
M-37 M-26 M-63
F-38 F-29 F-67
T-75 T-55 T-130
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.1749 0.1110 < 1/10
M-31 M-39 M-70
F-38 F-49 F-87
T-69 T-88 T-157
M-39 M-51 M-90
GAL4-HS-2 F-62 F-55 F-117 0.0606 NA <1/10
T-101 T-106 T-207
M-65 M-66 M-131
GAL4-HS-3 F-69 F-69 F-138 0.6695 NA ~ 1/6
T-134 T-135 T-269
M-75 M-88 M-163
GAL4-en F-77 F-82 F-159 0.8236 NA ~ 1/6
T-152 T-170 T-322
CyO: CyO: CyO:
M-52 M-38 M-90
F-57 F-41 F-98
. T-109 T-79 T-188
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO: 0.2013 0.5648 < 1/10
M-34 M-46 M-80
F-48 F-49 F-97
T-82 T-95 T-177
TM6B: TM6B: TM6B:
M-22 M-25 M-47
F-20 F-39 F-59
. T-42 T-64 T-106
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B: 0.0055* 0.0002* < 1/10
M-30 M-36 M-66
F-44 F-58 F-102
T-74 T-94 T-168
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Table F.2: Drosophila progeny counts for RNAi CG32394 100383/KK (dikar) crosses. Refer
to Table F.1 for details.

RNAi CG32394 100383 /KK (dikar)

M RNA M GALA Ccombined Male to Bala?)celr to P;'oportion
. ix X ombine . non-balancer | of pupae
GAL4 driver F GAL4 F RNAi totals female ratio | ., that failed
X* P-value 2
X* P-value to eclose
M-54 M-93 M-147
GAL4-eyeless F-80 F-70 F-150 0.8618 NA ~ 1/6
T-134 T-163 T-297
M-81 M-73 M-154
GAL4-T279 F-66 F-74 F-140 0.4142 NA ~ 1/6
T-147 T-147 T-294
TM3: TM3: T™M3:
M-38 M-41 M-79
F-36 F-52 F-88
T-74 T-93 T-167
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.4110 0.5188 ~ 1/6
M-39 M-56 M-95
F-43 F-41 F-84
T-82 T-97 T-179
M-26 M-40 M-66
GAL4-HS-2 F-38 F-85 F-123 <0.0001* NA ~ 1/2
T-64 T-125 T-189
M-38 M-40 M-78
GAL4-HS-3 F-42 F-36 F-78 1.000 NA ~ 1/6
T-80 T-76 T-156
M-52 M-79 M-131
GAL4-en F-53 F-65 F-118 0.4100 NA < 1/10
T-105 T-144 T-249
CyO: CyO: CyO:
M-52 M-84 M-136
F-60 F-74 F-134
. T-112 T-158 T-270
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO: <0.0001* 0.0009* ~ 1/3
M-14 M-23 M-37
F-85 F-76 F-161
T-99 T-99 T-198
TM6B: TM6B: TM6B:
M-64 M-66 M-130
F-52 F-64 F-116
. T-116 T-130 T-246
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B: <0.0001* <0.0001* ~ 1/3
M-23 M-10 M-33
F-64 F-66 F-130
T-87 T-76 T-163
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Table F.3: Drosophila progeny counts for RNAi CG32393 107312/KK (dikar) crosses. Refer
to Table F.1 for details.

RNAi CG32393 107312 /KK (dikar)

M RNA M GALA Ccombined Male to Bala?)celr to P;'oportion
. ix X ombine . non-balancer | of pupae
GAL4 driver F GAL4 F RNAi totals female ratio | ., that failed
X* P-value 2
X* P-value to eclose
M-66 M-34 M-100
GAL4-eyeless F-85 F-37 F-122 0.1398 NA <1/10
T-151 T-71 T-222
M-85 M-92 M-177
GAL4-T279 F-75 F-79 F-154 0.2062 NA ~ 1/6
T-160 T-171 T-331
TM3: TM3: T™M3:
M-24 M-32 M-56
F-32 F-37 F-69
T-56 T-69 T-125
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.0266* 0.0075* ~ 1/6
M-41 M-30 M-71
F-58 F-42 F-100
T-99 T-72 T-171
M-54 M-37 M-91
GAL4-HS-2 F-55 F-33 F-88 0.8226 NA ~ 1/6
T-109 T-70 T-179
M-52 M-50 M-102
GAL4-HS-3 F-73 F-75 F-148 0.0036* NA ~ 1/6
T-125 T-125 T-250
M-62 M-18 M-80
GAL4-en F-92 F-20 F-112 0.0209%* NA < 1/10
T-154 T-38 T-192
CyO: CyO: CyO:
M-67 M-42 M-109
F-71 F-60 F-131
. T-138 T-82 T-240
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO 1.000 <0.0001* ~1/2
M-0 M-0 M-0
F-0 F-0 F-0
T-0 T-0 T-0
TM6B: T™M6B TM6B:
M-33 M-38 M-71
F-26 F-36 F-62
. T-59 T-74 T-133
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B 1.000 <0.0001* ~ 1/2
M-0 M-0 M-0
F-0 F-0 F-0
T-0 T-0 T-0
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Table F.4: Drosophila progeny counts for RNAi CG17697 43077/GD (fz) crosses. Refer to

Table F.1 for details.

RNAi CG17697 43077/GD (fz)

M RNA M GALA Ccombined Male to Bala?)celr to P;'oportion
. ix X ombine . non-balancer | of pupae
GAL4 driver F GAL4 F RNAi totals female ratio | ., that failed
X* P-value 2
X* P-value to eclose
M-77 M-46 M-123
GAL4-eyeless F-79 F-47 F-126 0.8492 NA < 1/10
T-156 T-93 T-249
M-73 M-65 M-138
GAL4-T279 F-65 F-73 F-138 1.000 NA <1/10
T-138 T-138 T-276
TM3: TM3: T™M3:
M-33 M-33 M-66
F-27 F-42 F-69
T-60 T-75 T-135
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.4111 0.4397 ~ 1/6
M-37 M-32 M-69
F-32 F-47 F-79
T-69 T-79 T-148
M-27 M-46 M-73
GAL4-HS-2 F-29 F-48 F-77 0.7440 NA <1/10
T-56 T-94 T-150
M-64 M-71 M-135
GAL4-HS-3 F-59 F-82 F-141 0.7180 NA < 1/10
T-123 T-153 T-276
M-65 M-64 M-129
GAL4-en F-64 F-55 F-119 0.5254 NA ~ 1/6
T-129 T-119 T-249
CyO: CyO: CyO:
M-26 M-50 M-76
F-29 F-44 F-73
. T-55 T-94 T-149
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO: 0.0016* 0.0426%* ~ 1/6
M-9 M-32 M-41
F-24 F-51 F-75
T-33 T-83 T-116
TM6B: TM6B: TM6B:
M-16 M-11 M-27
F-24 F-14 F-38
. T-40 T-25 T-65
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B: 0.1657 0.0042% <1/10
M-26 M-18 M-44
F-36 F-22 F-58
T-62 T-40 T-102
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Table F.5: Drosophila progeny counts for RNAi CG17697 105697/KK (f7) crosses. Refer to

Table F.1 for details.

RNAi CG17697 105493 /KK (fz)

M RNA M GALA Ccombined Male to Bala?)celr to P;'oportion
. ix X ombine . non-balancer | of pupae
GAL4 driver F GAL4 F RNAi totals female ratio | ., that failed
X* P-value 2
X* P-value to eclose
M-62 M-21 M-83
GAL4-eyeless F-71 F-20 F-91 0.5442 NA < 1/10
T-133 T-41 T-174
M-66 M-47 M-113
GAL4-T279 F-54 F-64 F-118 0.7422 NA ~ 1/6
T-120 T-111 T-231
TM3: TM3: T™M3:
M-22 M-11 M-33
F-34 F-17 F-51
T-56 T-28 T-84
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.6080 0.4110 <1/10
M-30 M-15 M-45
F-30 F-20 F-50
T-60 T-35 T-95
M-28 M-50 M-78
GAL4-HS-2 F-40 F-53 F-93 0.2513 NA ~ 1/6
T-68 T-103 T-171
M-51 M-43 M-94
GAL4-HS-3 F-54 F-73 F-127 0.0264%* NA ~ 1/6
T-105 T-116 T-221
M-42 M-58 M-100
GAL4-en F-34 F-40 F-74 0.0487%* NA ~ 1/6
T-76 T-98 T-174
CyO: CyO: CyO:
M-66 M-26 M-92
F-77 F-30 F-107
. T-143 T-56 T-199
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO: 1.000 <0.0001* ~1/2
M-0 M-0 M-0
F-0 F-0 F-0
T-0 T-0 T-0
TM6B: T™M6B TM6B
M-43 M-11 M-54
F-35 F-10 F-45
. T-78 T-21 T-99
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B 1.000 <0.0001* ~ 1/2
M-0 M-0 M-0
F-0 F-0 F-0
T-0 T-0 T-0
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Table F.6: Drosophila progeny counts for RNAi CG8075 100819/KK (Vang) crosses. Refer
to Table F.1 for details.

RNAi CG8075 100819 /KK (Vang)

M RNA M GALA Ccombined Male to Bala?)celr to P;'oportion
. ix X ombine . non-balancer | of pupae
GAL4 driver F GAL4 F RNAi totals female ratio | ., that failed
X* P-value 2
X* P-value to eclose
M-62 M-68 M-130
GAL4-eyeless F-77 F-64 F-141 0.5040 NA ~ 1/6
T-139 T-132 T-271
M-74 M-79 M-153
GAL4-T279 F-82 F-83 F-165 0.5010 NA <1/10
T-156 T-162 T-318
TM3: TM3: T™M3:
M-30 M-34 M-64
F-20 F-42 F-62
T-50 T-76 T-126
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.9347 0.1655 <1/10
M-24 M-50 M-74
F-32 F-43 F-75
T-56 T-93 T-149
M-39 M-44 M-83
GAL4-HS-2 F-55 F-51 F-106 0.0943 NA ~ 1/6
T-94 T-95 T-189
M-51 M-63 M-114
GAL4-HS-3 F-46 F-75 F-121 0.6479 NA ~ 1/6
T-97 T-138 T-235
M-63 M-104 M-167
GAL4-en F-56 F-88 F-144 0.1922 NA < 1/10
T-119 T-192 T-311
CyO: CyO: CyO:
M-34 M-40 M-74
F-67 F-58 F-125
. T-101 T-98 T-199
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO: 0.1510 0.8009 < 1/10
M-54 M-33 M-87
F-56 F-51 F-107
T-110 T-84 T-194
TM6B: TM6B: TM6B:
M-29 M-16 M-45
F-24 F-22 F-46
. T-53 T-38 T-91
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B: 0.0003* <0.0001* <1/10
M-33 M-26 M-59
F-55 F-51 F-106
T-88 T-77 T-165
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Table F.7: Drosophila progeny counts for RNAi CG8075 7376/GD (Vang) crosses. Refer to

Table F.1 for details.

RNAi CG8075 7376/GD (Vang)

M RNA M GALA Ccombined Male to Bala?)celr to P;'oportion
. ix X ombine . non-balancer | of pupae
GAL4 driver F GAL4 F RNAi totals female ratio | ., that failed
X* P-value 2
X* P-value to eclose
M-119 M-78 M-197
GAL4-eyeless F-123 F-115 F-238 0.0493* NA ~1/3
T-242 T-193 T-435
M-54 M-61 M-115
GAL4-T279 F-33 F-64 F-97 0.2164 NA ~ 1/6
T-87 T-125 T-212
TM3: TM3: T™M3:
M-36 M-35 M-71
F-38 F-47 F-85
T-74 T-82 T-156
GAL4-prd/TM3 Non-TM3: Non-TM3: Non-TM3: 0.4203 0.9096 <1/10
M-35 M-37 M-72
F-44 F-38 F-82
T-79 T-75 T-154
M-25 M-69 M-94
GAL4-HS-2 F-21 F-69 F-90 0.7681 NA ~ 1/6
T-46 T-138 T-184
M-29 M-57 M-86
GAL4-HS-3 F-20 F-83 F-103 0.2162 NA ~ 1/6
T-49 T-140 T-189
M-55 M-13 M-68
GAL4-en F-55 F-20 F-75 0.5583 NA ~1/3
T-110 T-33 T-143
CyO: CyO: CyO:
M-82 M-65 M-147
F-76 F-102 F-178
. T-158 T-167 T-325
GAL4-actin-2/CyO Non-CyO: Non-CyO: Non-CyO: 0.1415 <0.0001* < 1/10
M-47 M-27 M-74
F-56 F-37 F-93
T-103 T-64 T-167
TM6B: TM6B: TM6B:
M-70 M-49 M-119
F-63 F-62 F-125
. T-133 T-111 T-244
GAL4-actin-3/TM6B Non-TM6B: | Non-TM6B: | Non-TM6B: 0.4861 <0.0001* <1/10
M-32 M-15 M-47
F-19 F-35 F-54
T-51 T-50 T-101
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