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Gene Discovery in Nonsyndromic Cleft Lip with or without Cleft Palate
Brett Chiquet
Advisor: Jacqueline T. Hecht, PhD

Nonsyndromic cleft lip with or without cleft palate (NSCLP), a common, complex
orofacial birth defect that affects approximately 4,000 newborns each year in the United
States, is caused by both genetic and environmental factors. Orofacial clefts affect the
mouth and nose, causing severe deformity of the face, which require medical, dental and
speech therapies. Despite having substantial genetic liability, less than 25% of the genetic
contribute to NSCLP has been identified. The studies described in this thesis were
performed to identify genes that contribute to NSCLP and to demonstrate the role of these
genes in normal craniofacial development. Using genome scan and candidate gene
approaches, novel associations with NSCLP were identified. These include MYH9 (7 SNPs,
0.009<p<0.05), Wnt3A (4 SNPs, 0.001<p<0.005), Wntll (2 SNPs, 0.001<p<0.01) and
CRISPLD2 (4 SNPs, 0.001<p<0.05). The most interesting findings were for CRISPLD?2.
This gene is expressed in the fused mouse palate at E17.5. In zebrafish, crispld2 localized to
the craniofacial region by one day post fertilization. Morpholino knockdown of crispld2
resulted in a lower survival rates and altered neural crest cell (NCC) clustering. Because
NCCs form the tissues that populate the craniofacies, this NCC abnormality resulted in
cartilage abnormalities of the jaw including fewer ceratobranchial cartilages forming the
lower jaw (< three pairs compared to five) and broader craniofacies compared to wild-type
zebrafish. These findings suggest that the CRISPLD2 gene plays an important role in
normal craniofacial development and perturbation of this gene in humans contributes to

orofacial clefting. Overall, these results are important because they contribute to our



understanding of normal craniofacial development and orofacial clefting etiology,
information that can be used to develop better methods to diagnose, counsel and

potentially treat NSCLP patients.

Vi
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Chapter 1: Craniofacial development and nonsyndromic cleft lip with or

without cleft palate



1.0.  Introduction

Craniofacial development is a tightly regulated process that involves the complex
orchestration of genetic and environmental factors, including interaction of cell growth,
growth factors and receptors, the convergence and fusion of the facial and palatal processes,
apoptosis, and adequate nutrient supply. An intricate system of checks and balances exists

to ensure that normal development occurs 2.

In the following chapters, an in depth
examination of orofacial clefting will be presented, including the etiology mechanism, with
emphasis on understanding how genetic variations can alter normal craniofacial

development and contribute to abnormal lip and palate development.

1.1.  Normal craniofacial development

Craniofacial morphogenesis is a complex process involving the interaction of cell
growth, growth factors and receptors, and apoptosis to guide the convergence and fusion of
the facial and palatal processes *°. Many genes are involved and regulate the development
of the craniofacial region, including growth factors (e.g., FGFs, TGFs, PDGFs, EGFs, BMPs
and respective receptors), signaling molecules (e.g., WNT family, SHH and respective
receptors) and transcription factors (e.g., MSX, DLX, LHX, PRRX and BARX family genes
and respective receptors) %

The upper lip, primary palate and secondary palate form sequentially from connective
tissue derived from neuroectoderm between gestational days 20 and 56, as illustrated in
Figure 1.1 *. Neural crest cells (NCCs) migrate and differentiate at embryonic day 17,

expressing homeobox, MSX and DLX family genes, which direct craniofacial patterning **.

Mesenchyme from the first branchial arch forms the maxillary, lateral nasal, and
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Figure 1.1: Human craniofacial
development. (A) 27 day, (B)
34 day, and (C) 38 day
embryos demonstrate the
convergence of the processes
that form the external
craniofacies. FP = frontonasal
process, MNP = medial nasal
process, LNP = lateral nasal
process, Max = maxillary
process, Mand = mandibular
process. Palatal shelves shown
at (D) seven and (E) eight
weeks. PM = premaxilla/
primary palate, PS = palatal
shelf. Modified from [14].




medial nasal processes by day 32 **. The maxillary processes grow medially, pushing the
lateral nasal process superiorly and allowing the maxillary process to fuse with both the
lateral and medial nasal process. The two medial nasal processes fuse to form a continuous
upper lip by gestational day 36 and external lip development is complete by gestational day
38 14,18,24.

The primary and secondary palates are formed between gestational days 38-56, after
upper lip morphogenesis is complete. The primary palate is also derived from both the
maxillary and medial nasal processes. After fusion of the upper lip, proliferation of
mesenchyme causes the intermaxillary segment to project into the oral cavity by day 44,

forming the primary palate and dividing the oral and nasal cavities *****

. The secondary
palate is formed from the downward projections of the maxillary processes that descend into
the oral cavity and lie lateral to the tongue (lateral palatine processes). By day 56, the tongue
descends, allowing the two lateral palatine shelves to elevate, grow medially, and meet
together **8. The epithelial edges can then undergo necrosis to allow fusion between the

lateral palatine shelves, nasal septum and primary palate **'®%. Palatal development is

complete by gestational day 60 *°.

1.2.  Development of cleft lip and palate

Cleft lip and palate is the result of improper fusion of the processes that form the face,
caused by abnormal morphogenesis of the upper lip and primary palate either by misguided
epithelial movement, disrupted epithelial-mesenchymal (EMT) transformation, or disrupted
apoptosis 2*. Failure of these mechanisms result in insufficient growth, decreased nutrients

and/or a diminished degradation of the epithelial seam covering the growth processes, each



predisposing cleft lip and palate **. A cleft of the lip and/or palate results from a failure of
fusion of the (1) frontonasal prominence with the medial nasal process, (2) the primary
palate with the secondary palate or (3) the lateral palatine shelves with each other **.

1.3.  Nonsyndromic cleft lip with or without cleft palate

Orofacial clefting is a common,

complex birth defect that can occur as

part of more than 400 syndromes or as s
! L ¢
an isolated malformation E ' i: i ﬂ

Figure 1.2: NSCLP patients (a,c) pre- and
lip with or without cleft palate (NSCLP; | (b,d) post-surgery.

(nonsyndromic) *. Nonsyndromic cleft

Figure 1.2) has a birth prevalence of 1.4/1000 live births in Caucasian and Hispanic
populations with males affected twice as frequently as females . Orofacial clefting is
more common in Native American and Japanese populations (3.6/1000 and 2.1/1000 live
births, respectively) and less frequent in African populations (0.3/1000 live births) %03t
There is a higher prevalence of clefts in individuals who live in rural areas and have a lower

1933 Between 20-30% of cases occur in families where

than average socioeconomic status
clefting has previously occurred; the remaining 70-80% of cases occur in families without a
history of orofacial clefts °.

A cleft can occur on either one (unilateral, 90%) or both (bilateral, 10%) side(s) of the
face, and the majority of unilateral clefts occur on the left side (66%) *°. Clefts are classified

as either complete or incomplete, depending on the extent of the cleft to the naris (a

complete cleft involves the naris) and can involve either the primary or primary and

secondary palate *°. Eighty percent of bilateral clefting cases involve the palate °.



Nonsyndromic cleft palate only (NSCPO) is considered to be a separate birth defect from
NSCLP. NSCPO has a lower birth prevalence that is independent of racial background and
occurs more often in females than in males ***. Moreover, cleft palate occurs more often as

part of a syndrome than CLP *®. Table 1.1 summarizes these differences.

Table 1.1: Comparison of NSCLP and NSCPO

NSCLP NSCPO

Birth Prevalence* 14 0.5
Differences in birth prevalence

between ethnicities Yes No
Male:Female Ratio 2:1 2:3
Syndromes Associated** 292 554
Nonsyndromic cases 75% 50%

*Per 1000 live births **OQMIM search on July 21, 2010

Other types of clefts and malformations [cleft lip only, microform cleft, notched gums
where a cleft normally occurs, discontinuous obicularis oris muscle, and dental anomalies

(tooth agenesis, microdontia, supernumerary teeth, or malposition)] comprise the cleft lip

37-39

and palate spectrum . Recent studies have advocated for the complete phenotyping of

affected individuals so that the dataset can be stratified by subphenotype (i.e., overt or

38,40

occult) in order to reduce heterogeneity (see Section 1.4) This may increase the

likelihood of identifying the gene(s) that contribute to the NSCLP spectrum .



1.4.  Etiology of NSCLP

NSCLP is a complex disorder that does not follow normal Mendelian patterns of
inheritance; rather NSCLP exhibits etiological heterogeneity wherein both genetic and
environmental factors can predispose an orofacial cleft “**3. Additionally, gene-gene and/or

gene-environment interactions may contribute to clefting %%,

The following sections
discuss the evidence for etiologic heterogeneity of NSCLP.
1.4.1. Genetic causes of NSCLP

Evidence for a genetic etiology for NSCLP comes from studies that show (1) a
heritability for NSCLP of 76%, (2) monozygotic twins are ten-fold more likely to be
concordant for a cleft compared to dizygotic twins (40% vs. 4.2%), (3) siblings of affected
individuals have an increased risk of having a cleft (As = 30-40) compared to the general

5

population, and (4) clefting aggregates in families **°. However, NSCLP does not follow a

Mendelian pattern of inheritance *°.

The multifactorial model, in which genes and
environmental factors contribute to the orofacial clefting phenotype, is generally accepted as
the inheritance paradigm for NSCLP °%. It has been estimated that between three and
fourteen genes play an etiologic role in a single population “; therefore, the number of total
genes may be greater. Despite the high heritability associated with NSCLP, only one gene,
interferon regulatory factor 6 (IRF6), has consistently been found to be associated with
NSCLP in different populations “*°. Other gene associations have been identified, including
RARA, TGFa, TGFB, p63, MYH9, BCL3, and MSX1, but have been inconsistent and
10,50-55

account for only a small percentage of the underlying genetic heritability

1.4.2. Environmental causes of NSCLP



Evidence for an environmental cause(s) of NSCLP come from epidemiological studies
that show an increased birth prevalence of clefting after in utero exposure to putative
teratogens, such as antiepileptic medications, smoking and folic acid deficiency >***’. The
only one of these environmental triggers that has consistently proven to increase the risk of
NSCLP is in utero exposure to antiepileptic medications phenytoin and phenobarbital, both
of which are folic acid antagonists that decrease folate metabolism and absorption, lowering

56-58

the availability of nutrients for the developing embryo Maternal folic acid

supplementation, which has been shown to decrease the birth prevalence of neural tube

defects by up to 70%, has not had a similar effect in orofacial clefting birth prevalence %%

%1 However, studies have shown that higher than physiologic doses of folic acid
supplementation (>6mg/day) can decrease the recurrence in women at high risk of having a
child with NSCLP and NSCPO %% Studies evaluating whether exposure to either tobacco
smoke or folic acid deficiency play an etiologic role in NSCLP have yielded inconsistent
results %
1.4.3. Gene-environment interaction etiology of NSCLP

An increasing number of studies have focused on identifying gene-environment
interactions as a cause of NSCLP. One area has been smoking metabolism genes.
Cytochrome P450 proteins, epoxide hydrolase, glutathione transferases and arylamine N-
acetyltransferase (NAT) genes all function in the metabolism/detoxification of smoking

13,44

byproducts Fetal genotypes that cause a deficiency in the enzyme product are

potentially at a greater risk of having an orofacial cleft if they were exposed to smoking

13,44,70,71

byproducts Similarly, byproducts from smoking can interfere with normal

development by causing growth retardation, and studies have found gene-environment



interactions between smoking and variants in transforming growth factors, muscle segment
homeobox and retinoic acid receptor genes ***%9727 - However, these results have not been
consistently observed in all studies 7773747680,

Maternal folate supplementation and variation in genes that regulate folate metabolism
has also been studied extensively for gene-environment interactions, especially two
polymorphisms in the methylenetetrahydrofolate reductase (MTHFR) gene: C677T and
A1298C. Both MTHFR polymorphisms have been shown to decrease MTHFR activity and
the C677T polymorphism also decreases circulating folate and increases homocysteine
levels 3% However, like the smoking studies, MTHFR studies have produced inconsistent

results 64,65,67,68,84-96.

1.5.  Approaches to gene identification in NSCLP

Section 1.4.1 presented evidence that there is a substantial genetic component to NSCLP
etiology. Thus, research has been targeted to identify the genes that cause NSCLP. Two
methods, genome scans and candidate gene approaches, have been utilized to identify the
genetic component to NSCLP. Briefly, genome-wide scans utilize polymorphic markers
that cover the genome to identify regions that are linked to and/or associated with a
phenotype of interest. In contrast, candidate gene approaches are a more targeted approach
that identifies specific genes that either (1) play a biologically plausible role in craniofacial
development, (2) are knocked out of murine models with a clefting phenotype, (3) are
deleted, translocated, or implicated in syndromes associated with an orofacial cleft

phenotype, or (4) are shown to be linked and/or associated in previous NSCLP studies. The



following sections will discuss how these approaches have been used to identify genetic
variants that contribute to the clefting phenotype.
1.5.1. Genome scans

NSCLP is a genetically heterogeneous disease, with different genes responsible for

disease etiology in different populations ***,

A number of genome scans have been
performed NSCLP families of different ethnicities, including Chinese, Syrian, European and
European American (Caucasian), Indian, Filipino and African American . Table 1.2
lists the regions identified by NSCLP genome scans, including those presented in Chapter
four. Notably, there are six regions that were positive in five or more NSCLP genome
scans; five of these contain known NSCLP genes, as shown in parentheses: 1p36.13-31
(MTHFR), 2p16.3-11.2 (TGFa), 2q32-37.2 (SATB2), 3p26-21.2, 6q21-27 (T) and 16G21-24
(CRISPLD2). Interestingly, the IRF6 gene (see Section 1.4.1) is found in the 1932 region
which has been identified in three of the genome scans, including the two meta-analysis
studies (Table 1.2).
1.5.2. Candidate gene approach
1.5.2.a. Development genes

Normal craniofacial development, as mentioned in Section 1.1, involves the complex
interaction of numerous genes, including growth factors, transcription factors, signaling
molecules, and their respective receptors. Genes that direct the craniofacial processes to
form, migrate and fuse together to form the face are prime candidates because perturbation

of any of these genes has the potential to alter normal craniofacial morphogenesis. Such

candidate genes include FGFs, TGFs, BMPs, MSXs, DLXs, WNTs and SHH >108132

10



Table 1.2: Chromosomal regions identified in NSCLP genome scans¥

2 a N a
g = = 2 = = P
& S alz & Z QY2
L HBEEEEEREEEE EHEEEEEEEEEE
NN EEE S EEEEEE BN EEEEEEEE
il 1 R B e B I L S L M ol 1 R0 5T et 1 1 ST I B I B
=|z| == = =<| 2| g|=| 2| 2| 5| = |zl 2= =< 2| Z2|1=| 2| Z| 5| <
=l =Elzl=l =El2l=] 2l=1=] 2= Zl =2l 1=l slel=] 2l=l=] 2l=] 2
chr.] Region |S|T|Z(E|E|E|E|D|E|E|O]|=]= chr.l Redon |S|T|ZE|E|IEIZ|E|D]|EEO]<]=E
1 [1p31-36.13 | X|X| [X]|X X 8 |8p21 X X
1p12-13 X 8q11.23-12.1 X
1g32 X[ |x X 8q21.3-24 X X X
2 |2p22-21 % |® 9 |[9p23 X
p112-163 | X| |X| |X| [X]x X 9q21-22 X[ x X| |x
2q32-372 | X|X X[x| |x 9q33.2 X X
3 |3p13-14.1 X 10 |10q24.32-25.3| | X
3p21.2-26 X| X X X| X 11 |11pti-qi4 [ X|X X| X
3926.31-33 X X X 12 |12p11-13 X X[ |x X
4 [4p13-16.2 X| [x 12q13.13-15 | X|X
4q21.23 X 12q21.33-24 | X X[ [x
4928 X 13 |13¢33.3 X
4q31-35.1 X|xX X 14 |14q21-24 X X
5 |5p15.31 X 14q32.32 X
5p13.3 X 15 |15q15 X
5q11.2 X 15q21.2-26.1 X| X
5q22.1 X 16 |16p12.1-13.11| X| X X
5q31.1-35.1 X X 16q21-24 X| [ x]x|x] [xX]|x X
6 [6p23-241 |X X| [x]|x 17 |17p13.1 X
6p12.3 X 17q21 X
6q12-16.3 X X 18 |18q12.1 %
6q21-27 X X[ x|x X[ x 18q21 X X
7 |7p21.1-22.2 X[ |x 19 |19q13.3 x| |x
Tp12 X X 20 |20p12.1-13 X X
7q21.11-222| |X 22 |22cent-q12.3 X|x X
7q34 X X |Xcen X X
7936 X Xq22.3 X

+Table modified from [99]
X denotes publication reported significant association to at least part of the region indicated
*Denotes dataset also used in 2004 meta-analysis
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1.5.2.b. Syndromic genes

An orofacial cleft can occur as part of the phenotype of syndromes that follow a normal
Mendelian single-gene pattern of inheritance. There are 292 syndromes that are associated
with the CLP phenotype (see Table 1.1, page 6) **. Van der Woude syndrome (VWS;
OMIM: #119300) and popliteal pterygium syndrome (PPS; OMIM 119500) are two
autosomal dominant syndromes that both have a clefting phenotype and are both caused by

134-142

mutations in the IRF6 gene Lower lip pits occur in conjunction with orofacial

clefting in 85% of VWS cases, with the remaining 15% of VWS cases having only an

143

orofacial cleft phenotype (CLP and/or CP) ~*°. This latter observation suggested that IRF6

may play a role in the etiology of NSCLP 44

. IRF6 coding mutations have not been found
in NSCLP patients, but polymorphic markers have been shown to be in linkage
disequilibrium and associated with NSCLP in multiple studies *®#"#91%14 " |RF6 animal
and promoter studies have supported these results and are discussed in Sections 1.5.2.d and
1.6, respectively 74,
1.5.2.c. Chromosomal abnormalities

Chromosomal deletions, duplications, translocations or copy number variants are useful
in identifying regions of the genome that may contain disease-associated genes 2423262832
While patients with identifiable abnormalities typically have multiple birth defects, the
gene(s) in these chromosomal regions become candidate genes. A number of chromosomal
abnormalities have been identified in patients with cleft lip and palate, including eight

regions that have also been identified in NSCLP genome scans (Tables 1.2 and 1.3). These

regions provide new areas to identify candidate genes and test for association to NSCLP.
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Table 1.3: Chromosomal abnormalities in CLP syndromes.

Chromosomal Region

Type of Abnormality

Reference

1q21-25

Deletion

22

23

2p22.2* Deletion

2037.1* Deletion 23
3p26-21* Duplication 2
4Apltetrasomy 9p Deletion/Tetrasomy 27
4p16.3 Deletion 28
4p16-15* Deletion 2
4q31-35* Deletion 2
der(4) t(4;20)(935;q13.1) | Trisomy 3
6p24* Deletion 23
7p15.3 Microdeletion 23
7034-35* Deletion 2
10p15-11 Duplication 2
11p14-11 Duplication 2
13g22-34* Duplication 2

*Indicates region has also been identified in a NSCLP genome
scan (see Table 1.2, page 11).
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1.5.2.d. Animal studies that suggest NSCLP genes

Animal models have proven to be a useful tool in elucidating the genetic etiology of
NSCLP %! There are three types of approaches to study NSCLP using animal models:
(1) mutagenic and teratogenic screens, (2) spontaneous clefting strains and (3) targeted
genetic studies of candidate genes. The mutagenic and teratogenic screens utilize chemical
reagents such as N-ethyl-N-nitrosourea (ENU) to create a phenotype-driven screening model
152 " The resultant abnormal phenotypes can then be used to determine the causative genetic
factor. Studies have demonstrated that ENU-injected animals have a higher frequency of
orofacial clefting than control animals, providing models that can be used to identify
NSCLP genes ***>* However, this approach has not been actively pursued.

Spontaneous clefting is a common occurrence (5-30%) in the A/WySn, A/HeJ and A/J

155-157

inbred mouse strains Two gene loci, clfl and clIf2, have been identified as

contributing to the clefting phenotype and have provided researchers with new regions of the

mouse genome to interrogate for clefting genes %1%,

The clf2 region is on mouse
chromosome 11gE1, and contains two adjacent WNT genes: Wnt3 and Wnt9B *®. Both
function in the canonical WNT signaling pathway and regulate midfacial development and
upper lip fusion (see Chapter 4, Section 4.2.1) ***°. Additionally, chapter four presents data
from our study interrogating variants in seven WNT genes for association with NSCLP,
which was undertaken because of the results from mouse studies and because the WNT gene
family plays an important role in craniofacial development (see Section 1.5.2.a).

To determine if putative NSCLP genes contribute to the clefting phenotype, targeted
161,162. For

gene studies in mouse models have proven useful in identifying gene function(s)

example, mutations in IRF6 cause VWS and PPS, both of which are associated with

14



46,47,49,134-142,145,146

orofacial clefts (see Section 1.5.2.b) . Two IRF6 mouse models, one with

IRF6 knocked out and the other with a missense mutation that eliminates IRF6 DNA
binding activity, have furthered the understanding of IRF6 protein function 4% These
studies have shown that without a functional IRF6 protein, abnormal keratinocyte

differentiation and proliferation cause the keratinocytes to poorly adhere and improperly

147,149

fuse together This results in craniofacial (cleft palate, missing external ears and a

short snout), limb and skin anomalies **"***. The presence of non-craniofacial anomalies

demonstrates that IRF6 plays a critical role in mouse development beyond the face

137138,140.142.164 * This type of targeted gene approach has been used for other NSCLP

candidate genes, including BMP4 and its receptor BMPR1a, Pax9, Sox11, and Thx10,

where knockdown of each of these genes in the mouse model has produced a clefting

phenotype 151,165,166

Other animal models have been utilized to study clefting genes, including zebrafish and

167

chicken Zebrafish have been used to study several genes involved in craniofacial

development, including the Runx, DIx and Sox families of transcription factors ***7°. The

DIx gene family has been shown to play a role in cartilage differentiation ** while the Runx

168

gene family functions in cell fate determination and chondrogenesis Two Sox9

orthologs are part of a complex signaling network that controls craniofacial skeleton

development "°. Chicken embryos have been used to study fusion of the primary palate and

167

lip Research in chick models has shown that TGF-B3 and the bone morphogenetic

proteins regulate palate migration and fusion "2,

1.6.  Genetic variation as the cause of disease phenotype

15



While linkage analyses have proven to be a useful analytical tool in determining the
causative gene in single-gene disorders, association studies are useful to study common,
complex disorders, such as NSCLP, that do not follow Mendelian patterns of inheritance .
Association studies test whether sequence variants have an altered frequency in a population

of interest compared to the control population *™.

Three types of sequence variants, or
polymorphisms, are assessed in association studies: (1) coding, (2) promoter/regulatory, and
(3) intronic.

Coding variants, or those exonic changes that are translated into protein, can be either
nonsynonymous (protein-changing) or synonymous (non-protein-changing).
Nonsynonymous variants alter amino acid sequence in the protein structure and therefore

5

affect normal protein function . Synonymous variants do not alter the protein structure;

however, it has recently been shown that they can alter amino acid translation time, which
may be detrimental to gene function by altering protein folding *’°. Therefore, both
synonymous and nonsynonymous coding changes have the potential to alter gene function
and disrupt normal development.

Sequence variants in the promoter or regulatory region may alter protein levels and thus

177,178

protein function Recent research has shown that a common IRF6 risk variant,

rs642961, disrupts an AP-2a binding site upstream of the IRF6 gene **.

Transcription
factor AP-2a is expressed in the craniofacial processes and limbs and mutations in AP-2a
cause Branchiooculofacial syndrome (OMIM:#113620), a syndromic form of CLP that also

148,179

includes a lip pits Together, this data gives suggests that AP-2a and IRF6 are

involved in a NSCLP etiological pathway.
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Intronic variants do not alter amino acid sequence, but may alter gene function if they
(1) are in normally conserved splice sites or intron/exon junctions or (2) are in linkage

180-182  \while intronic variants have been associated with

disequilibrium with disease loci
several complex disorders, such as IRF6 variants in NSCLP, RET variants in Hirschsprung
Syndrome and complement factor H in age-related macular degeneration, actually defining

how these polymorphisms affect on gene function remains to be defined 404749183185,

1.7.  The role of the dentist in NSCLP treatment

The health care costs of caring for a child with an orofacial cleft is more than $100,000
and creates a significant financial and healthcare burden for these families **. Years of
therapy by a team of specialists are required to attain satisfactory functional correction **’.
Besides the surgical interventions that are required to repair the defect, a number of other
therapies play an integral role in treating NSCLP patients. Speech therapists are needed to
assess and treat articulation and resonance problems that exist secondary to the altered oral
anatomy ¥, Genetic healthcare professionals have the diagnostic capabilities to distinguish
between syndromic and nonsyndromic forms of clefting, as well as counseling the family on
recurrence risks for future pregnancies and natural histories. Dentists are needed to address
a number of dental-related problems, including tooth agenesis at the cleft site,
supernumerary teeth, tooth crowding, hypoplastic enamel, that often affect NSCLP patients
188 Children with CL/P are also predisposed to dental caries; damage to the primary
dentition compromises the permanent dentition and success of future surgical and

9

orthodontic therapies '®°. Together, these groups of specialists ensure that NSCLP patients

can have complete rehabilitation.
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1.8.  Significance of this study

NSCLP is a common birth defect caused by both genetic and environmental factors,
neither of which have been fully elucidated because of the complex etiologic heterogeneity
of this disorder. Therefore, the need to identify these NSCLP genes is high. lIdentification
of genetic loci has multiple benefits, including assisting in better counseling and diagnosis,
and also leading to therapeutic interventions for those at high risk for having a child with an
orofacial cleft.  Additionally, this research has aided in understanding craniofacial
development which will in turn lead to a better understanding of the causes of orofacial
clefts. The goal of this project was to further delineate the genetic etiology of NSCLP using
both genomic screening and candidate gene testing approaches in our well-characterized
nonHispanic white and Hispanic NSCLP families.

This thesis will detail the efforts toward the goal of gene identification in NSCLP.
Chapters 3 and 4 demonstrate the usefulness of using genome scan and candidate gene
approaches to identify NSCLP genes, respectively. Chapter three describes the 11 regions
identified in a genome scan of ten NSCLP families. Examination of the most significant
region, 22912.2-12.3, showed that the MYH9 gene, which had previously been implicated to
clefting etiology in an Italian population, was associated with NSCLP. Chapter 4 describes
the interrogation of seven WNT genes and showed that variations in genes that direct normal
facial development, specifically those WNT genes that regulate neural crest cell
proliferation and migration, were associated with NSCLP. Chapter 5 describes studies
identifying the CRISPLD2 gene which resides in the chromosome 16g24.1 region, identified

in genome scan studies. CRISPLD?2 is a novel gene which we showed was both associated

18



with NSCLP and expressed in the developing murine craniofacies. Chapter 6 discusses the
results of candidate gene testing of the CRISPLD1 gene and testing of interactions between
variants in folate pathway genes and both CRISPLD1 and CRISPLD2. Chapter 7 describes
studies delineating the role of CRISPLD2 in craniofacial development in zebrafish.
Altogether, these studies demonstrate the usefulness of different approaches to identify the
genetic etiology of complex disorders and have contributed to enhancing our knowledge of

NSCLP.
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Chapter 2: Materials and methods

Note: Portions of this chapter are taken from previous publications where | was the first
author. Guidelines from each of these journals do not require permission to reproduce

manuscript content as part of a thesis (http://www.nature.com/reprints/ permission-

requests.html, http://www.oxfordjournals.org/access purchase/publication rights.html).
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2.1. Dataset

Institutional review board (IRB) approval for the use of these samples had previously
been obtained (HSC-MS-03-090 from the University of Texas Health Science Center at
Houston’s Committee for the Protection of Human Subjects and 20010904 from the Ohio
State University’s Internal Review Board and the University of Antioquia-Colombia Dental
School’s Scientific Committee). Our primary (discovery) dataset was comprised of 568
NSCLP families (1725 individuals). These families were collected from three centers:
Texas Children’s Hospital in Houston, Texas, the University of Texas Craniofacial Clinic in
Houston, and Children’s Hospital in Boston, Massachusetts. Two hundred and forty-six
families, which included 971 individuals, were collected from the Clinica Noel in Medellin,
Columbia, and used as a validation population for some of our studies. The clinical
information about the populations is listed in Table 2.1. All cases were examined for the
presence of other malformations and for a syndrome by a clinical geneticist. Only

individuals with NSCLP were included in this study. Those patients diagnosed with a

syndromic form of clefting were excluded from (A) O—
this study. Gender, ethnicity, severity of clefting,

completeness of clefting and family history (FH) D[ET‘ =
of clefting (multiplex vs. simplex) (Figure 2.1) ‘ 6 6 ‘ ‘ &]

were recorded in patients charts.
- . B
After obtaining informed consent, blood ®)

and/or saliva were collected from patients and | Figure 2.1: Example pedigrees of a
(A) multiplex and (B) simplex trio

parents, as well as other family members when | families. Solid shapes represent an
affected individual.

there was a positive FH of NSCLP. DNA was
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Table 2.1: NSCLP Dataset

nonHispanic White Hispanic African American| Columbian*** Total
FH +|FH -| Total |FH +|FH - | Total | FH +|FH - | Total | FH +|FH - | Total | FH +| FH - | Total
Families 108 [ 286 | 394 | 44 | 117 | 161 3 10 13 114 | 132 | 246 | 269 | 545 | 814
Individuals 474 | 776 | 1250 | 154 | 298 | 452 | 28 | 22 50 | 579 | 392 | 971 | 1235|1488 | 2723
Male 245 | 416 | 661 79 | 156 | 235 14 7 21 | 293 [ 220 | 513 | 631 | 799 | 1430
Affected 122 | 193 315 | 37 | 73 | 110 6 B 10 | 165 | 89 | 254 | 330 | 359 | 689
Scdness I B
Unilateral* 24 | 30 54 0 7 7 1 1 2 - - -- 25 38 63
Left Side 36 | 56 92 14 | 31 45 0 2 2 -- - - 50 89 139
Right Side 15 | 29 44 8 17 25 0 0 0 -- -- - 23 46 69
Bilateral 31 38 69 11 13 24 0 1 1 -- - -- 42 52 94
Not recorded 16 | 40 56 4 5 9 5 0 5 - - -- 25 45 70
Type of Cleft
Cleftlip and palate | 94 | 151 ] 245 | 32 | 62 94 4 B 8 - - - 130 | 217 | 347
Cleft lip 24 | 27 51 2 7 9 0 0 - - - 26 34 60
Not recorded 4 15 19 3 4 7 2 0 2 - - - 9 19 28
Severity
Incomplete 16 | 33 49 2 14 16 0 2 2 -- -- - 18 49 67
Unknown 17 16 33 14 | 21 35 0 0 0 -- - -- 31 37 68
Complete 25 82 | 107 17 | 25 42 0 2 2 -- -- -- 42 109 | 151
Mixed** 1 11 12 0 3 3 0 0 0 -- -- - 1 14 15
Not recorded 63 | 51 | 114 4 10 14 6 0 6 -- -- - 73 61 134
Female 229 | 360 | 589 | 75 | 142 | 217 14 | 15 29 | 286 | 172 [ 458 | 604 | 689 [ 1293
Affected 73 | 93 | 166 | 22 | 44 66 3 6 9 107 | 42 | 149 | 205 | 185 | 390
Sieness |
Unilateral* 7 22 29 1 0 1 1 1 2 - - -- 9 23 32
Left Side 21 | 26 47 10 | 19 29 1 2 3 - - - 32 47 79
Right Side 7 8 15 7 9 16 0 1 1 - - - 14 18 32
Bilateral 19 13 32 3 9 12 0 1 1 -- - - 22 23 45
Not recorded 19 | 24 43 1 7 8 1 1 2 - - -- 21 32 53
Type of Cleft I I I N Y Y O I I
Cleft lip and palate | 58 | 71 | 129 18 | 34 52 2 B 6 - - -- 78 | 109 [ 187
Cleft lip 14 14 28 4 § 1 1 2 -- - - 19 20 39
Not recorded 1 8 9 0 5 5 0 1 - | - -- 1 14 15
Severity
Incomplete 8 23 31 2 8 0 1 1 - - -- 10 30 40
Unknown 4 11 15 6 8 14 1 1 2 -- -- - 11 20 31
Complete 17 | 30 47 9 20 29 0 3 3 - - - 26 53 79
Mixed** 1 0 1 0 1 1 0 0 0 -- - - 1 1 2
Not recorded 43 | 29 72 5 9 14 2 1 3 - - -- 50 39 89

*Cleft is unilateral but side was not recorded
**Mixed are bilateral cases with one side as complete and the other incomplete
*dkn__" is not recorded
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extracted from the blood using the Roche DNA Isolation Kit for Mammalian Blood (Roche,
Switzerland) and from the saliva using the Oragene Purifier for Saliva (DNA Genotex, Inc.,

Ontario, Canada) following manufacturer’s protocol **.

2.2.  Polymorphism selection and genotyping

Single nucleotide polymorphisms (SNPs) were chosen based on the following criteria:
(1) heterozygosity was greater than or equal to 0.3, (2) SNP must be polymorphic in the
nonHispanic white (NHW) population with a minor allele frequency greater than 0.2, (3)
one SNP per 10 kb, (4) exonic and coding SNPs were given priority over intronic SNPs, and
(5) SNPs that “tagged” for multiple SNPs were given preference over SNPs that were not in
linkage equilibrium with other SNPs. Haploview was used to identify tagSNPs ***. For the
MYH9 study, SNPs were genotyped based on a previously published study >>. For the folate
gene pathway studies, SNPs (93/96) were selected from two SNPlex™ pools designed by
Dr. Richard Finnell’s laboratory **2. The three SNPs that could not be incorporated into the
new SNPlex chemistries were replaced following our standard criteria. Data from three
short tandem repeat (STR) markers previously genotyped in Dr. Hecht’s laboratory were
also included in the analysis, two for the WNT studies and one for the CRISPLD2 studies
106193 " Information on the genes interrogated, marker type and genotyping platform used is
listed in Table 2.2.

Polymorphic markers were purchased from Applied Biosystems (AB, Foster City,
California) and genotyped on our samples following the manufacturer’s protocol. For
Tagman® assays, the AB 7900HT Sequence Detection System was used to make

genotyping calls, whereas the AB 3730 and AB GeneMapper® Software v4.0 were used to

23



Table 2.2: SNPs genotyped in these studies

Gene dbSNP chr:bp location  Alleles™
MYH9 rs7078 22:35007860 downstream T/C
MYH9 rs4821478 22:35020059 intron 28 A/G
MYH9 rs2009930  22:35029252 intron 19 CT
MYH9 rs2239783 22:35035074 intron 15 CT
MYH9 153752462 22:35040129 intron 13 CT
MYH9 rs1002246  22:35044605 intron 10 T/C
MYH9 rs2071731 22:35048804 intron 5 G/A
MYH9 rs713659 22:35058638 intron 3 G/A
MYH9 rs713839 22:35063884 intron 3 AG
MYH9 rs739097 22:35076025 intron 1 A'G
Wnt3A rs708111 1:226257988 upstream CT
Wnt3A rs708114 1:226264119 intron 1 CT
Wnt3A rs3094912 1:226276438 intron 1 AT
Wnt3A rs3121310 1:226291447 intron 2 A/G
Wnt3A rs752107 1:2226313974  downstream CT
Wnt3A rs1745420 1:226318355 downstream  C/G
WntSA 1566926 3:55487719  downstream  A/C
Wnt7A rs1124480 3:13832970 upstream CT
Wnt7A rs9840696 3:13840076 intron 1 A'G
Wnt7A rs6778046 3:13846680 intron 1 CT
Wnt7A rs9863149 3:13858361 intron 1 CT
Wnt7A rs934450 3:13862730 intron 1 A/G
Wnt7A rs1433354 3:13872246 intron 2 A'G
Wnt7A rs6442414 3:13881839 intron 2 A/'G
Wnt7A rs11128663 3:13887851  downstream C/G
Wnt7A rs4685048 3:13897736  downstream  A/C
Wnt8A rs4835761 5:137445768 upstream A'G
Wnt8A rs2040862 5:137447888 intron 2 CT
Wnt8A rs2306110 5:137455986 downstream  A/C
Wntl1 rs663746 11:75571777 upstream CT
Wntll rs1533763 11:75578175 intron 1 AT
Wntll rs1533767 11:75583448 exon 3 A'G
Wntll rs689095 11:75591735 intron 4 A/G
Wntll rs596339 11:75594155 intron 4 A'G
Wntll rs1568507 11:75596967 downstream AT
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Gene dbSNP chr:bp location Alleles™
Wnt3 rs142167 17:42150418 downstream A/
Wnt3 rs7216231 1742170907 downstream A'G
Wnt3 rs199525 1742203002 intron 4 GT
Wnt3 rs70602 1742214876 intron 1 CT
Wnt3 rs199501 1742217772 intron 1 A'G
Wnt3 rs199498 17:42220763 intron 1 CT
Wnt3 rs111769 17:42227151 intron 1 CT
Wnt3 rs3851781 17:42246300 intron 1 CT
Wnt3 aCV113927617:42248220 upstream C/G
Wnt3 rs9890413 1742256448 upstream A'G
Wnt9B  rs2165846 1742296365 intron 1 A/G
Wnt9B  rs1530364 1742306776 intron 2 A/
Wnt9B rs197915 17:42345521 downstream A'G
IRFS8 rs7193803 16:84482924 upstream GT
IRF8 rs305082 16:84494729 intron 2 T/C
IRF8 rs305080 16:84499525 intron 2 CT
IRES rs2292980 16:84502827 intron 3 A/G
IRF8 rs2280378 16:84510496 intron 7 CT
IRF8 rs1568391 16:84513055 exon9 T/G
IRF8 rs880365 16:84517113 downstream CT
CRISPLD2 rs4572384 16:83400728 upstream T/C
CRISPLD2 rs1874014 16:83413267 intron 1 A/C
CRISPLD2 rs8051428 16:83424753 intron 1 CT
CRISPLD2 1rs1546124 16:83429802 exon2 C/G
CRISPLD2 rs1874015 16:83435283 intron 2 T/C
CRISPLD2 rs12051468 16:83437215 exon 3 A/'G
CRISPLD2 rs8061351 16:83440853 exon4 T/C
CRISPLD2 152646129 16:83444995 intron 5 A/
CRISPLD2 152326398 16:83460468 intron 8 A'G
CRISPLD2 1rs721005 16:83463849 exon9 C/G
CRISPLD2 15774206 16:83477709 intron 13 A'G
CRISPLD2 1s767050 16:83480610 exon 14 G/A
CRISPLD2 1rs2646112 16:83495601 intron 14 G/A
CRISPLD2 152641670 16:83498731 exon 15 G/A
CRISPLD2 rs4783099 16:83499080 exon 15 CT
CRISPLD2 rs16974880 16:83500389 exon 15 T/G
CRISPLD2 15903194 16:83502930 downstream T/G
CRISPLD2 152641674 16:83510855 downstream T/C
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Gene dbSNP chr:bp location Alleles™
CRISPLDI1 1rs2925155 8:76048852 upstream A/G
CRISPLD1 15960856 8:76057462 upstream T/A
CRISPLD1 rs7841231 8:76065317 intron 2 A/G
CRISPLDI1 rs17295835 8:76069196  intron 2 T/C
CRISPLD1 rs1455809 8:76075622 intron 2 T/C
CRISPLD1 1rs1455796 8:76086362  intron 2 C/G
CRISPLDI1 rs10957748 8:76101956 intron 12 CT
CRISPLD1 rs13248650 8:76109250 downstream T/G
CRISPLDI rs11988595 8:76115241 downstream CT

*Major allele as identified in NHW population listed first
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SNPlex™ assays. Genotype calls were imported into Progeny Lab database management
software (South Bend, Indiana). Mendelian inconsistencies and discrepancies between

sample duplicates were identified and corrected using PedCheck software %,

2.3. Genome scan

Ten multiplex families were subjected to a genome scan using
the 6K Illumina Linkage 1VVb mapping panel. These families were
selected from our data set on the basis of the number of affected
individuals and availability of DNA. Nine families were non-
Hispanic white and one (F1100) was African American [Figure
2.2]. Under our dominant model, four of the non-Hispanic white
families, 100, 1000, 1200 and 3000, can yield maximum LOD
scores greater than 1 (1.6, 1.5, 1.1 and 1.2, respectively). A
maximum LOD score of 2.98 is possible for the African-
American family. Among the non-Hispanic white families, there
were 30 affected individuals of 67 individuals. In family 100
(F100), there were two siblings (111-4 and [11-9) who were
reported to have a notched gum in childhood, a finding that could
indicate a microform cleft lip. However, these diagnoses could
not be clinically confirmed. Therefore, the linkage analysis was
performed twice: first, assuming these individuals to be affected
and then coding them as unknown with regard to the cleft
phenotype. There were 27 genotyped individuals in the African-
American family, 7 of whom were affected.

The Illumina Linkage 1Vb mapping panel consisting of six
008 SNPs was used on a BeadStation system (lllumina Inc.).
Allele detection and genotype calling were performed using the
BeadStudio software (Illumina Inc.). *®

2.4.  Analyses
The analyses were performed on the population in aggregate and then on the dataset
stratified by presence/absence of FH of NSCLP. SAS (Statistical Analysis Software) v9.1

was used to calculate allele frequencies and Hardy-Weinberg equilibrium (HWE). When the

allele frequencies differed between the ethnicities, the analysis was performed on each
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Figure 2.2: NSCLP families in genome scan*
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*Solid shapes indicate individuals with NSCLP. Half-filled samples F100-111-4 and F100-
I11-9 had notched gums and were analyzed as affected and unknown.
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population separately. GOLD (Graphical Overview of Linkage Disequilibrium) was used to

calculate pairwise linkage disequilibrium (LD) and displayed using Haploview 1%,

A panel of linkage and association testing approaches was used to analyze genotyping
data. MERLIN (Multipoint Engine for Rapid Likelihood INferences) *° and Simwalk2 **
were utilized to perform parametric and nonparametric linkage analysis under previously
defined linkage parameters '®.

Four types of analyses to detect single SNP association with NSCLP were utilized:
FBAT (family based association test), PDT (pedigree diequilibrium test), geno-PDT
(genotype PDT), and APL (association in the presence of linkage). Each of these analytic
tools makes different assumptions; each was used to optimize the amount of information
obtained from the data. FBAT has the ability to detect both linkage and association between

8

genetic markers and disease genes '*. PDT is an application of the traditional transmission

disequilibrium test (TDT) that incorporated extended multiplex families into analysis instead
of only nuclear families, and therefore allowed more information to be analyzed '*°. The

geno-PDT is an extension of the PDT that tested for association using the transmission of

0

specific genotypes to detect association °. PDT has more power to detect an association

when a disease displays additive inheritance while geno-PDT is better suited when

0

inheritance pattern is either dominant and recessive *®. The APL test provided a powerful

1

test statistic in situations when parental genotypes are missing . In addition to single SNP

analysis, multiple SNP haplotypes were analyzed using APL and HBAT (haplotype based

association test) 198,201

. To detect if there were any gene-gene interactions between SNPs in
different genes, the generalized estimating equations (GEE) as implemented in SAS was

used %2,
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Two approaches were utilized to correct for multiple testing. First, for FBAT, a raw P-
value was obtained under normal FBAT assumptions and a “corrected” P-value was
obtained using the empirical variance extension of FBAT (FBAT-e), which corrected for
inflated P-values from pedigrees with multiple affected individuals **°. Additionally, the
Bonferroni correction (0.05/number of independent tests) was also used. However, the
Bonferroni approach may be too conservative, as the SNPs genotyped in each gene may not
be independent of each other because of linkage disequilibrium. Therefore, for our studies,
when genotyping multiple genes, we used a Bonferroni correction where the number of

genes tested were divided by 0.05.

2.5.  Sequencing
DNA from probands from 24 multiplex NSCLP families that had one of the over-

transmitted/susceptible haplotypes 2%

were used to sequence the fifteen exons of the
CRISPLD2 gene. Primer sets, shown in Table 2.3, were designed to capture all exonic
sequences and at least 50 basepairs upstream (5°) and downstream (3°) of the intron/exon
junctions. PCR was performed using thermal cyclers with the following conditions: 30
cycles of 95°C for 45 s, Ty°C for 90 s, and 68°C for 90 s (T°C listed in Table 2.3). PCR
products were purified (Qiagen, Valencia, CA and Millipore, Billerica, MA) according to
manufacturer’s protocol. Sequencing was performed by LoneStar Labs (Houston, TX) and

analyzed using Sequencher v4.8 (Gene Codes, Ann Arbor, MI). All variants were validated

by either sequencing from the reverse primer or TagMan® SNP assay.
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Table 2.3: CRISPLD2 sequencing primer information

Exon* Forward Primer Sequence** Reverse Primer Sequence Fregment T
Length
1  gatgctcggtectaccagegecgeca gaggtggcatctgtcctagttattccag 328 bp 66.5
2  agagagtcgtgtgtgctgcgticge agagctggctggggaacagagcaggctggt 492 bp 66.5
3 cgttgctgtatttatggttcttatgeec ggtctctctcactctetitgcaggceta 305 bp 61.5
4  ctcaaggataatggtattaagcacc gcagaggctttacagatttgacaatcc 517 bp 56.5
5 tacatccaggccaaatgatatcacc ttaaagacttcgctgctcaagccag 293 bp 56.5
6 gtggeccttggaagaggatcagtcc aattcccctgtttcatgtaacgetg 265 bp 61.5
7  ccgctgaaatgattctitgtaaaacc ttgcagacctaaatccactagetec 373 bp 56.5
8 ftcttagtatagcacggattggattgc ccgaggcgaacacatgcccagacac 359 bp 61.5
9 cgactgtattgtgcttgcgtgaatc ctcggtccagtgtgtgaatgctcag 501 bp 61.5
10 ctgagcattcacacactggaccgag ccgtcataaacaggaaaaccgtttc 453 bp 56.5
11 ataggagcaagcgttcacttttagaagce gtgatctcaggccaatttccagtce 330 bp 56.5
12 cgaggagcctgcetgggtegtagtcc gagccacctcacccagectaaaaagctacttc 300 bp 66.5
13 tggaattcaaataaagagagccagc cagatcttggagcttgcatgttgag 235bp 56.5
14 ttgcccagcagtgaatgatggagee ttaaagggtaatgactctgggcectc 319 bp 61.5
15a tgtctggcggcttcaaggaagtgtc CCTCTTCCGACGCCGTGAATGCTTC 626 bp 61.5
15b  GCTATGTGTTCTTCTGTTGGTGGAG CATCGGGTGCGTGGGGAATCTGCAC  720bp 61.5
15¢ CGTAAGGTTCCACTGAGACGAGATGTC CAGAAGTTTCCCAGATGTTTGGTGG 846 bp 56.5
15d CGTGCTTTGTGCATTGTAGTCTAGTC GACAGGGCTTATCATTTATAGTCTT 812 bp 56.5
15e ATGGACCTGGCTGTCTTITATCATCC ctggggactggcagcattcgcatca 744 bp 61.5

*Exon number listed. Exon 15 was too large for one primer set; therefore five overlapping primer sets were designed.
**Lower case letters indicate primer located in intron; upper case letters indicate primer in exon.
***Optimum melting temperature for PCR.
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2.6.  Silver Staining

A 16-23 bp polythymine stretch in exon 15 of CRISPLD2 was analyzed to confirm
Mendelian inheritance. The 187-bp region containing this variant was amplified using
CRISPLD2-specific primers (5’:CAGTGTGAGTTGACCCCATC;
3”:CACTGCACGCTACCTTGGG) with the following conditions: 30 cycles of 95°C for 30
s, 57.2°C for 90 s, 68°C for 90 s The product was denatured and run on a polyacrylamide

204
d 2

gel, fixed, and stained, as previously describe Alleles were read and frequencies

evaluated using the chi-square test.

2.7.  Evaluation of sequence variations
Patient/proband sequences were compared to consensus sequences found at

www.ncbi.nlm.nih.gov and www.ensembl.org websites using Sequencher v4.8 (Gene

Codes, Ann Arbor, MI). Computer algorithms were utilized to determine the predicted

205

effect of each sequence variant identified (see review “°). Coding variants were analyzed

using PolyPhen (http://www.bork.embl-heidelberg.de/ PolyPhen) to predict the effect of

amino acid substitution on protein structure/function and SIFT

(http://blocks.fherc.org.sift/SIFT.html) to analyze conserved protein domains for favorable

or unfavorable substitution effects. Sequence variants at the intron/exon junctions were

analyzed using the ESEfinder (http://www.rulai.cshl.edu/tools/ESE/) program to predict

whether mRNA splicing was affected 2%’ Transcriptional binding site prediction
programs PATCH and AliBaba2 programs were used to assess untranslated and putative

promoter regions sequence variants that could alter gene expression (http://www.gene-
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requlation.com/pub/ programs.html) 2*?%°, These bioinformatic approaches typically over-

predict protein changes 20-30% of the time ?!% however, this was preferred over not

detecting a putative biologic function of the variant.

2.8. CRISPLD2 expression studies

2.8.1. Mouse

RIKEN mouse CRISPLD2 cDNA clone, 3321402M02,
extracted from the head of an E17.5 C57BL/6 mouse, was
obtained from GeneService (Cambridge, UK). DNA was
extracted using a Qiagen midiprep kit (Valencia, CA, USA). A
CRISPLD2-specific 514-bp probe was generated by PCR
amplification using the following murine specific primers:
5’CRISPLD2 (ATGAACGTCTGGGGAGACACQC) and
3’CRISPLD2 (GTACCATCCCATTCCTGGTG). PCR was
performed in a thermal cycler, with 30 cycles of 95°C for 30 s,
548C for 90 s, 68°C for 90 s. The probe was gel purified (Qiagen)
and sequenced for verification (Lone Star Labs, Houston, TX,
USA). PCR products were subcloned into pZErO-2 vector
(Invitrogen, Carlsbad, CA, USA) using manufacturer’s protocol.
The product was linearized using Notl and Spel restriction
enzymes and sequenced (Lone Star Labs) to determine sense
Vversus antisense orientation.

Whole mouse C57/BI6 embryos (E12.5-E17.5) were fixed in
paraffin and sectioned (sagittal and frontal) 6 mm thick. Sections
showing craniofacial structures were used in this study. Antisense
CRISPLD2 clones were labeled with 35S and in situ
hybridizations were carried out using standard protocols to detect
CRISPLD2 expression 2. Sense CRISPLD2 clones were used as
a negative control. 2

2.8.2. Zebrafish

Two zebrafish CRISPLD2 probes were generated from wild-type whole adult zebrafish

using SuperScript™ III Reverse Transcriptase (Invitrogen, Carlsbad, CA).

specific

CRISPLD2-

primers (5’setl: CGAGGAAAGTGGAAAAGTACAGTA; 3’setl:

GATTGTCTAAAGAACAAACCATCATTA;
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CCCAAAATATCAAGTGTGAGAC; 3’confirm: CCATTCTTCAAGGTGCCGG) were
PCR amplified using the following thermocycler conditions: 30 cycles of 95°C for 30 s,
(53°C or 57°C, for set 1 and confirm, respectively) for 90 s, 68°C for 90 s. PCR products
were purified (Qiagen, Valencia, CA) and sequenced (LoneStar Labs, Houston, TX). PCR
products were then subcloned into Zero Blunt® TOPO® PCR Cloning Kit for Sequencing
(Invitrogen, Carlsbad, CA) following the manufacturer’s protocol. Notl and PstI restriction
enzymes were used to linearize the probe and sequencing (LoneStar Labs) was performed to
determine orientation. Antisense DIG-labeled probes (Roche Cat. No. 11277073910,
Switzerland) were generated to detect CRISPLD2 expression and sense DIG-labeled probes
were used as the negative control. Wild-type zebrafish were collected at the following
stages for in situ hybridization analysis: 5-7 and 13-15 somites, 1-, 2-, 3-, 4- and 5 days post
fertilization (dpf). In situ hybridizations were performed using standard techniques

212

(www.zfin.org) LAS Montage Module (Leica, Wetzlar, Germany) was utilized to

capture images.

2.9.  Morpholino (MO) studies

Two MO antisense oligonucleotides were designed by GeneTools (Philomath, OR) to
inject into zebrafish embryos: one to knockdown CRISPLD2 (crispld2MO:
TCGATGTCAGGCGGTCTTACTTGGG) and a control MO  (ControlMO:
TGTAAACAGACTCACTTGTGTGTAG). Both MOs were diluted in nuclease free water
to a stock concentration of 65mg/mL. The stock concentration was further diluted with

nuclease free water to a working concentration of 12mg/mL. Injections (0.5-6 mg/mL) were
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diluted in Danieu buffer and 0.5 uL of 2% phenol red was added to facilitate injections.
One- to two-cell embryos were injected with 4pL of MO.

Embryos were stored at 28°C and observed and photographed at 1, 2, 3, 4 and 5 dpf.
Gross abnormalities and survival rates were tallied. Tallies were normalized to wild-type
observations. The chi-square test was utilized to assess differences between uninjected,

control injected and knockdown injected embryos 2.

Embryos were harvested at 1 and 5
dpf for neural crest cell (NCC) marker and alcian blue staining, respectively.

Morpholino knockdown efficiency was assessed by extracting RNA from whole
zebrafish embryos at 1- and 5 dpf using SuperScript™ III Reverse Transcriptase (Invitrogen,

212

Carlsbad, CA) and standard protocols (www.zfin.org) “**. Quality of RNA was assessed by
gel analysis (Ambion Dentauring Agarose Gel Electrophoresis,

http://www.ambion.com/techlib/append/supp/rna_gel.html) and quantity by

spectrophotometer. CRISPLD2 setl primers were used to detect CRISPLD2 expression. [3-
actin-specific primers (5 CAGGATCTTCATCAGGTAGTCTGTCA; 3%
GTTTTCCCCTCCATTGTTGGAC) were used as a control and were PCR amplified under
the following thermocycler contidions: 30 cycles of 95°C for 30 s, 57°C for 90 s, 68°C for

90 s.

2.10. Zebrafish expression studies

Zebrafish embryos were collected at either 1dpf for whole mount in situ hybridization
studies or 5dpf for cartilage staining. Embryos collected at 1 dpf were dechorionated using
1:1000 pronase solution. Embryos were fixed in 4% paraformaldehyde and stored at -20°C

in 100% methanol. DIx2 probe were obtained from Dr. Eric Swindell. In situ hybridizations
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were performed as described in Section 2.8.1. Alcian blue staining was performed on 5 dpf
embryos following standard protocol 2. Images were collected using the LAS Montage

Module (Leica, Wetzlar, Germany).
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Chapter 3: MYH9 identified by the Genome Scan Approach

Note: The information presented in this chapter was published in 2009, in which | was the
primary author: “Genomic screening identifies novel linkages and provides further evidence
for a role of MYH9 in nonsyndromic cleft lip and palate.” European Journal of Human
Genetics. 17 (2): p.195-204. The European Journal of Human Genetics Journal does not

require permission to reproduce manuscript content “in whole or in part in any printed

volume (book or thesis) of which they are the author(s)” (http://www.nature.com/reprints/

permission-requests.html).
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3.0. Introduction

Genome scans, as discussed in section 1.5.1, use polymorphic markers to identify
chromosome regions of the genome that are linked and/or associated with disease etiology.
This is an important approach has been used to identify genes causing complex disorders in

41-43

different populations Therefore, we used a genome scan to identify novel NSCLP

chromosome regions in our dataset.

3.1.  Materials and Methods

The details of the NSCLP family population, sample collection and DNA extraction,
Linkage IVb Panel, SNP selection criteria, genotyping, and analyses (parametric and
nonparametric linkage parameters and analysis, PDT, G-PDT, APL and GEE) are described
in Chapter 2.

For this study, ten multiplex families (nine NHW and one African American) were
subjected to lllumina Linkage Vb mapping panel (see Figure 2.2, page 28). Note that in
Family 100, there are two individuals with reported notched gums, which may be part of the
clefting spectrum (see Section 1.3). Therefore the data was analyzed in two ways: first with
these individuals coded as “affected” and then with status codes as “unknown”. The results
of the analyses of the large African American family (F1100) were part of the work of
another student and are not included here.

Based on the genome scan results, 439 NSCLP families (122 multiplex and 308 simplex
parent-child trios) were genotyped using ten MYH9 SNPs (Table 3.1). Six of these SNPs
were used in a previous study of Italian NSCLP families *°>. Four SNPs were selected using

our SNP selection criteria (described in Section 2.2). Two SNPs (rs5995288 and
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Table 3.1: MYH9 SNPs genotyped in this study and allele frequencies

NHW  Hispanic

Gene  dbSNP Chr:bp Location Alleles* MAF*  MAF
MYH9 rs7078  22:35007860 downstream T/IC 0.30 0.25
MYH9 rs4821478 22:35020059  intron 28 AlIG 0.35 0.35
MYH9 rs2009930 22:35029252  intron 19 CIT 0.35 0.37
MYH9 152239783 22:35035074  intron 15 CIT 0.26 0.27
MYH9 53752462 22:35040129 intron 13 CIT 0.36 0.37
MYH9 151002246 22:35044605 intron 10 T/IC 0.66 0.67
MYH9 152071731 22:35048804 intron 5 G/A 0.63 0.66
MYH9 rs713659 22:35058638 intron 3 G/A 0.58 0.63
MYH9 rs713839 22:35063884 intron 3 AIG 0.62 0.65
MYH9 rs739097 22:35076025 intron 1 AIG 0.44 0.36

*Major allele as identified in NHW listed first

®Meinor allele frequency of nonHispanic white dataset

bCorresponding frequency in Hispanic of nonHispanic white minor allele
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rs2269529) were genotyped in the Italian assay > but were not included in this study

because they were not available for TagMan (Applied Biosystems, California) chemistries.

3.2.  Results
3.2.1. Genome scan

Ten families were subjected to the Illumina Linkage 1Vb SNP
genome-wide panel. Nine nonHispanic white families generated
11 chromosomal regions with a LOD > 1.5 with parametric and/or
nonparametric analysis [Table 3.2; Figure 3.1A-F]. The highest
LOD score for either methodology was to two SNPs in the
chromosome 22g12.2-q12.3 region (rs762883 and rs9862). Three
of the families, 100, 1000, and 3000, had maximum LOD score
greater than 1.0 in the region (1.05, 1.11 and 1.12 respectively),
although not for the same set of SNPs (data not shown). *®

3.2.2. Candidate gene testing
Ten MYH9 SNPs were genotyped in our NHW and Hispanic samples. All SNPs had a
>95% call rate and were in HWE. The allele frequencies between SNPs in the NHW and

Hispanic populations did not differ (Table 3.1); therefore, the data was analyzed in

aggregate as well as stratified by FH .

Two point parametric and nonparametric analyses in the
combined dataset found evidence for linkage to a single SNP,
rs1002246, in MYH9 (HLOD = 158 and p = 0.0006,
respectively) [Table 3.3]. There was no evidence for linkage by
multipoint analysis (data not shown). However, all three methods
of association analysis identified evidence for altered transmission
of this same SNP, rs1002246 [Table 3.4]. In addition, PDT
detected evidence for an altered transmission of three additional
SNPs.  When the data was stratified by family history, a
marginally significant association was still present for SNP
rs1002246 in the simplex dataset (p = 0.03). Inspection of all
two-SNP haplotypes found that most haplotypes constructed with
rs1002246 and containing the “A” allele were overtransmitted,
but generally did not reach significance, even when stratified by
ethnicity and/or family history (data not shown). The minor allele
frequency (i.e., frequency of the “A” allele) was 0.34 in the
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Table 3.2: Genome Scan Results in nonHispanic white dataset*

Maximum LOD Score

Parametric Nonparametric
(hLOD) (LOD)

Chr Region dbSNP cM Aff? Unk® Aff? Unk®
3 3p23 rs342758 58.08 0.35 0.85 0.92 1.64
3 3p21.1 rs11235 71.53 0.87 1.58 0.49 1.03
3 3p13-14.1** rs736333 94.05 0.24 0.67 0.65 1.53
5 5p13.3** rs1966983 51.74 0.94 1.64 0.72 1.19
5 5035.2 rs1875189  192.51 0.57 0.53 1.59 1.04
6 6927 rs727811 177.17 0.85 1.66 0.28 0.45
7 7036.2-36.3**  rs7795368 182.8 1.7 2.59 0.57 1.16
9 9022.2-22.32** rs1048510 97.53 1.78 1.27 0.96 0.82
9 9033.2-33.3 rs1984001 132.41 1.46 0.95 1.87 1.73
22 22011.23-12.1  rs763281 2141 1.75 1.22 1.46 0.99
22 22012.2-12.3** rs762883 36.94 2.66 2.12 2.49 2.17

*Modified from .

**|ndicates novel region identified

aAff = Analysis of F100 individuals with notched gums classified as affected

bUnk = Analysis of F100 individuals with notched gums classified as unknown
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Figure 3.1: LOD score plots shown by cMs for the nonHispanic white families for chromosomes
(A)2,(B)3,(C)6, (D) 7, (E) 9and (F) 22. Blue line indicates parametric analysis and red line
indicates nonparametric analysis. Solid lines indicates analysis with Family 100 I111-4 and 111-9

coded as affected while dotted lines indicates analysis with those individuals as unknown.
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Table 3.3: MYH9 SNP linkage results*

Parametric Nonparametric
dbSNP cM bp HLOD Alpha LOD P value
rs7078 35.008 | 35007860 | 0.018 0.083 0.01 0.4
rs4821478 | 35.02 | 35020059 | 0.033 0.109 0.02 0.4
rs2009930 | 35.029 | 35029252 0 0 -0.07 0.7
rs2239783 | 35.035 | 35035074 | 0.174 0.213 0 05
rs3752462 | 35.04 | 35040129 | 0.108 0.205 0.12 0.2
rs1002246 | 35.045 | 35044605 | 1.578 0.694 2.26 0.0006
rs2071731 | 35.049 | 35048804 0 0 0 05
rs713659 35.059 | 35058638 0 0 0 05
rs713839 35.064 | 35063884 0 0.005 0 05
rs739097 35.076 | 35076025 0 0 -0.01 0.6

*Modified from %
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nonHispanic whites. Haplotypes with the “G” rs1002246 allele

were either undertransmitted or demonstrated the expected

transmission. 1%
3.3.  Discussion

In this study, we performed a linkage scan to identify regions of the genome that

potentially harbor NSCLP candidate genes that contribute to the etiologic heterogeneity of
our NHW dataset. Eleven regions with a LOD score > 1.5 were identified, including five
novel regions that have not been identified in previous NSCLP genome scans (Table 3.2).
The 22912.2-12.3 region, which was one of the novel genome scan regions, was the largest
linkage peak in this study (LOD = 2.66). The MYH9 gene is in this region **. MYH9 is a
class Il nonmuscle myosin heavy chain gene involved in cell movement, cytokenesis and
intracellular organization 2°. Mutations in MYH9 cause MYH9-related diseases: May-
Hegglin anomally (OMIM:155100), Sebastian syndrome (OMIM:605249), Fechtner
syndrome (OMIM:153640) and Epstein syndrome (OMIM:153650). These disorders are
characterized by macrothrombocytopenia with inclusions of either granulocytes or
leukocytes, kidney impairment, sensorineural deafness and cataracts can also be found in
some of the MYHO9-related diseases; however, none of these syndromes include a clefting

phenotype **°.

MYH9 knockout mice are embryonic lethals and mice heterozygous for the
knockout MYHO allele are grossly normal 2?8, MYH9 was identified as a candidate gene
for NSCLP because immunohistochemistry studies show high levels of MYH9 expression in
the palatal shelves prior to fusion, indicating that MYH9 plays an important role in palate

development and is a potential NSCLP candidate gene 2*°.

Moreover, Martinelli et al.
recently detected an association between MYH9 SNP rs3752462 and NSCLP in Italian

NSCLP families (p=0.02) **.
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To further evaluate the role of MYH9 in NSCLP, ten intragenic and
flanking SNPs, which included six of the SNPs genotyped in the Italian
families, were interrogated in our NSCLP sample.

Linkage was found between a single SNP, rs1002246, in the MYH9
gene and our entire dataset [Table 3.3], consistent with the prior
identification of this region in our genome scan. PDT, G-PDT and APL
analyses all identified this SNP in our entire NSCLP sample.
rs1002246 differs from the SNP found in the Italian NSCLP sample
[Table 3.4]. rs1002246 is in intron 10 of the MYH9 gene but this is not
in a region associated with intron- exon splicing. While intronic SNPs
do not typically alter protein structure, an association with intronic
variants has been reported for a number of complex diseases “®4"4%1%
185203 151002246 is in a region of reduced LD that can complicate
identifying at-risk haplotypes. In fact, we were unable to identify a
high-risk haplotype. Interestingly, rs3752462, the SNP identified by the
Italian group, was only marginally significant in both datasets [Table
3.4]. Our finding of linkage by parametric and nonparametric analyses
and association strongly suggests that MYH9 may play a causal role in
NSCLP. Nevertheless, we cannot conclusively exclude the possibility
that another gene in the 22912.2-12.3 chromosomal region is
contributing to the positive linkage and association. We are continuing
to evaluate this region. '®

Ten other regions were identified in this genome scan with a LOD > 1.5, including four
regions that have not been previously identified in genome scans (3p14.1-13, 5p13.3,
7036.2-36.3 and 9022.22-22.32) (see Table 1.2, page 11). Three of the regions identified do
not contain known NSCLP candidate genes (3p23, 3p14.1-13 and 5p13.3). The remaining
seven regions (3p21.1, 5935, 6027, 7936.2-36.3, 90922.2-22.32, 9933.2-33.3, and 22¢11.23-
12.1) have either previously been identified in other genome scans or contain known
NSCLP candidate genes.

The 3p21.1 region was reported in Syrian and NHW samples ®*%. We have previously
reported an association between three short tandem repeats in this region and NSCLP and
suggested that Wnt5A may play an etiologic role in NSCLP because of its proximity to these
polymorphic variants **3. Additionally, SNP interrogation of Wnt5a has shown that intronic

SNP rs566926 is associated to NSCLP 8. Wnt5A is expressed in the central nervous

46



system and facial processes during murine development and thus is considered a

biologically plausibe candidate gene %3%%°,

In Chapter 4, we describe a panel of WNT
genes that were interrogated for association with NSCLP; association was detected between
an intronic Wnt5A SNP and NSCLP (see Section 4.1) &,

The 5935 region was identified in a genome scan of Chinese multiplex families and
contains 2 candidate genes: msh homolog 2 (Msx2) and fibroblast growth factor receptor 4
(FGFR4) %1% Msx2 is expressed in the developing craniofacial processes. Mutations in
the Msx2 gene cause midline facial clefts and a constellation of anomalies including
amelogenesis imperfecta, cleft lip and palate and polycystic kidney disease 22%%%,
Sequencing of Msx2 in NSCLP patients has identified four putatively benign mutations *%°.
The FGF signaling pathway plays a critical role in craniofacial development and
perturbations in many of the FGF pathway genes cause craniofacial abnormalities, including
syndromic cleft lip and palate ?*. FGFR4 plays a significant role in myogenesis in the
developing head but no association with NSCLP has been reported ***.

A genome scan study of Indian families reported linkage to chromosome region 627 ¥
The transcription factor T (T) gene is in this region and plays a critical role in mesoderm
formation and differentiation 2. Mutations in the T-box 22 (Tbx22) gene, which is in the
same family as T, causes X-linked cleft palate and ankyloglossia syndrome (OMIM:
#303400). Additionally, the T gene was considered a strong candidate for spina bifida but
those results have been inconsistent *??*, Association studies between T and NSCLP have

not been reported.

The 7g36.2-36.3 region is novel and contains sonic hedgehog
homolog (SHH) and engrailed homeobox 2 (EN2), two known NSCLP
candidate genes. SHH plays a critical role in the development and
patterning of the craniofacial processes that give rise to the developing
lip and palate **.  Mutations in the human SHH gene cause
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holoprosencephaly-3, which can be associated with cleft lip and palate
(OMIM: #142945) **; SHH null mice can have cleft palate '*.
However, single strand conformational polymorphism analysis of the
SHH gene in NSCLP patients has not identified any disease-causing
mutations *¥. EN2 plays a role in central nervous system development
and has also been implicated in autism spectrum disorders (OMIM:
#608636) *?°. Previous RFLP testing found no association between the
EN2 gene and NSCLP %, Although no positive findings have been
found, these remain candidate genes of interest.

Two regions on chromosome 9, 9¢22.2-22.32 and 9¢33.2-33.3,
were identified in this genomic scan. The 9922.2-22.32 region is novel
and contains both the BarH-like homeobox 1 (Barxl) and patched
homolog 1 (PTCH1). Mouse Barx1 is expressed in the first and second
branchial arches which form the craniofacial processes ***. The role of
Barx1 in NSCLP has not been evaluated. PTCHL1, an SHH receptor, in
combination with Barx1, plays a role in midface structure formation *%.
Mutations in PTCH1 cause Basal Cell Nevus syndrome (BCNS;
OMIM: #109400) and five percent of BCNS patients have cleft lip and
palate %, Interestingly, forkhead box E1 (FOXE1), which plays a role
in thyroid morphogenesis, is located just outside this region in 9922.33
22 The FOXEL1 region has been identified in NSCLP genome scans 2.
Mutations in FOXEL cause Bamforth-Lazarus syndrome of which cleft
palate is a associated finding (OMIM: #241850). However, sequencing
of the FOXELl gene in NSCLP probands identified two missense

mutations, both of which were predicted to be benign . 1%

22011.23-12.1 was previously reported in a genome study of Indian families . This
region is of particular interest because it contains glutathione s-transferase theta 1 and 2

(GSTT1 and GSTT2) genes that are involved in the metabolism of tobacco byproducts

LTTI9I80 - Eyposure to tobacco smoke during pregnancy and fetal GSTT1-null alleles,

which have been shown to interact with maternal smoking, have inconsistently been

identified as a risk factor for NSCLP "+777°,

3.4. Summary

Here, we report six novel regions (2p22, 3p13-14.1, 5p13.3, 7936.2-
36.3, 9022.2-22.32 and 22q12.2-12.3) that can be interrogated for
NSCLP genes.  We identified eight regions that were previously
implicated in other genomic scans in a variety of populations. The
strongest linkages were found for the 8g21.3-24.12 and 22q12.2-12.3
regions, with the MYH9 (chromosome 22) gene exhibiting the strongest
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evidence for a causal role. This gene should be further evaluated in
other populations for its possible role in NSCLP. The results of this
study are important as they provide additional regions to search for new
NSCLP genes and confirm the findings of earlier genomic scans. Our
findings also demonstrate that large multiplex families with complex
disorders can be successfully used in genome mapping strategies. '*
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Chapter 4: Evaluation of WNT genes identified by the Candidate Gene

Approach

Note: The information presented in this chapter was published in 2008, in which | was the
primary author: “Variation in WNT genes is associated with non-synromic cleft lip with or
without cleft palate.” Human Molecular Genetics. 17 (14): p.2212-2218. The Human
Molecular Genetics Journal does not require permission to reproduce manuscript content “in

full or in part in a thesis or dissertation” (http://www.oxfordjournals.org/access_purchase/

publication rights.html).
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4.0. Introduction

As discussed in section 1.5.2, the candidate gene approach has provided important
insights about genetic variation contributing to nonsyndromic orofacial clefts. The
wingless-type (WNT) family of genes and signaling pathway play a critical role in growth
and development, including embryonic induction, epithelial and mesenchymal cellular
polarity, cell fate determination, cytoskeletal organization and cell proliferation 423232
WNT genes are expressed in vertebrate craniofacies throughout development, including

20,21,112,114,115,117,233,234

those processes that form the lip and palate Moreover, craniofacial

abnormalities, including orofacial clefts, are found in WNT knockout mice and zebrafish
116235 Based on all of these observations, we hypothesized that the WNT genes were
biologically plausible candidate genes for NSCLP and undertook interrogation of this family

of genes.

4.1.  WNT gene family
There are 19 WNT genes which share a conserved motif of 23-24 cysteine residues and

15,112

produce 350-400 amino acid palmitoylated protein products . These genes function in

either the canonical or noncanonical WNT pathway *>*32%

. The canonical WNT pathway
involves the binding of the WNT signaling molecule to a Frizzled gene receptor, activating
dishevelled (Dvl) and stabilizing B-catenin, which can then enter the nucleus, form a
complex with transcription factor/lymphoid enhancer-binding factor (TCF/LEF), and
activate downstream target genes (i.e., CyclinD1, c-myc) (Figure 4.1) ****, Wnts -1, -2, -2B,

-3, -3A, -6, -7B, -8A, 8B and -9B all function via the canonical WNT pathway. Wnts -4, -5A,

and -11 have been shown to function without B-catenin or TCF-mediated transcription
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Figure 4.1: Schematic of the canonical WNT pathway.
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in noncanonical WNT pathways, including axon guidance, stem cell differentiation and
planar cell polarity 119232323  gjx WNT genes (Wnts -5b, -7a, -9a, -10a, -10b, and -16)

have not been assigned to either the canonical or noncanonical pathway.

4.2.  Selection of WNT candidate genes

Seven WNT genes were chosen for this study: Wnt3, Wnt9B, Wnt3A, Wntll, Wnt8A,
Wnt5A, and Wnt7A. Table 4.1 lists specific details about each gene and their unique
properties.
4.2.1. Wnt3 and Wnt9B

As discussed in section 1.5.2.d, the clf2 region in the A/WySn mouse strain that is
associated with orofacial clefting in mice contains both the Wnt3 and Wnt9B genes .
Recent studies have identified an inserted transposable element downstream of Wnt9B that

9

inhibits normal Wnt9B expression . Additionally, when A/WySn mice were bred with

Wnt9B-/- mice, there was a higher prevalence of clefting in the progeny (67%) versus in the

founders 6.

This data suggest that Wnt9B is responsible for the clefting phenotype in
murine models and therefore an excellent candidate gene for NSCLP.

Wnt3 is a NSCLP candidate gene because a nonsynonymous Wnt3 mutation causes
Tetra-Amelia (OMIM:#273395), a rare autosomal recessive disorder in which individuals
are missing all four limbs and may have an orofacial clefting phenotype . Additionally,
Wnt3 has been shown to antagonize Sonic Hedgehog (SHH) signaling in chick neural plate

patterning, from which neural crest cells (NCCs) migrate °. Notably, SHH was in one of

the regions identified in the genome scan discussed in chapter three (see
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Table 4.1: WNT genes interrogated in this study

Previously
Gene Chromosomal | Identified Predicted Animal Models Syndrome/
Region NSCLP Function OMIM#
Region
Knockout mouse
100 Primary axis | lacks anterior- Tetra-Amelia
Wnt3 | 17g21.32 Yes formation 2*° | posterior (#273395) 2
patterning®*’
Neural Vestibular
Wnt3A | 1q42.13 No patterning %' | morphogenesis %2 NI
Chicken-
Stem cell mesenchymal
Wnit5A | 3p14.3 Yes 19 differentiation nym NI
243,244 expression in the
craniofacies *?°
Al-
Knockout mouse | A\Wadi/Raas-
Formation infertile due to Rothschild
Yes and CNS abnormal syndrome
Wnt7A | 3p25.1 98.100 103 vascular mullerian duct (#276820) *';
differentiation . .| Fuhrmann
245 formation/regressi
on 2% syndrome
(#228930)
248,249
Zebrafish and
98 NCC Xenopus- initial
WntBA | 5q31.2 Yes migration *** | induction of neural NI
crest 115,250
Wnt9B | 17¢21.32 Yes % Midfacial Mouse- Cleft lip | NI
morphogenesi | **°
59
Wntl11 | 11g13.5 Yes % | Neural Zebrafish NI

patterning®*

knockout- midline
defects 2%

NI = No syndrome identified
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Section 3.3) . Therefore, variation in Wnt3 may disrupt normal craniofacial development
and contribute to clefting etiology.
4.2.2. Wnt3A

Wnt3A, in mice, has been shown to control the fate of both
mesenchymal and NCCs in the craniofacial processes and to
regulate palatal fusion 2. Embryonic expression of Wnt3A is
upregulated by fibroblast growth factor 8 (FGF8), which is highly
expressed in the facial primordia and is also an important
regulator of craniofacial development ***°!. Additionally, Wnt3A
signaling is also decreased when fibroblast growth factor receptor
1 (FGFR1), which regulates the epithelial-mesenchymal
transformation necessary for normal palatal development, is
inactivated ', '

4.2.3. Wntll

Embryogenic studies have shown that Wntl1 is necessary for
directing migrating NCCs, which will later form ectomesenchyme
of the developing face 14114 = Also, bone morphogenic protein 4
(BMP4), which functions in the same pathway as Msx homeobox
genes, is necessary for upper labial fusion in mice ****%, and
downregulates Wntl1 during normal urogenital development ''.
Inactivation of BMP4 causes cleft lip in mice; therefore, the
relationship between BMP4 and Wntl1 suggests that variation in

Wntl1 could play an etiological role in NSCLP >, ''®

4.2.4. Wnt84

Wnt8A, like Wnt3A and Wntl1, has been shown to play an important role in NCC

differentiation, NCC migration and craniofacial development in the mouse **#1:4,

NCCs are derived in the neural tube and migrate into the
pharyngeal/branchial arches and differentiate into connective tissue and
bone of the head and neck '***.  Several mouse studies have
demonstrated that genes inactivated in NCCs (i.e., Tgfbr2, Tcofl and AP-

2alpha) cause orofacial clefting, as well as other malformations *>**°°,
118

Together, this supports that Wnt8A is a putative NSCLP candidate gene.

4.2.5. Wnt54
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We previously identified a region on chromosome 3p21-14
between two STR markers that may harbor a clefting gene '*°.
WntS5A is a candidate gene in this region because in situ
hybridization studies have shown that Wnt5A is expressed in the

frontonasal prominence and maxillary process, which fuse to form

the primary palate 2. ''®

4.2.6. Wnt74

Mutations in Wnt7A cause Fuhrmann syndrome (OMIM:228930), which consists of
bowed femurs, aplasia or hypoplasia of the fibula, and poly-, syn-, and oligodactyly 2%4%%:
cleft lip and palate is an occasional finding in this syndrome ?*’. Mutations in Wnt7A also
cause Al-Awadi/Raas-Rothschild syndrome (OMIM:276820), which present with

hypoplastic limbs and “unusual facies”, including a “high and narrow palate” 2°®, The palate

phenotypes in these syndromes suggest that Wnt7A is a potential candidate gene for NSCLP.

4.3. Materials and Methods

The details of the NSCLP family population, sample collection and DNA extraction,
SNP selection criteria, genotyping, and analysis (PDT, G-PDT, APL and GEE) are
completely described in chapter 2.

For this study, 566 NSCLP families (132 multiplex, 235 simplex parent-child trios and
199 simplex parent-child duos) were genotyped using 38 SNPs. This included ten in Wnt3,
six in Wnt3A, one in Wnt5A, nine in Wnt7A, three in Wnt8A, three in Wnt9B and six in
Wntll (Table 4.2). Two previously genotyped Wnt5A STRs were also included in the

analysis ",
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Table 4.2: WNT SNPs genotyped in this study and allele frequencies
NHW  Hispanic
Gene  dbSNP Chr:bp  Location Allelest MAF? MAF>"™™ p.value
Wnt3A  rs708111  1:226257988  upstream C/T  0.483 0.524 0.290
Wnt3A  rs708114  1:226264119  intron 1 C/T  0.469 0.557* 0.034
Wnt3A  rs3094912 1:226276438  intron 1 AIT 0454 0.500 0.228
Wnt3A  rs3121310 1:226291447  intron 2 A/G  0.308 0.382 0.055
Wnt3A  rs752107  1:226313974 downstream C/T  0.308 0.356 0.175
Wnt3A  rs1745420 1:226318355 downstream C/G  0.144 0.178 0.193
WntbA  rs566926  3:55487719 downstream A/C  0.261 0.333 0.550
Wnt7A  rs1124480  3:13832970  upstream C/T  0.459 0.418 0.274
Wnt7A  rs9840696  3:13840076 intron 1 AIG  0.375 0.392 0.651
Wnt7A  rs6778046  3:13846680 intron 1 C/T  0.369 0.415 0.212
Wnt7A  rs9863149  3:13858361 intron 1 C/T  0.315 0.216** 0.004
Wnt7A 15934450  3:13862730 intron 1 A/G  0.329 0.257* 0.037
Wnt7A  rs1433354  3:13872246 intron 2 A/IG 0305 0.453*** <0.0001
Wnt7A  rs6442414  3:13881839 intron 2 AIG 0312 0.221** 0.008
Wnt7A rs11128663 3:13887851 downstream C/G  0.400 0.297** 0.005
Wnt7A  rs4685048  3:13897736 downstream A/C  0.487 0.412* 0.046
Wnt8A  rs4835761 5:137445768  upstream A/G  0.469 0.489 0.619
Wnt8A  rs2040862 5:137447888  intron 2 C/T 0172 0.108* 0.030
Wnt8A  rs2306110 5:137455986 downstream A/C  0.477 0.489 0.765
Wntll rs663746  11:75571777  upstream CIT 0.498 0.474 0.524
Wntll rs1533763 11:75578175  intron1 AT 0.209 0.172 0.272
Wntll rs1533767 11:75583448 exon 3 AIG 0.267 0.279 0.718
Wntll  rs689095 11:75591735  intron 4 AIG  0.307 0.324 0.667
Wntll  rs596339  11:75594155  intron 4 A/IG  0.338 0.412 0.060
Wntll rs1568507 11:75596967 downstream A/T  0.315 0.324 0.820
Wnt3 rs142167 17:42150418 downstream A/G  0.258  0.523*** <0.0001
Wnt3  rs7216231 17:42170907 downstream A/G  0.055  0.409*** <0.0001
Wnt3 rs199525 17:42203002  intron 4 G/T  0.220 0.159 0.070
Wnt3 rs70602  17:42214876  intron1 C/T 0.219 0.149* 0.041
Wnt3 rs199501  17:42217772  intron 1 AIG 0256  0.538*** <0.0001
Wnt3 rs199498 17:42220763 intron 1 C/IT 0.241  0.489*** <0.0001
Wnt3 rs111769  17:42227151  intron 1 C/T 0416  0.258*** <0.0001
Wnt3 rs3851781 17:42246300 intron 1 C/IT 0474 0.657*** <0.0001
Wnt3 hCV1139279 17:42248220  upstream C/G  0.198 0.11** 0.005
Wnt3  rs9890413 17:42256448  upstream A/IG 0363 0.215*** 0.0002
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NHW
Gene dbSNP Chr:bp Location Allelest MAF?

Hispanic
MAF® p-value

Wnt9B rs2165846 17:42296365 intron 1 A/G 0.421
Wnt9B rs1530364 17:42306776 intron 2 A/G 0.261
Wnt9B rs197915 17:42345521 downstream A/G 0.434

0.720***  <0.0001
0.317 0.128
0.432 0.972

tMajor allele as identified in NHW listed first

®Minor allele frequency of nonHispanic white dataset

bCorresponding frequency in Hispanic of nonHispanic white minor allele

*p<0.05; **p<0.01; **p<0.001
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4.4,

Results

All SNPs were in Hardy-Weinberg equilibrium. Comparisons of
SNP allele frequencies, after Bonferroni correction, showed
significant differences between European Americans and
Hispanics (p<0.001) in 3 of the 7 genes [Table 4.2]. Therefore,
in addition to an overall analysis of the complete dataset, the data
were stratified by ethnicity and examined separately. There was
no evidence for linkage under any of the tested parametric models
or with nonparametric methods for any of the regions
[(Supplemental Table 4.1)].

PDT and Geno-PDT results for the entire dataset are presented

in [Table 4.3]. Out of the seven genes interrogated, 5 have SNPs
that meet a nominal threshold of 0.05. If we correct the
significance level for the number of genes tested, then SNPs in
three genes (Wnt3A, Wnt5A and Wntll) still yield significant
results (p<0.007). [Table 4.4 (and Supplemental Tables 4.2 and
4.3)] contain the results of PDT, Geno-PDT and APL analyses
when the families were grouped by ethnicity and also subdivided
according to the presence or absence of family history (FH).
SNPs meeting a nominal threshold (p-value <0.05) were found in
each gene, generally by multiple methods. In the overall
European American sample, and when by stratified by FH,
associations were identified with multiple SNPs in Wnt3, Wnt5A
and Wntll [Table 4.4]. In addition, SNPs in Wnt7A were
significant in the total European American sample and in the
positive FH subgroup, while a SNP in Wnt9B was significant
only in the positive FH subgroup. Multiple SNPs in Wnt3A were
significant in the total European American sample and in the
negative FH subgroup and a SNP in Wnt8A was significant in the
negative FH subgroup.
When examining the entire Hispanic sample or when stratifying
by FH, associations were identified for SNPs in Wnt3A and
Wnt9B. Two SNPs were significant in the total sample; one of
these was significant in the negative FH subgroup. One SNP in
Wntl1 was significant in the positive FH subgroup and when the
sample was considered as a whole. Lastly, a SNP in Wnt3 was
significant in the positive FH subgroup. Overall, across ethnicity,
the same SNPs were significant in four genes: Wnt3A (2 SNPs),
Wnt7A (4 SNPs), Wntl1 (1 SNP) and Wnt9B (1 SNP) and both
ethnicities had significant SNPs in Wnt3, although there was no
overlap.
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Table 4.3: Results of WNT association analysis in complete dataset.*

Gene dbSNP PDT G-PDT
Wnt3 rs142167 0.147 0.278
Wnt3 rs7216231 0.359 0.584
Wnt3 rs199525 0.353 0.636
Wnt3 rs70602 0.132 0.302
Wnt3 rs199501 0.190 0.249
Wnt3 rs199498 0.269 0.220
Wnt3 rs111769 0.498 0.331
Wnt3 rs3851781 0.914 0.219
Wnt3 | hCV1139279 0.299 0.519
Wnt3 rs9890413 0.853 0.741
Wnt3A rs708111 0.127 0.310
Wnt3A rs708114 0.378 0.570
Wnt3A rs3094912 0.334 0.352
Wnt3A rs3121310 0.034 0.088
Wnt3A rs752107 0.021 0.022
Wnt3A rs1745420 0.006 0.009
Wnt7A rs1124480 0.290 0.314
Wnt5A D3S3719 0.320 0.340
Wnt5A rs566926 0.002 0.008
Wnt5A D3S52408 0.757 0.358
Wnt7A rs9840696 0.272 0.483
Wnt7A rs6778046 0.172 0.049
Wnt7A rs9863149 0.183 0.415
Wnt7A rs934450 0.209 0.454
Wnt7A rs1433354 0.228 0.437
Wnt7A rs6442414 0.665 0.091
Wnt7A | rs11128663 0.229 0.332
Wnt7A rs4685048 0.010 0.049
Wnt8A rs4835761 0.490 0.067
Wnt8A rs2040862 0.306 0.045
Wnt8A rs2306110 0.535 0.164
Wnt9B rs2165846 0.962 0.971
Wnt9B rs1530364 0.869 0.939
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Wnt9B rs197915 0.469 0.149
Wntll rs663746 0.083 <0.001
Wntll rs1533763 0.199 0.378
Wntll rs1533767 0.099 0.009
Wntll rs689095 0.386 0.151
Wntll rs596339 0.747 0.747
Wntll rs1568507 0.124 0.178

*All SNPs with p<0.01 are bolded.

Table 4.4: Results of WNT association analysis by ethnicity and family history*

A. NHW All Positive FH Negative FH
Gene | dbSNP' | PDT | G- APL | PDT | G- APL | PDT | G- APL
PDT PDT PDT
Wnt3 | rs70602 |0.154 | 0.308 | 0.041 | 0.309 | 0.585 | 0.009 | 0.299 | 0.426 | 0.365
Wnt3 | rs199498 |0.162 | 0.239 | 0.161 | 0.087 | 0.139 | 0.006 | 1.000 | 0.941 | 0.947
Wnt3 | rs9890413|0.948 | 0.698 | 0.593 | 0.932 | 0.216 | 0.504 | 0.840 | 0.005 | 0.835
Wnt3A | rs752107 |0.023 | 0.027 | 0.003 | 0.31 |0.441 | 0.125 |0.0178| 0.027 | 0.009
Wnt5A | rs566926 |0.005 | 0.016 | 0.004 | 0.043 | 0.107 | 0.049 |0.0462 | 0.144 | 0.02
Wnt8A | rs2040862|0.352 | 0.055 | 0.061 | 0.581 | 0.372 | 0.085 | 0.009 | 0.016 | 0.001
Wnt9B | rs197915 |0.160 | 0.051 | 0.573 | 0.072 | 0.180 | 0.003 |0.926 | 0.060 | 0.310
Wntll | rs663746 |0.067 | 0.001 | 0.449 | 0.104 | 0.047 | 0.278 | 0.361 | 0.014 | 0.849
Wntll | rs1533767(0.114 | 0.012 | 0.001 | 0.744 | 0.010 | 0.100 | 0.006 | 0.016 | 0.003
B. Hispanics All Positive FH Negative FH
Gene | dbSNP™ | PDT | G- APL | PDT |G-PDT| APL |PDT | G- APL
PDT PDT
Wnt3A |rs708111 NS | NS NS ]0.034|0.135 | 0.007 |0.297]0.426 | 0.005
Wnt3A rs3094912 | 0.343|0.572 | 0.031 NS | NS NS ]0.162]0.240 | <0.001
Wnt3A s1745420 | 0.083|0.157 | <0.001 |0.096 | 0.264 | 0.009 | 0.346| 0.376 | 0.008
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*All SNPs with p<0.01 are shown and p<0.007 are bolded.

The results of haplotype analysis are shown in [Table 4.5].
Because of the small sample size, data were not stratified by FH.
In both European American and Hispanic samples, four
haplotypes in Wnt3A and one in Wnt8A were significantly
associated [Table 4.5]. Wntl1 haplotypes were only significant in
the European American sample [Table 4.5]. While some of the
SNPs within genes were in significant LD, most of the SNPs in
the significantly overtransmitted haplotypes had r* < 0.3
[Supplemental Table 4.3].

GEE analysis identified significant gene-gene interactions for
SNPs in Wnt3A and Wnt3 (p=0.0037) in the European American
sample and SNPs in Wnt3A and Wnt5A in the Hispanic sample
(p=0.0388) [Table 4.6]. Models for interaction considering
dominant and recessive main effects were tested in the European
American sample. The best model for increased susceptibility
was when at least one copy of the rarer allele was present at each
locus (p=0.03, data not shown). Interestingly, when there was
homozygosity for the common allele in Wnt3, the rare allele in
Wnt3A was protective (p = 0.007, data not shown). The Hispanic
sample was too small to evaluate the main effects. ''®

4.5.  Discussion

In this study we interrogated seven WNT genes (Wnt3, Wnt9B, Wnt3A, Wntl1l, Wnt8A,
Wnt5A, and Wnt7A) for association with NSCLP. We found that (1) all seven genes reached
nominal significance (p<0.05) in this study, (2) Wnt3A, Wnt5A and Wntll remained
significant after implementing a modest Bonferroni correction, and (3) only Wnt3A was
associated with NSCLP in both populations and all analyses.

Though the seven WNT genes in this study were selected because of the roles each has
in craniofacial development (see Section 4.2), it was surprising that we found association
with each gene and NSCLP (p<0.05). These results raised issues concerning multiple

testing.
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Table 4.5: Overtransmitted WNT haplotypes by ethnicity

A. NHW

Gene SNP1 SNP SNP2 SNP Overtransmitted | p-value

order* order Haplotype

Wnt3 rs142167 1 rs199525 3 2,1 0.049
Wnt3 rs7216231 | 2 rs199525 3 2,1 0.033
Wnt3 rs199525 3 rs70602 4 1,2 0.05
Wnt3A | rs708111 1 rs752107 5 2,1 0.010
Wnt3A | rs708114 2 rs752107 5 1,1 0.014
Wnt3A | rs3094912 |3 rs752107 5 1,1 0.037
Wnt3A | rs3121310 |4 rs752107 5 2,1 0.017
Wnt3A | rs752107 5 rs1745420 6 1,2 0.001
Wnt8A | rs4835761 |1 rs2306110 3 1,1 0.05
Wntll rs663746 1 rs1533767 3 2,2 0.047
Wntll | rs1533763 |2 rs596339 5 2,2 0.012
Wntll | rs1533767 |3 rs1568507 6 2,2 0.013
B. Hispanics

Gene SNP1 SNP SNP2 SNP Overtransmitted | p-value

order* order Haplotype

Wnt3 rs199498 6 rs9890413 10 2,2 0.047
Wnt3A | rs708111 1 rs3121310 4 1,1 0.022
Wnt3A | rs708111 1 rs752107 5 1,1 0.008
Wnt3A | rs708111 1 rs1745420 6 1,2 0.007
Wnt3A | rs708114 2 rs3094912 3 2,1 0.004
Wnt3A | rs708114 2 rs1745420 6 2,2 <0.001
Wnt3A | rs3094912 3 rs3121310 4 1,1 <0.001
Wnt3A | rs3094912 3 rs752107 5 1,1 <0.001
Wnt3A | rs3094912 3 rs1745420 6 1,2 0.003
Wnt3A | rs3121310 4 rs752107 5 1,1 0.027
Wnt3A | rs3121310 4 rs1745420 6 1,2 <0.001
Wnt3A | rs752107 5 rs1745420 6 1,2 <0.001
Wnt8A | rs4835761 1 rs2306110 3 2,2 0.049

*Order of SNP within candidate gene

+All SNPs with p <0.05 are shown and p <0.007 are bolded
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Table 4.6: WNT gene-gene interactions*

Population Genel/SNP Gene2/SNP GEE p-value
nonHispanic whites Wnt3A/rs752107 Wnit3/rs70602 0.004
Hispanic Wnt3A/rs1745420 | Wnt5A/rs566926 | 0.039

*All SNPs with P <0.05 are shown and P <0.007 are bolded.

NSCLP (Tables 4.3 and 4.4).

coding variants or change transcription binding sites.

The issue of correcting for multiple tests is complicated when
multiple methodologies are performed, and neither the tests nor
all the SNPs are independent. Moreover, which correction factor
to use is further complicated when the SNPs are in genes
considered viable candidates from other scientific evidence.
Therefore, we elected to report results meeting a nominal p-value
of 0.05. In addition, for the association studies of the individual
SNPs, we have employed a correction factor of 7 (0.05/7 = 0.007)
to take into consideration the number of genes evaluated. This
represents a generally acceptable correction strategy; one not as
stringent as a strict Bonferroni, yet still taking the number of
totally independent analyses into account. This correction is not
employed in the haplotype or gene-gene interaction analyses, as
these are truly exploratory in nature and are restricted by sample
size. Clearly, replication of these studies is critical, as well as
examining gene sequences to identify etiologic susceptibility
mutations. .

While multiple testing remains an issue, the most striking results came from two genes
that play a role in NCC differentiation and migration, Wnt3A and Wnt11 (Tables 4.3 and 4.4)

Wnt3A was significant in the complete dataset for both ethnicities, regardless of FH of

interactions in both ethnicities (Tables 4.5 and 4.6). Of interest, each of the six Wnt3A SNPs

genotyped was significant in at least one of the above analyses. None of the SNPs were

(UTR) region. Polymorphisms and mutations in 3’-UTRs have been associated with other
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rs752107 is in the 3’ untranslated



diseases, including ITGB2 and Hirschsprung disease-associated enterocolitis, SOX10 and
complex severe neurocristopathy and GATA4 and congenital heart disease *>**®*. The other
five Wnt3A SNPs are intronic. Intronic SNPs are associated in several complex diseases,
including NSCLP, Hirschsprung disease and age-related macular degeneration 404749183185
however, finding functional explanations for these intronic SNP associations is difficult.
Interestingly, the Wnt3A haplotype of rs752107 and rs1745420 was significant in both the
NHW (p=0.001) and Hispanic (p<0.001) groups (Table 4.5). GEE analysis also identified
interaction between Wnt3A SNPs and SNPs in Wnt3 and Wnt5A in our NHW and Hispanic
groups, respectively (Table 4.6). The GEE test does not detect biochemical interactions;
however, Wnt3A and Wnt3 are both involved in NCC development **# while Wnt5A and
WNnt3A are both expressed in the craniofacial processes that form the upper lip and palate
2024251 Therefore, detection of interactions is consistent with the biologic functions of these
genes.

Overall, the results from this study suggest that variations in WNT genes that contribute
to normal craniofacial development also play an etiological role in NSCLP. Specifically,
those WNT genes that function in NCC differentiation and migration (Wnt3A and Wnt11)
were highly associated with NSCLP. During development, NCCs form the connective

254

tissue and skeleton that become the craniofacies The results suggest that altered

regulation in any or multiple of these genes can predispose an individual to NSCLP.
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Supplemental Table 4.1: WNT linkage disequilibrium results

A. Wnt3

dbSNP rs142167 | rs7216231 | rs199525 | rs70602 | rs199501 | rs199498 | rs111769 | rs3851781 | hCV1139279 | rs9890413
rs142167 0.471 0.101 0.160 0.797 0.738 0.015 0.018 0.037 0.000
rs7216231 0.065 0.102 0.129 0.428 0.293 0.113 0.039 0.031 0.040
rs199525 0.581 0.004 0.718 0.096 0.130 0.255 0.153 0.010 0.082
rs70602 0.638 0.003 0.767 0.149 0.144 0.243 0.124 0.002 0.126
rs199501 0.798 0.063 0.621 0.765 0.769 0.021 0.000 0.023 0.001
rs199498 0.673 0.003 0.640 0.716 0.731 0.009 0.032 0.031 0.015
rs111769 0.029 0.002 0.025 0.026 0.024 0.025 0.095 0.045 0.209
rs3851781 0.064 0.001 0.074 0.082 0.074 0.098 0.018 0.152 0.343
hCV1139279 0.001 0.001 0.006 0.005 0.003 0.004 0.128 0.163 0.037
rs9890413 0.030 0.002 0.040 0.039 0.031 0.045 0.165 0.361 0.120

B. Wnt3A

dbSNP rs708111 | rs708114 | rs3094912 | rs3121310 | rs752107 | rs1745420

rs708111 0.027 0.688 0.021 0.176 0.157

rs708114 0.001 0.463 0.012 0.001

rs3094912 0.561 0.040 0.004 0.217 0.190

rs3121310 0.137 0.484 0.013 0.014 0.014

rs752107 0.195 0.030 0.282 0.054

rs1745420 0.082 0.010 0.135 0.000

C. Wnt5A

STR/dbSNP | D3S3719 | rs566926 | D3S2408

D3S3719

0.000

15566926 0.000
D3S2408 0.000
D. Wnt7A

0.000
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rs1124480 | rs9840696 | rs6778046 | rs9863149 | 15934450 | rs1433354 | rs6442414 | rs11128663 | rs4685048
0.024 0.030 0.003 0.004 0.014 0.006 0.003 0.001
0.731 0.111 0.155 0.239 0.023 0.008 0.014
0.193 0.239 0.252 0.044 0.003 0.026
0.679 0.001 0.001 0.013 0.002
0.011 0.003 0.004 0.001
0.085 0.033 0.029

0.598 0.369

rs1124480
rs9840696
rs6778046 0.065 0.799
159863149 0.037 0.214 0.244
15934450 0.032 0.219 0.263 0.900
rs1433354 0.004 0.142 0.158 0.002 0.000
rs6442414 0.000 0.014 0.015 0.075 0.084 0.008
rs11128663 0.001 0.000 0.000 0.015 0.019 0.021 0.533
154685048 0.010 0.015 0.012 0.018 0.022 0.115 0.322

E. Wnt8A

dbSNP rs4835761
rs4835761
rs2040862
rs2306110 0.932

152040862 | rs2306110
0.081 0.935

F. Wnt9B

dbSNP rs2165846
rs2165846
rs1530364
rs197915 0.082

rs1530364 | rs197915
0.018 0.062

G. Wntll

dbSNP 1s663746
1s663746
rs1533763
rs1533767 0.108 0.018
rs689095 0.023 0.120 0.058
rs596339 0.027 0.445 0.017 0.232
rs1568507 0.012 0.114 0.047 0.885

rs1533763 | rs1533767 | rs689095 | rs596339 | rs1568507
0.000 0.044 0.009 0.000 0.007
0.004 0.094 0.296 0.092
0.021 0.004 0.017
0.327 0.948
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Supplemental Table 4.2: All WNT association results in NHW families

All Positive Family Negative Family
History History
Gene | Marker PDT |[Geno-| APL | PDT |Geno- | APL | PDT | Geno-| APL
PDT PDT PDT
'Wnt3A rs708111 0.103 | 0.257 | 0.778 | 0.11 | 0.114 | 0.366 | 0.558 | 0.203 | 0.867
'Wnt3Ars708114 0.340 | 0.555 | 0.55 | 0.217 | 0.315 | 0.556 | 0.931 | 0.919 | 0.778
Wnt3Ars3094912 |0.485 | 0.335 | 0.698 | 0.778 | 0.657 | 0.723 | 0.455 | 0.449 | 0.75
‘Wnt3Ars3121310 |0.014 | 0.033 | 0.065 | 0.051 | 0.073 | 0.499 | 0.137 | 0.319 | 0.08
'Wnt3Ars752107 0.023 | 0.027 | 0.003 | 0.31 | 0.441 | 0.125 |0.0178 | 0.027 | 0.009
Wnt3Ars1745420 (0.024 | 0.034 | 0.092 | 0.301 | 0.377 | 0.283 | 0.033 | 0.067 | 0.204
Wnt7Ars1124480 (0.528 | 0.667 | 0.681 | 0.842 | 0.853 | 0.957 | 0.439 | 0.603 | 0.539
Wnt7Ars9840696 (0.229 | 0.473 | 0.958 | 0.040 | 0.097 | 0.047 | 0.288 | 0.584 | 0.149
Wnt7Ars6778046 (0.127 | 0.162 | 0.407 | 0.03 | 0.031 | 0.067 | 0.612 | 0.888 | 0.670
Wnt7Ars9863149 (0.176 | 0.366 | 0.784 | 0.038 | 0.058 | 0.205 | 0.846 | 0.687 | 0.608
'Wnt7A rs934450 0.2 |0.341 | 0.889 | 0.053 | 0.029 | 0.168 | 0.673 | 0.34 | 0.384
Wnt7Ars1433354 (0.319 | 0.535 | 0.622 | 0.167 | 0.254 | 0.322 | 0.831 | 0.827 | 0.728
Wnt7Ars6442414 |0.733 | 0.168 | 0.933 | 0.371 | 0.34 | 0.833 | 0.598 | 0.278 | 0.720
Wnt7Ars11128663 (0.399 | 0.526 | 0.886 | 0.633 | 0.416 | 0.897 | 0.455 | 0.745 | 0.793
'Wnt7A rs4685048 (0.027 | 0.085 | 0.097 | 0.129 | 0.351 | 0.152 | 0.105 | 0.192 | 0.291
'Wnt5A D3S3719 0.343 | 0.365 | n/a 0.343 | 0.365 | n/a n/a n/a | n/a
'Wnt5A rs566926 0.005 | 0.016 | 0.004 | 0.043 | 0.107 | 0.049 |0.0462 | 0.144 | 0.02
'WntS5A D3S2408 0.599 | 0.286 | n/a 0.599 | 0.286 | n/a n/a n/a | n/a
Wnt8a rs4835761 (0.399 | 0.069 | 0.46 | 0.561 | 0.265 | 0.194 | 0.067 | 0.086 | 0.129
'Wnt8a rs2040862 (0.352 | 0.055 | 0.061 | 0.581 | 0.372 | 0.085 | 0.009 | 0.016 | 0.001
‘Wnt8a rs2306110 (0.409 | 0.188 | 0.818 | 0.749 | 0.679 | 0.052 | 0.117 | 0.113 | 0.197
‘Wntll rs663746 0.067 | 0.001 | 0.449 | 0.104 | 0.047 | 0.278 [0.36139|0.01449 0.849
Wntll rs1533763 |0.267 | 0.464 | 0.338 | 0.858 | 0.245 | 0.193 | 0.05 | 0.097 | 0.053
‘Wntll rs1533767 |0.114 | 0.012 | 0.001 | 0.744 | 0.010 | 0.100 | 0.006 | 0.016 | 0.003
Wntll rs689095 0.374 | 0.127 | 0.540 | 0.943 | 0.217 | 0.652 | 0.135 | 0.219 | 0.289
‘Wntll rs596339 0.463 | 0.762 | 0.152 | 0.244 | 0.499 | 0.236 | 0.927 | 0.891 | 0.311
Wntll rs1568507 (0.144 | 0.143 | 0.213 | 1.000 | 0.181 | 0.462 | 0.02 | 0.062 | 0.047
Wnt3 [rs142167 0.108 | 0.23 | 0.051 | 0.294 | 0.553 | 0.107 | 0.190 | 0.359 | 0.222
Wnt3 rs7216231 (0.662 | 0.289 | 0.714 | 0.162 | 0.162 | 0.092 | 0.394 | 0.477 | 0.315
Wnt3 rs199525 0.437 | 0.731 | 0.182 | 0.309 | 0.557 | 0.017 | 0.908 | 0.985 | 0.777
Wnt3 rs70602 0.154 | 0.308 | 0.041 | 0.309 | 0.585 | 0.009 | 0.299 | 0.426 | 0.365
Wnt3 rs199501 0.102 | 0.188 | 0.049 | 0.149 | 0.281 | 0.026 | 0.431 | 0.642 | 0.366
Wnt3 rs199498 0.162 | 0.239 | 0.161 | 0.087 | 0.139 | 0.006 | 1.000 | 0.941 | 0.947
Wnt3 rs111769 0.435 | 0.334 | 0.993 | 0.150 | 0.296 | 0.251 | 0.502 | 0.043 | 0.422
Wnt3 rs3851781 (0.736 | 0.187 | 0.604 | 0.534 | 0.206 | 0.722 | 0.772 | 0.746 | 0.791
Wnt3 hCV11392790.217 | 0.366 | 0.597 | 0.278 | 0.335 | 0.808 | 0.535 | 0.801 | 0.689
Wnt3 rs9890413 (0.948 | 0.698 | 0.593 | 0.932 | 0.216 | 0.504 | 0.840 | 0.005 | 0.835
'Wnt9B rs2165846 (0.697 | 0.887 | 0.715 | 0.381 | 0.556 | 0.668 | 0.538 | 0.771 | 0.403
Wnt9B rs1530364 (0.574 | 0.828 | 0.644 | 0.083 | 0.146 | 0.298 | 1.000 | 0.821 | 0.856
Wnt9B rs197915 0.160 | 0.051 | 0.573 | 0.072 | 0.180 | 0.003 | 0.926 | 0.060 | 0.310
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Supplemental Table 4.3: All WNT association results in Hispanic families

All Positive Family Negative Family
History History

Gene | Marker PDT |Geno- | APL | PDT |Geno- | APL | PDT | Geno-| APL

PDT PDT PDT
Wnt3A rs708111 0.85810.698 | 0.314 | 0.034 | 0.135 | 0.007 | 0.297 | 0.426 | 0.005
Wnt3A rs708114 0.819]0.925 | 0.422 | 0.655 | 0.513 | 0.813 | 0.593 | 0.701 | 0.425
Wnt3A rs3094912 | 0.343|0.572 | 0.031 | 0.796 | 0.892 | 0.301 | 0.162 | 0.240 | 0.001
Wnt3A rs3121310 | 0.450| 0.570 | 0.473 | 0.739 | 0.264 | 0.867 | 0.251 | 0.556 | 0.349
Wnt3A rs752107 0.695]0.744 | 0.082 | 0.706 | 0.853 | 0.100 | 0.491 | 0.280 | 0.261
Wnt3A rs1745420 | 0.083| 0.157 | 0.001 | 0.096 | 0.264 | 0.009 | 0.346 | 0.376 | 0.008
Wnt7A rs1124480 | 0.106| 0.040 | 0.252 | 0.706 | 0.080 | 0.851 | 0.103 | 0.189 | 0.118
Wnt7A rs9840696 | 0.876|0.747 | 0.336 | 1.000 | 0.755 | 0.810 | 0.847 | 0.925 | 0.330
Wnt7A rs6778046 | 0.886] 0.026 | 0.110 | 0.763 | 0.467 | 0.979 | 0.746 | 0.044 | 0.084
Wnt7A rs9863149 | 0.858|0.576 | 0.911 | 0.796 | 0.801 | 0.100 | 1.000 | 0.625 | 0.133
Wnt7A rs934450 0.866|0.429 | 0.531 | 0.439 | 0.714 | 0.090 | 0.655| 0.456 | 0.017
Wnt7A rs1433354 | 0.456|0.689 | 0.214 | 0.257 | 0.411 | 0.651 | 0.746 | 0.946 | 0.227
Wnt7A rs6442414 | 0.724| 0.386 | 0.440 | 0.414 | 0.641 | 0.508 | 1.000 | 0.450 | 0.867
Wnt7A rs11128663 | 0.194| 0.345 | 0.892 | 0.706 | 0.641 | 0.943 | 0.209 | 0.258 | 0.914
Wnt7A rs4685048 | 0.131|0.182 | 0.337 | 1.000 | 1.000 | 0.800 | 0.096 | 0.122 | 0.330
Wnt5A [D3S3719 0.7341 0.526 | n/a 0.734 | 0.526 | n/a n/a n/a |n/a
Wnt5A 1s566926 0.182]0.432 | 0.154 | 0.781 | 0.185 | 0.401 | 0.144 | 0.129 | 0.242
Wnt5A [D3S2408 0.4591] 0.526 | n/a 0.459 | 0.526 | n/a n/a n/a |n/a
Wnt8a rs4835761 |0.695|0.814 | 0.251 | 0.763 | 0.837 | 0.507 | 0.796 | 0.925 | 0.360
Wnt8a [rs2040862 |0.637|0.783 | 0.636 | 0.157 | 0.157 | 0.260 | 1.000 | 1.000 | 0.850
Wnt8a [rs2306110 |0.564] 0.650 | 0.181 | 0.763 | 0.837 | 0.524 | 0.617 | 0.758 | 0.223
Wntll rs663746 1.000{ 0.031 | 0.245 | 0.025 | 0.104 | 0.282 | 0.336 | 0.080 | 0.081
Wntll rs1533763 |0.366| 0.608 | 0.622 | 0.564 | 0.564 | 0.323 | 0.480 | 0.683 | 0.924
Wntll rs1533767 |0.637|0.701 | 0.900 | 0.414 | 0.414 | 0.997 | 1.000 | 0.585 | 0.867
Wntll rs689095 1.000| 1.000 | 0.851 | 0.157 | 0.264 | 0.469 | 0.593 | 0.467 | 0.915
Wntll rs596339 0.134] 0.131 | 0.370 | 1.000 | 1.000 | 0.456 | 0.083 | 0.116 | 0.204
Wntll rs1568507 |[0.617|0.659 | 0.971 | 0.317 | 0.513 | 0.894 | 0.439 | 0.301 | 0.911
Wnt3  rs142167 0.866|0.953 | 0.730 | 0.480 | 0.367 | 0.463 | 0.847 | 0.642 | 0.943
Wnt3 rs7216231 |0.353|0.492 | 0.989 | 0.257 [ 0.135 | 0.983 | 0.670 | 0.210 | 0.993
Wnt3  rs199525 0.531]0.678 | 0.997 | 0.317 | 0.317 | 0.194 | 0.670 | 0.627 | 0.943
Wnt3  rs70602 0.617]| 0.607 | 0.658 | 0.317 | 0.317 | 0.190 | 0.796 | 0.445 | 0.750
Wnt3  rs199501 0.465] 0.696 | 0.495 | 0.706 | 0.641 | 0.683 | 0.532 | 0.546 | 0.369
Wnt3  rs199498 0.414]1 0.376 | 0.531 | 0.706 | 0.641 | 0.688 | 0.467 | 0.155 | 0.410
Wnt3  rs111769 0.847]10.946 | 0.358 | 0.317 | 0.513 | 0.073 | 1.000 | 0.798 | 0.442
Wnt3 rs3851781 |0.414|0.758 | 0.676 | 1.000 | 1.000 | 0.037 | 0.394 | 0.741 | 0.440
Wnt3 hCV1139279 0.593|0.695 | 0.810 | 0.564 | 0.564 | 0.309 | 0.366 | 0.578 | 0.492
Wnt3  1rs9890413 | 0.683|0.908 | 0.980 | 0.157 [ 0.157 | 0.145 | 1.000 | 0.722 | 0.851
Wnt9B 1rs2165846 | 0.127|0.204 | 0.755 | 0.564 | 0.564 | 0.040 | 0.059 | 0.155 | 0.369
Wnt9B rs1530364 |0.480|0.685 | 0.740 | 0.414 | 0.641 | 0.982 | 0.695 | 0.766 | 0.677
Wnt9B rs197915 0.034] 0.050 | 0.082 | 0.317 | 0.317 | 0.204 | 0.020 | 0.040 | 0.044
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Chapter 5: Identification of association between NSCLP and a novel gene in

region 16g24.1: CRISPLD?2

Note: The information presented in this chapter was published in 2007, in which | was the
primary author: “CRISPLD2: a novel NSCLP candidate gene.” Human Molecular
Genetics. 16 (18): p.2241-2248. The Human Molecular Genetics Journal does not require
permission to reproduce manuscript content “in full or in part in a thesis or dissertation”

(http://www.oxfordjournals.org/access purchase/ publication rights.html).
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5.0. Introduction

Genome scans, like the one performed for chapter three, identify regions that potentially
harbor a disease gene for a given population. Given the etiologic heterogeneity for NSCLP,
genome scans on different populations often do not return identical results (refer to Table
1.2, page 11). Additionally, regions identified in these genome scans do not always reveal
previously identified and/or biologically plausible disease genes. In this chapter, data is
presented for one such region, 16924.1, and the identification of a novel gene family,

CRISPLD, that contributes to the genetic etiology of NSCLP.

5.1. Chromosome 16g24.1
In 2000, Prescott et al. performed a genome scan on a dataset comprised of caucasian
sib-pairs from the UK and identified eleven regions across the genome that potentially

harbor a clefting locus ',

In a follow-up to that study, our laboratory genotyped the same
genetic markers that showed linkage with association in their study in our large multiplex
NSCLP nonHispanic white families *®. Six regions, 2p13, 2937, 11p12-14, 12q13, 16p13
and 16924, were identified '°. Significant linkage was found to STR marker d1653037 on
chromosome 16g24.1 (p=0.00063). Three other NSCLP genome scans and two meta-
analyses also suggested that a clefting gene is located near 16q21-24 9799.100.103104262 1y
potential candidate genes lie within 1 Mb of this marker: interferon regulatory factor 8
(IRF8) and cysteine-rich secretory protein LCCL domain containing 2 (CRISPLD2) .
These genes were chosen as potential NSCLP candidate genes because (1) IRF8 is in the

same gene family as IRF6, which has been associated with NSCLP, and (2) CRISPLD?2 is

795 bp 5° of d16s3037 4049160,
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5.2.  Materials and Methods

The details of the NSCLP family population, sample collection and DNA extraction,
SNP selection criteria, genotyping, analysis (FBAT and HBAT), transcription binding site
prediction algorithms, sequencing, silver staining and in situ hybridizations are described in
Chapter 2.

For this study, 63 multiplex families (56 nonHispanic white and seven Hispanic) and
287 simplex parent-child trios or duos (213 nonHispanic white and 74 Hispanic) were
genotyped with 18 SNPs (Table 5.1). Additionally, a total of 246 Columbian NSCLP
families (114 multiplex and 132 simplex parent-child trios) were genotyped with 12
CRISPLD2 SNPs (Table 5.1). The discrepancy in number of SNPs genotyped in the
different datasets is due to the elimination of SNPs in linkage disequilibrium with other

SNPs.

5.3. Results
5.3.1. Microsatellite analysis

In a follow-up study to Prescott et al.’s genome wide scan, we
genotyped 37 STRs in 47 multiplex NSCLP families %. Reanalysis of
the original data stratified by ethnicity with FBAT showed an
additional microsatellite marker, D16S3037, with significant linkage
with association to NSCLP (p=0.00063). D16S3037 maps to
chromosome 16g24.1. There are 35 known genes in this region based
on UniProt, RefSeq and GenBank mRNA. 2%

5.3.2. Candidate Gene Testing

Interferon regulatory factor 8 (IRF8) was chosen as the first
candidate gene because IRF8 belongs to the same family as IRF6,
mutations in which are causal for VVan der Woude syndrome and
IRF6 variants have been shown to play an etiologic role in
NSCLp 04749135137 = Also, IRF8 is 1 Mb downstream of
D16S3037. Seven IRF8 SNPs (2 flanking and 5 intragenic)
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Table 5.1: 160g24.1 SNPs genotyped in this study and allele frequencies

NHW  Hispanic Columbian

Gene dbSNP Chr:bp Location  Alleles; MAF* MAF>™™™  MAF®
IRF8 rs7193803 16:84482924 upstream GIT 0.306 0.4 NT
IRF8 rs305082  16:84494729 intron 2 T/IC 0.173 0.167 NT
IRF8 rs305080  16:84499525 intron 2 CIT 0.283 0.308 NT
IRF8 rs2292980 16:84502827 intron 3 AIG 0.286 0.308 NT
IRF8 rs2280378  16:84510496 intron 7 CIT 0.418 0.423 NT
IRF8 rs1568391  16:84513055 exon 9 TIG 0.447 0.8*** NT
IRF8 rs880365  16:84517113 downstream C/T 0.21 0.467* NT
CRISPLD2 rs4572384  16:83400728 upstream T/IC 0.396  0.717***  (0.503***
CRISPLD2 rs1874014 16:83413267 intron 1 A/C 0.443  0.261*** NT
CRISPLD2 rs8051428 16:83424753 intron 1 CIT 0.355 0.495** NT
CRISPLD2 rs1546124  16:83429802 exon 2 CIG 0.298 0.322 0.294
CRISPLD2 rs1874015 16:83435283 intron 2 T/IC 0.307 0.193* 0.751***
CRISPLD2 rs12051468 16:83437215 exon 3 AIG 0.454 0.313** 0.338
CRISPLD2 rs8061351 16:83440853 exon 4 T/IC 0.284 0.32 0.393
CRISPLD2 rs2646129  16:83444995 intron 5 AIG 0.368  0.185*** NT
CRISPLD2 rs2326398 16:83460468 intron 8 AIG 0.344 0.312 0.315
CRISPLD2  rs721005  16:83463849 exon 9 CIG 0.396 0.348 0.358
CRISPLD2  rs774206  16:83477709 intron 13 AIG 0.364 0.283 0.334
CRISPLD2  rs767050  16:83480610 exon 14 G/A  0.445 0.383 0.42
CRISPLD2 rs2646112 16:83495601 intron 14 G/A  0.082 0.129 NT
CRISPLD2 rs2641670 16:83498731 exon 15 G/A 0.21 0.371*** 0.266
CRISPLD2 rs4783099  16:83499080 exon 15 CIT 0.364 0.423 0.412
CRISPLD2 rs16974880 16:83500389 exon 15 T/G 0.301 0.371 0.316
CRISPLD2  rs903194  16:83502930 downstream  T/G 0.397 0.291 NT
CRISPLD2 rs2641674 16:83510855 downstream T/C 0.373 0.303 NT

tMajor allele as identified in NHW listed first

®Meinor allele frequency of nonHispanic white dataset

®Corresponding frequency in Hispanic dataset of nonHispanic white minor allele

“Corresponding frequency in Columbian dataset of nonHispanic white minor allele; p-values

represent allele frequency differences between Columbian and Hisp datasets.

*p<0.0125; **p<0.001; **p<0.0001
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were genotyped in our Caucasian and Hispanic cohorts [Figure
5.1A]. All SNPs were in Hardy-Weinberg equilibrium (HWE).
Two SNPs had significantly different allele frequencies between
the Hispanic and Caucasian populations [Table 5.1]. Hence,
families were stratified by ethnicity

for all statistical analyses. There was significant linkage
disequilibrium (LD) between SNPs within IRF8 (data not shown).
No evidence for linkage or association with NSCLP was found by
either parametric or nonparametric linkage analysis. Previous
interrogation of IRF6 in these populations showed an increased
transmission of haplotypes constructed with the major allele
rs2013162 (p=0.009) *. Using this haplotype and all IRF8 SNPs,
IRF8-IRF6 gene-gene interaction was not detected. The
Colombian population was not genotyped for IRF8.

Further evaluation of the 16g24.1 region for candidate genes
revealed the cysteine-rich secretory protein LCCL domain
containing 2 (CRISPLD2) gene, which is 795 bp upstream of
D16S3037. Eighteen CRISPLD2 SNPs (4 flanking and 14
intragenic) were genotyped in the Caucasian and Hispanic
multiplex families and simplex parent-child trios [Figure 5.1]. All
SNPs were in HWE. Seven of the 18 SNPs had significantly
different allele frequencies between the Caucasian and Hispanic
groups with a Bonferroni correction applied and p-value of 0.0125
used as the criterion for significance [Table 5.1]. Parametric and
nonparametric linkage analysis in the multiplex families did not
demonstrate linkage in any of the ethnic groups. FBAT analysis
of the simplex Caucasian trios did not detect any altered
transmission. However, in the Caucasian multiplex families,
altered transmission of several SNPs at the CRISPLD2 locus was
noted [Table 5.2]. SNP rs1546124 (p=0.0006) yielded the largest
p-value; SNPs rs4783099 and rs16974880 also yielded suggestive
p-values (p=0.08 and p=0.03, respectively). When correcting for
multiplex pedigrees, FBAT p-values are still significant for
rs1546124 and suggestive for rs4783099 and rs16974880 (p=0.01,
p=0.16, p=0.07, respectively). SNPs rs4783099 and rs16974880
are in strong LD (D’=0.869), so haplotypes comprised of
rs1546124 with either rs4783099 or rs16974880 were then tested
[Table 5.3]. For the rs1546124-rs4783099 haplotype, an excess
transmission of the 1-1 haplotype was detected when correcting
for multiplex pedigrees (86 transmitted, 69 expected; p=0.002)
with an overall departure from expected observed (p=0.01).
There was an overtransmission of the 1-2 haplotype for
rs1546124 and rs16974880 (83 observed vs. 66 expected,
p=0.001), and an overall departure from expected for all the
haplotypes (p=0.01).
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Figure 5.1: (A) IRF8 and (B) CRISPLD2 SNPs genotyped in this study*
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Table 5.2: NHW and Hispanic CRISPLD2 FBAT results{*

NHW Hispanic
dbSNP P raw IDcorrected P raw Pcorrected
rs4572384 0.832 0.825 0.532 0.549
rs1874014 0.356 0.368 0.853 0.853
rs8051428 0.673 0.686 0.093 0.093
rs1546124 0.001 0.012 0.532 0.532
rs1874015 0.455 0.519 0.467 0.5632
rs12051468 0.960 0.967 0.505 0.450
rs8061351 0.695 0.761 0.028 0.024
rs2646129 0.646 0.700 0.225 0.166
rs2326398 0.109 0.189 0.048 0.056
rs721005 0.159 0.249 0.086 0.086
rs774206 0.488 0.558 0.144 0.117
rs767050 0.774 0.777 0.411 0.423
rs2646112 0.178 0.262 0.808 0.808
rs2641670 0.215 0.120 0.465 0.450
rs4783099 0.081 0.169 0.206 0.217
rs16974880 0.030 0.068 0.160 0.189
rs903194 0.291 0.355 0.819 0.808
rs2641674 0.937 0.937 0.371 0.317
*Modified from 2%
Tp<0.05 in bold
Table 5.3: CRISPLD2 Caucasian multiplex haplotypest*
rs1546124 rs4783099 rs16974880 Observed Expected
Allele 1 Allele 1 86 69
Allele 1 Allele 2 36 40
Allele 2 Allele 1 24 34
Allele 2 Allele 2 8 2
Allele 1 Allele 1 31 37
Allele 1 Allele 2 83 66
Allele 2 Allele 1 n/a n/a
Allele 2 Allele 2 22 31

tTaken from 208

*p<0.001 in bol

d
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As the Hispanic sample is small, FBAT analysis was
performed on the combined simplex and multiplex families. A
slightly altered transmission of SNPs rs8061351 (p=0.03) and
rs2326398 (p=0.05) vwas noted [Table 5.2]. When correcting for
multiplex pedigrees, FBAT p-values remain significant for
rs8061351 (p=0.02) and become suggestive for rs2326398
(p=0.06). There was no evidence for altered transmission of a
haplotype consisting of either these two SNPs or the SNPs
identified in the Caucasian multiplex sample.

A third NSCLP population consisting of Colombian multiplex
families and simplex parent-child trios was tested. Twelve
CRISPLD2 SNPs that were informative in the Caucasian and
Hispanic populations were run on the Colombian NSCLP
population [Table 5.1]. In a comparison between the Hispanic
and Colombian families, two SNPs (rs4572384 and rs1874015)
had significantly different allele frequencies [Table 5.1].
Interestingly, the Colombian sample generally had frequencies
between the Caucasian and Hispanic samples. Parametric and
nonparametric linkage analysis did not show any evidence for
linkage with NSCLP nor was there evidence for altered
transmission in the Colombian multiplex and simplex families.

There was significant linkage disequilibrium between SNPs
genotyped in each population [Supplementary Table 5.1]. Both
Caucasian  [Supplementary  Figure 5.1] and Hispanic
[Supplementary Figure 5.2] populations contain an LD block
encompassing the region spanning rs2641670 to rs16974880.
While they both also exhibit strong LD in the region defined by
rs2326398 to rs767050, this region is divided into two LD blocks
in the Hispanics. In addition, the Hispanics have an additional
LD block consisting of rs1546124 and rs1874015. A formal
comparison of the LD between the Hispanics and the Caucasians
detected significant differences based on D’ and r (p<0.0001 for
both). Because the Colombian sample was not genotyped for all
of the SNPs, a statistical comparison between the LD patterns of
the Colombians with either the Hispanic or the Caucasian
populations was not performed. However, a visual inspection of
the Colombian LD blocks found by Haploview [Supplementary
Figure 5.3] reveals a pattern similar to that of the Hispanics. 2°

5.3.3. Expression Study
CRISPLD?2 in situ hybridizations were performed on E12.5-
E17.5 mouse sagittal and coronal sections to determine the

CRISPLD2 expression in the developing embryo. CRISPLD2
was expressed in the developing oro- and nasopharynx at E13.5
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[Figure 5.2A], the mandible at E14.5 [Figure 5.2B] and the

cartilage primordia of the nasal bones, palate and tooth germs at

E17.5 [Figure 5.2C]. CRISPLD2 is expressed in the liver at

E14.5 and all time points examined [Figure 5.2D]. No other

organ systems showed significant levels of expression. 2
5.3.4. Sequencing

Fifteen exons and approximately 100bp of the intron/exon borders were sequenced in the

CRISPLD2 gene in 25 individuals with CRISPLD2 susceptible haplotype. Table 5.4 and
Figure 5.3 summarizes the 20 sequence variants identified. Nine variants were identified in
the 5’ regions of the exons, including a previously unidentified polymorphism nine basepairs
5’ of exon 12 (8:83468536; T>T/C). One variant was identified in a 3’ region of an exon
(exon 13); this variant has not been previously described (8:83471733; A>A/C). Ten exonic
single basepair variants were found, all previously identified, including three coding
changes. A stretch of 16-23 polythymines was identified in the untranslated portion of exon
15. The sequencing results from this region suggested that the length of this polythymine
stretch was polymorphic. Silver stained PCR products from this region for the 25 probands
identified three different sizes of polythymine stretches (Figure 5.4). To determine the
normal frequency of these three alleles, silver staining was performed on the PCR products
of this region on a total of 300 controls, including 100 unaffected parents of isolated NSCLP
patients (CLP Parent Control), 100 unaffected parents of sporadic clubfoot cases (CF Parent
Control) and 100 CEPH samples (CEPH Control). The allele frequencies of each of the
groups are listed in Table 5.5. The allele frequencies significantly differed between the
proband group versus each of the control groups (XZ p=0.005); however, when comparing the

frequencies of alleles in the cases versus the controls as a collective group, no significance

was detected (Xz p=0.32).
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Figure 5.2: CRISPLD2 expression in the mouse at (A) E13.5, (B) E14.5, (C) E17.5 and (D)

E13.5 *+

*Arrows denote expression. T= tongue; Max= maxilla; Mand= mandible; P= palate; TG=
tooth germ; L= liver.

tTaken from 208,
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Table 5.4: SNP variants identified during sequencing.

Previous Sequencing

dbSNP** bp Location Allelesf Source*  MAF MAF
rs7403974 83411052 5'exonl G/A Seq n/a 0.2
rs2172623 83411102 exon 1 CIT Seq n/a 0.042
rs4783086 83440412 5'exon4 CIT Seq n/a 0.438
rs4783087 83440475 5'exon 4 T/IC Seq n/a 0.458
rs8061351 83440603 exon 4 T/IC TagMan  0.284 0.289
rs4783090 83441617 5'exon5 G/A NCBI 0.223 1
rs4782674 83445796  5'exon 6 CIT NCBI 0.242 0.125
rs4782675 83445811 5'exon 6 CIT NCBI 0.242 0.125
rs721004 83463481 5'exon9 G/C NCBI 0.082 0.083
rs721005 83463599 exon 9 CIG TagMan  0.396 0.396
SNP T>T/C 83468536 5'exonl2  T/C Seq n/a 0.042
SNP A>G/A 83471733 3'exonl1l3 A/G Seq n/a 0.04
rs767050 83480360  exon 14 AlG TagMan  0.445 0.479
rs3803632 83497673 5'exon15 G/C; C/A NCBI 0.033 0.091
rs1874008 83497980  exon 15 CIT NCBI 0.227 0.292
rs12445556 83498390  exon 15 G/A NCBI 0.008 0.063
rs2641670 83498481  exon 15 G/A TagMan 0.210 0.260

rs2646108 83498565  exon 15 G/IA NCBI 0.188 0.140
rs4783099 83498830  exon 15 C/IA TagMan  0.364 0.200
rs17773634 83498876  exon 15 A/C NCBI 0.127 0.180

tMajor allele listed first

*The source for the Previous MAF is listed here. Seq = sequence data, TagMan = SNP
previously genotyped in our laboratory, NCBI = National Center for Biotechnology
Information PubMed resource

**SNP = novel SNP
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Figure 5.3: Schematic of variants identified during sequencing*
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*Green variants are 5° of respective exon, blue variants are within the respective exon, purple variants are 3° of the exon. Numbers

after the variant indicate the number of basepairs within the exon and the number of sequenced individuals that have the variant.
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Figure 5.4: Alleles identified during silver staining.

Marker

Allele 3 —__
Allele 2 —
Allelel —

Table 5.5:

Polythymine tract allele frequencies.

CLP CLP
Proband Parent CF Parent
Allele | Families Control Control CEPH Control
1 55% 61% 67% 59.8%
2 1.7% 7% 1.5% 1.8%
3 43% 32% 31% 38%
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5.4.

Discussion

In this study, we evaluated the chromosome 16924.1 region for
a NSCLP genetic locus. This region was first identified by
Prescott et al. in a genome scan of Caucasian NSCLP sib pairs, and
subsequently in four other genome scans of different NSCLP
populations 9799101103104 = Apalysis of STR D16S3037 in our
dataset provided evidence for an association with NSCLP
(p=0.00063). Two candidate genes, IRF8 and CRISPLD2, were
found in close proximity to this STR. IRF8 was initially evaluated
because it is 1 Mb downstream of D16S3037 and because it
belongs to the same gene family as IRF6. Mutations in IRF6 cause
Van der Woude syndrome (VWS [OMIM:119300]), which is
characterized by lower lip pits, CLP, CP or hypodontia ***. In
addition, genetic variation in IRF6 has recently been shown to
play an etiological role in the development of NSCLP ““*°. No
association was found for IRF8 and no interaction with IRF6 was
detected in our dataset.

CRISPLD?2 is the closest gene to D16S3037, mapping 795 bp
upstream.  While the function of CRISPLD2 is unknown, it
contains a LCCL domain, which is common to other known genes
[i.e., COCH (Coagulation factor C homolog; cochlin), Akhirin and
CLCP1 (CUB, LCCL-homoIogby coagulation factor V/VIII
homology domains protein)] 2*%°. The function of the LCCL
domain is speculated to be either structural, immunologic, or
involved in cell motility 2°4?%. Mutations in the LCCL domain of
COCH have been identified in autosomal dominant nonsyndromic
sensorineural deafness disorder (DFNA9 [OMIM:601369]) 2.
Akhirin, which also contains a LCCL domain in the N-terminus, is
postulated to play a role in chicken retinal development ®%. Recent
research suggests that CLCP1 has a role in cellular motility and is
regulated by ubiquitination 2®. Interestingly, a member of the
ubiquitin family of genes, SUMO1 (small ubiquitin-like modifier
1), has been shown to post-translationally modify genes involved
in palatal morphogenesis and haploinsufficiency of SUMO1 has
recently been linked to orofacial clefting 2°%.

FBAT statistical analyses, which were performed without
correcting for multiplex pedigrees, suggested an association with
NSCLP in both our Caucasian and Hispanic populations. After
correcting for multiplex pedigrees, CRISPLD2 was only
significantly associated with our Caucasian cohort [Table 5.2]. In
the Caucasian population, SNP rs1546124, which is in exon 2, 51
bp upstream of the ATG start codon, showed significantly altered
transmission (p=0.01). This sequence change in the putative
promoter region could disrupt different regulatory elements, such
as, a RNA polymerase binding or transcription factor
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activator/inhibitor binding; either could affect CRISPLD2 protein
expression which would affect the developmental process 2°%2.
To determine if this is theoretically the case, two transcription
binding site prediction programs, PATCH and AliBaba2, were
used 2% Both identified a Spl site at rs1546124, which has
either a C or G at this location in the DNA sequence. However,
PATCH predicts a Spl site when G is present but not with C,
whereas AliBaba2 predicts two Spl sites for the G allele and 1 for
the C allele. Thus it is plausible that rs1546124 has an effect on
CRISPLD2 expression. Future functional studies are planned.
SNPs rs4783099 and rs16974880 showed suggestive p-values
(p=0.08 and p=0.03, respectively) and are in the 3> UTR region of
CRISPLD2 and thus were not submitted for this type of analysis.

In the Hispanic simplex population, rs8061351 and rs2326398,
in exon 4 and intron 8, gave evidence of association to NSCLP
(p=0.02 and p=0.06, respectively; [Table 5.2]). The exon 4 SNP
is a synonymous change and should not affect the CRISPLD2
protein. However, synonymous SNPs in the medium-chain acyl-
CoA dehydrogenase (MCAD) and survival of motor neuron
(SMN) genes that do not code for an amino acid change in the
protein have been shown to interact with regulatory elements and
alter gene function 2*. Also, synonymous changes have been
shown to change amino acid translation time, resulting in altered
protein structure and function '’®. These studies suggest that
rs8061351 may play a functional role and needs to be further
investigated. It is unknown whether rs2326398, which is not a
splice site or in a coding region, might cause a functional change in
the protein 8018, Intronic SNPs have been shown to be
associated with other complex diseases, such as IRF6 with
NSCLP, RET (RET proto-oncogene) with Hirschsprung disease
and CFH (complement factor H) with age-related macular
degeneration 474918318 Together, this suggests that common
genetic variation in noncoding regions may be important and
should not be overlooked in complex human diseases.

FBAT analysis of our Caucasian multiplex cohort
demonstrated an overtransmission of haplotypes consisting of
rs1546124 and either rs4783099 or rs16974880, the latter of which
are in strong LD (D’=0.859, p<0.00000) [Table 5.3]. This
suggests that these SNPs may be disease causing variants or
mutations exist that are in linkage disequilibrium with these
overtransmitted haplotypes. Sequencing of the CRISPLD2 gene in
affected probands who have received one of the associated
haplotypes is being performed.

The CRISPLD2 SNPs were tested in a secondary population
consisting of multiplex families and simplex parent-child trios
from Colombia. The SNP allele frequencies were significantly
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different from the original Hispanic population [Table 5.1]. This is
not unexpected, as there is likely less admixture in the Colombian-
Hispanic population compared to the Texas-Hispanic population
22 No association was found in the Colombian population with
CRISPLD2 and NSCLP, in contrast to the Texas-Hispanic
population. This finding supports the theory that NSCLP is an
etiologically heterogeneous disease and that genetic variation in
different genes underlies NSCLP in different populations 2.

To evaluate whether CRISPLD2 plays a role in craniofacial
development, in situ hybridization was performed at various stages
of development. Mouse embryos from E12.5 to E17.5, which are
the critical stages of palatal development, showed that CRISPLD2
is expressed in the mandible, cartilaginous primordia of the
developing nose, palate, oro- and nasopharynx and liver [Figure
5.2]. Thus, CRISPLD2 is expressed during facial development. %

To identify variants in CRISPLD2 that may segregate with NSCLP, 25 probands with
overtransmitted susceptibility halplotypes were sequenced. 20 single basepair variants were
identified, including ten exonic changes and ten intronic changes. Of the exonic changes,
only three were in the coding region. Two of these three (rs8061351 and rs767050) are

nonsynonymous changes and are not expected to alter the protein. SNP rs721005 is a

synonymous change, substituting serine for a threonine. PolyPhen (http://www.bork.embl-

heidelberg.de/ PolyPhen) and SIFT (http://blocks.fhcrc.org.sift/SIFT.html) predict this amino

acid substitution to be benign and tolerant, respectively. Additionally, these three coding
SNPs were previously genotyped in this sample set and were not associated to NSCLP 2%,
One variant, rs7403974, was identified in the intron sequence 40 bp 5’ of exon 1 (Figure
5.3). AliBaba2 and PATCH transcription binding site programs 222 hoth predict that a
G>A nucleotide change results in a loss of a Spl binding site, potentially altering binding of
regulatory elements to the CRISPLD2 gene. This is similar to the transcription binding site
change associated with SNP rs1546124, as previously discussed 2%, further suggesting that

transcriptional control of CRISPLD2 by Sp1 might play an etiologic role in NSCLP.
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A 358 bp gap of noncoding sequence in exon 15 was difficult to sequence. The
chromatogram of this region suggested a stretch of 16-23 thymines. Three alleles were
identified in this region in our 25 probands and 300 controls (Figure 5.4). The allele
frequency of Allele 2, the rarest allele, was greater in the CLP parent control group versus the
remaining groups, and is likely responsible for the overall y* significance level p=0.005.
However, when combining the three control groups into one, significance was not detected,
suggesting that this variant does not contribute to NSCLP etiology.

These results demonstrate that variation in the CRISPLD2 may
contribute to the NSCLP phenotype and that CRISPLD2 is
expressed in the craniofacial region during critical time points of
palatal fusion. Variation in CRISPLD2 could affect CRISPLD2
protein levels or could affect binding sites of other transcription
factors that regulate CRISPLD2 expression. This could lead to a
perturbation of normal development and predisposition to orofacial
clefting. These results suggest that CRISPLD2 is a novel NSCLP
candidate gene and additional studies are [warranted] to determine
the role that this gene has in orofacial clefting etiology.
Understanding the role of CRISPLD2 will provide additional
information needed to understand the complex development of lip
and palate and will help further delineate the genetic factors
contributing to NSCLP. 2%
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Supplemental Table 5.1: Linkage disequlibrium data on dbSNPs genotyped. D’ is above the
diagonal, p-value is below the diagonal.

a) Caucasian population

b) Hispanic population

C) Columbian population
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(A) Caucasian population LD

Caucasian

rs4572384

rs1874014

rs8051428

rs1546124

rs1874015

rs12051468

rs8061351

rs2646129

rs2326398

rs721005

rs774206

rs767050

rs2646112

rs2641670

rs4783099

rs16974880

rs903194

rs2641674

rs4572384 rs1874014 rs8051428 rs1546124 rs1874015 rs12051468 rs8061351 rs2646129 rs2326398

0.320

0.119

0.109

0.115

0.075

0.026

0.017

0.101

0.016

0.018

0.038

0.018

0.067

0.075

0.081

0.083

0.023

0.00182

0.401

0.127

0.147

0.145

0.285

0.089

0.064

0.060

0.002

0.069

0.430

0.142

0.020

0.046

0.119

0.140

0.29459

0.00000

0.445

0.043

0.452

0.175

0.047

0.248

0.221

0.310

0.113

0.254

0.154

0.063

0.420

0.151

0.153

0.125

0.31186

0.00031

0.686

0.790

0.118

0.042

0.090

0.050

0.022

0.001

0.026

0.034

0.139

0.230

0.064

0.057

0.07151

0.21094

0.72258

0.00000

0.693

0.292

0.237

0.305

0.129

0.163

0.085

0.196

0.044

0.374

0.323

0.061

0.149

0.40109

0.08330

0.00001

0.00000

0.00000

0.340

0.079

0.252

0.212

0.243

0.242

0.090

0.181

0.278

0.336

0.030

0.083

0.72008

0.01434

0.02266

0.05967

0.00003

0.00146

0.772

0.405

0.470

0.481

0.493

0.186

0.187

0.435

0.643

0.031

0.027

0.87537

0.38586

0.50033

0.58329

0.00075

0.41171

0.00000

0.168

0.177

0.103

0.366

0.061

0.043

0.129

0.189

0.165

0.239

88

0.14341

0.48807

0.03735

0.21975

0.01884

0.00106

0.00101

0.16666

0.948

0.841

0.813

0.838

0.330

0.405

0.410

0.222

0.004

rs721005

0.81397

0.44843

0.03778

0.50437

0.26118

0.00178

0.00003

0.10510

0.00000

0.970

0.861

1.000

0.474

0.483

0.462

0.227

0.036

rs774206

0.78685

0.97689

0.00809

0.74948

0.18582

0.00085

0.00007

0.38397

0.00000

0.00000

0.862

1.000

0.497

0.502

0.480

0.333

0.025

rs767050

0.71278

0.47329

0.18745

0.98977

0.32908

0.00158

0.00000

0.00002

0.00000

0.00000

0.00000

0.892

0.553

0.444

0.437

0.206

0.404

rs2646112 rs2641670 rs4783099

0.89542

0.10315

0.07456

0.84637

0.15462

0.59907

0.18542

0.71925

0.00000

0.00000

0.00000

0.00003

0.355

0.333

0.607

0.283

0.034

0.46258

0.33295

0.37305

0.65200

0.57861

0.16403

0.02845

0.67054

0.05871

0.00217

0.00288

0.00000

0.00226

0.851

0.622

0.257

0.625

0.56729

0.85089

0.65078

0.31983

0.00271

0.00052

0.00181

0.33849

0.00000

0.00000

0.00000

0.00002

0.02543

0.00001

0.869

0.723

0.654

rs16974880

0.35162

0.67191

0.00656

0.16206

0.02576

0.00058

0.00005

0.20835

0.00000

0.00000

0.00000

0.00049

0.04139

0.00292

0.00000

0.879

0.662

rs903194

0.24071

0.18713

0.13986

0.40598

0.40594

0.70742

0.78724

0.09488

0.03423

0.01609

0.00085

0.01887

0.28258

0.08706

0.00000

0.00000

0.458

rs2641674

0.74533

0.11605

0.05724

0.47144

0.04532

0.34859

0.84022

0.03767

0.94668

0.55548

0.69520

0.00001

0.83028

0.00001

0.00000

0.00000

0.00000



(B)  Hispanic population LD

Hispanic rs4572384 rs1874014 rs8051428 rs1546124 rs1874015 rs12051468 rs8061351 rs2646129 rs2326398 rs721005 rs774206 rs767050 rs2646112 rs2641670 rs4783099 rs16974880 rs903194 rs2641674

rs4572384 0.07314 0.24108 0.82051 0.15488 0.00085 0.13827 0.00231 0.06211  0.06974 0.06698 0.80926  0.45105  0.14652 0.77986 0.42520  0.00056  0.02542
rs1874014 0.247 0.44465 0.11291 0.59856 0.02904 0.87973 0.91394 0.02424  0.01503 0.03546 0.50023  0.08935  0.62938 0.42433 0.84594  0.87252  0.32876
rs8051428 0.247 0.181 0.00018 0.63155 0.58464 0.49559 0.48269 0.14213  0.04130 0.05408 0.41317  0.77715  0.95702 0.76440 0.11223  0.33800  0.35337
rs1546124 0.075 0.534 0.659 0.00000 0.35842 0.75856 0.11036 0.45408 0.23908 0.57703 0.01727  0.95748  0.78614 0.33405 0.36395  0.00148  0.02404
rs1874015 0.227 0.232 0.115 1.000 0.15532 0.28318 0.00004 0.94473  0.57125 0.23972 0.18893  0.31958  0.28290 0.99168 0.63995  0.00123  0.00212
rs12051468  0.420 0.329 0.104 0.115 0.222 0.03785 0.00171 0.02047 0.04814 0.11230 0.43475  0.65843  0.05399 0.28338 0.35543  0.00556  0.00002
rs8061351 0.230 0.046 0.110 0.041 0.408 0.467 0.48408 0.43031  0.20390 0.25477 0.39037  0.00223  0.49675 0.52616 0.87227  0.24865  0.89230
rs2646129 0.427 0.042 0.152 0.310 0.455 0.486 0.126 0.88233  0.78220 0.49193 0.20893  0.17213  0.54881 0.80530 0.55697  0.00062 0.03617
rs2326398 0.230 0.318 0.271 0.090 0.022 0.267 0.201 0.046 0.00000 0.00000 0.00001 0.06208  0.31207 0.60030 0.16343  0.05133  0.02054
rs721005 0.250 0.383 0.374 0.148 0.097 0.238 0.329 0.093 0.962 0.00000 0.00000 0.01848  0.18329 0.33855 0.21375  0.11794  0.04008
rs774206 0.240 0.360 0.405 0.083 0.193 0.184 0.299 0.115 0.869 0.956 0.00000 0.02538  0.34739 0.29749 0.22457  0.04806  0.08058
rs767050 0.056 0.190 0.123 0.445 0.329 0.153 0.194 0.261 0.835 0.920 1.000 0.00086  0.00201 0.00064 0.00001  0.24452  0.06932
rs2646112 0.160 0.256 0.097 0.024 0.857 0.081 0.611 0.997 0.353 0.499 0.447 1.000 0.33048 0.48766 0.05241  0.00038  0.00770
rs2641670 0.398 0.139 0.008 0.056 0.282 0.359 0.143 0.171 0.219 0.300 0.243 0.434 0.263 0.00000 0.00014  0.69810  0.40246
rs4783099 0.076 0.159 0.045 0.229 0.003 0.228 0.082 0.067 0.082 0.157 0.203 0.651 0.295 0.942 0.00000 0.01174  0.00707
rs16974880  0.221 0.058 0.261 0.113 0.075 0.215 0.036 0.169 0.193 0.168 0.192 0.843 0.709 0.773 0.885 0.08215  0.04195
rs903194 0.482 0.056 0.180 0.472 0.496 0.339 0.169 0.517 0.244 0.208 0.264 0.256 0.648 0.095 0.628 0.508 0.00000
rs2641674 0.294 0.153 0.197 0.295 0.450 0.498 0.018 0.277 0.254 0.243 0.213 0.365 0.481 0.180 0.586 0.499 0.636
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(C)  Columbian population LD

Colombian  rs4572384 rs1546124 rs1874015 rs12051468 rs8061351 rs2326398 rs721005 rs774206 rs767050 rs2641670 rs4783099 rs16974880

rs4572384 0.83433 0.45756  0.82462  0.74959 0.02033  0.13929 0.46181 0.00419 0.89265  0.00060  0.00339

rs1546124 0.00000  0.00000 0.02976 034113 0.43297 0.42755 0.34374 0.29150  0.16889 0.35768

rs1874015 0.078 0.00000

0.24477 0.54369  0.89062 0.73042 0.73606 0.80120 0.01737 0.00614

rs12051468 0.20808 0.00184  0.00078 0.03456 0.16341 0.02560 0.37741 0.05023

rs8061351 0.00082  0.00042 0.01201 0.02534 0.49423 0.25406 0.71040

rs2326398 0.00000 0.00000 0.00000 0.14360  0.01179 0.00027

rs721005 0.160 0.00000 0.00000 0.09332 0.00335 0.00038

rs774206 0.082 0.00000

0.23179 0.00857 0.00077

rs767050 0.00000 0.00000 0.00000

rs2641670

0.00000  0.00000

rs4783099 0.313 1.000 0.00000

rs16974880 0.941 0.877
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Supplemental Figure 5.1: LD plot for CRISPLD2 SNPs in nonHispanic white population.t

tTaken from 208,
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Supplemental Figure 5.2: LD plot for CRISPLD2 SNPs in Hispanic population.

tTaken from 208
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Supplemental Figure 5.3: LD plot for CRISPLD2 SNPs in Columbian population.f

tTaken from 208
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Chapter Six: Using previous studies to identify new candidate genes:

Identification of association between NSCLP and CRISPLD1
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6.0.  Introduction

In chapter three, the WNT gene family, which plays an important role in craniofacial
development, was interrogated and we identified association between five WNT genes and
NSCLP 8. In chapter five, after identifying significance with STR marker d16s3037 which
lies near the IRF6 gene family member IRF8, we tested for association between IRF8 and
NSCLP *®. IRF8 was not associated with NSCLP; however, we did find that variation in
the CRISPLD2 gene, located adjacent to this STR, was associated with NSCLP and is

expressed in the developing murine craniofacies 2.

CRISPLD?2 is a novel gene with no
known function. There is a second CRISPLD gene, CRISPLD1, that shares 70% homology
at the nucleotide level and 58% at the peptide level with CRISPLD2 '*°. Recent findings
from a genome scan performed in our laboratory suggest that chromosome region 8q13.2-

21.13, which contains the CRISPLD1 gene, may be linked to NSCLP.

6.1. Chromosome 8q13.2-21.13

Results of our recent genome scan from nine multiplex nonHispanic white NSCLP
families identified 11 chromosomal regions with LOD score > 1.5 '® (see Chapter 3).
Regions with LOD score between 1.0 and 1.5 were noted but not included in the original
manuscript.  Of particular interest was the additional finding that the 8g13.2-21.13
chromosomal region, with a LOD score of 1.23, contained the CRISPLD1 gene (Figure 6.1).
This region has not been previously detected to be associated with NSCLP using genome
scans. CRISPLD1 is a member of the same family as CRISPLD2, which is a novel gene

that we have recently shown to be associated with NSCLP and expressed in developing
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Figure 6.1: LOD score plot shown by cMs for the NHW families on chromosome 8.
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Legend: The CRISPLD1 gene (basepairs 76059309-76108097) fall between dbSNPs

rs2016354 (88.14cM), rs10701 (88.20cM) and rs1464092 (88.57), all with LOD=1.226.
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murine craniofacies 2%,

Additionally, CRISPLD1 has been shown to be expressed in the
brain, spinal cord, nose, alimentary system, respiratory system, skeleton and limbs
(EURExpress Il; www.eurexpress.org/ee/). These findings led us to assess whether there

was an association between CRISPLD1 and NSCLP.

6.2. CRISPLD gene family and folic acid
Both CRISPLD1 and CRISPLD2 contain more cysteine residues (25 and 26,
respectively) when compared to the average cysteine composition of comparable sized

273

proteins (5% vs. <2%) “'°. Cysteine, a nonessential amino acid, is synthesized in the folate

pathway (Figure 6.2) 2™

. Genes in this pathway have been of interest in the study of birth
defects because periconceptional folic acid usage decreases the birth prevalence of neural
tube defects up to 70% °9%°27>278 | ikewise, the recurrence rate of orofacial clefting has
been reduced in mothers taking higher doses of periconceptional folate but the reduction of
NSCLP on a population level has been modest 2993927928 The 5 10-
methylenetetrahydrofolate reductase (MTHFR) gene regulates homocysteine levels and two
nonsynonymous coding polymorphisms C677T (alanine to valine) and A1298C (glutamate
to alanine) affect the enzymatic activity ®?**. Studies assessing these MTHFR variants find

65,67,68,81,83,88,284-286

minimal if any association with NSCLP ®* . However, a new study finds

evidence suggesting that the folate pathway genes have a role in NSCLP ?%°.
Perturbation of the folate pathway could affect the production of cysteines with a
resulting downstream effect on the synthesis and/or function of the CRISPLD genes, both of

which require a large number of cysteine residues. Here, we asked if CRISPLD1 was
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Figure 6.2: Folate gene pathway*
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*dUMP = deoxyuridine monophosphate; TYMS = Tymidylate synthetase; FOLR2 = Folate
receptor 2; MTHFS = 5,10-methylenetetrahydrofolate synthase; MTHFR = 5,10-
methylenetetrahydrofolate reductase; MTRR = 5-methyletetrahydrofolate-homocysteine

methyltransferase reductase; MTR = Methylenetetrahydrofolate dehydrogenase
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associated with NSCLP and then tested whether CRISPLD1, CRISPLD2 and folate pathway

genes interact to create a susceptibility to NSCLP.

6.3.  Materials and Methods

Refer to chapter two for sample collection, DNA extraction, Linkage IVb Panel
Genotyping, SNP criteria, genotyping, and analysis (parametric and nonparametric linkage
parameters and analysis, FBAT, PDT, G-PDT, APL and GEE).

When this study was undertaken, 91 and 258 nonHispanic white and 39 and 91 Hispanic
families with positive (multiplex) and negative (trios) histories of NSCLP, respectively,
were genotyped with nine SNPs (Table 6.1; Figure 6.3). Additionally, 97 SNPs spanning 14
folate pathway genes were interrogated and included: Betaine-homocysteine
methyltransferase (BHMT, 6 SNPs), BHMT2 (6 SNPs), Cystathionine-beta-synthase (CBS,
12 SNPs), Folate receptor 1 (FOLR1, 4 SNPs), FOLR2 (4 SNPs), Methylenetetrahydrofolate
dehydrogenase 1 (MTHFD1, 12 SNPs), MTHFD2 (4 SNPs), 5,10-methylenetetrahydrofolate
reductase (MTHFR, 8 SNPs), 5,10-methylenetetrahydrofolate synthase (MTHFS, 4 SNPs),
Methylenetetrahydrofolate dehydrogenase (MTR, 9 SNPs), 5-methyletetrahydrofolate-
homocysteine methyltransferase reductase (MTRR, 3 SNP), ATG9 autophagy related 9
homolog (NOS3, 6 SNPs), Solute carrier family 19, member 1 (SLC19A1, 10 SNPs) and

Tymidylate synthetase (TYMS, 9 SNPs) ?*® (Supplemental Table 6.1).

6.4. Results
Ten SNPs spanning chromosome 8g21.11-8g21.12 (Illumina Linkage Vb panel) in the

nonHispanic white multiplex families gave parametric and nonparametric linkage LOD
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Table 6.1: CRISPLD1 SNPs genotyped in this study and allele frequencies

NHW  Hispanic

Gene dbSNP Chr:bp Location Allelest MAF®  MAF>"  p-value
CRISPLD1 rs2925155 8:76048852  upstream  A/G 0.263 0.317 0.033
CRISPLD1 rs960856 8:76057462 upstream TIA 0.329 0.248* 0.002*
CRISPLD1 rs7841231 8:76065317 intron 2 AlG 0.321 0.232* 0.0005*
CRISPLD1 rs17295835 8:76069196 intron 2 T/C 0.299 0.354 0.035
CRISPLD1 rs1455809 8:76075622 intron 2 T/IC 0.312 0.234* 0.002*
CRISPLD1 rs1455796 8:76086362 intron 2 CIG 0.405 0.411 0.804
CRISPLD1 rs10957748 8:76101956 intron 12 CIT 0.292 0.21* 0.001*
CRISPLD1 rs13248650 8:76109250 downstream T/G 0.3 0.362 0.019
CRISPLD1 rs11988595 8:76115241 downstream C/T 0.31 0.233* 0.003*

tMajor allele as identified in NHW listed first

®Minor allele frequency of nonHispanic white dataset

bCorresponding frequency in Hispanic dataset of nonHispanic white minor allele

“Corresponding frequency in Columbian dataset of nonHispanic white minor allele; p-values

represent allele frequency differences between Columbian and Hisp datasets.

*p<0.01

Figure 6.3: CRISPLD1 SNPS
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scores of 1.23 and 1.07, respectively (Figure 6.1). Although these LOD scores are not
considered significant, the CRISPLD1 gene is in this region.

Nine CRISPLD1 SNPs (5 intragenic, 4 intergenic; Figure 6.3, Table 6.1) were
genotyped in our NHW and Hispanic families. All SNPs had >95% call rate and were in
HWE. The data was stratified by ethnicity because the allele frequencies for five of the nine
SNPs differed between the NHW and Hispanic groups (p<0.006). The data was also
stratified by the presence or absence of family history (FH) ***. Significant linkage
disequilibrium was found in both datasets (r>>0.95; Supplemental Table 6.1). A maximum
LOD score of 1.35 was found to CRISPLD1 SNPs in NHWs (data not shown). There was no
evidence of linkage in the Hispanic dataset.

Association analysis of the single SNPs identified altered transmission for only
rs1455809 in the NHW simplex families (p=0.05) (Supplemental Table 6.2). No single SNP
associations were detected in the Hispanic group. None of the CRISPLD1 2-SNP
haplotypes demonstrated altered transmission in either ethnicity (data not shown).

Three gene-gene interactions were detected between CRISPLD1 and CRISPLD2 SNPs
(0.003<p<0.01) (Table 6.2). The same CRISPLD1 SNPs in NHW and Hispanics interacted
with different CRISPLD2 SNPs in each ethnic group (Table 6.2). The most significant
interactions were rs13248650-rs12051468 (p=0.004) and rs13248650-rs8051428 (p=0.003)
in the NHW and Hispanic groups, respectively.

GEE analysis identified numerous interactions between SNPs in CRISPLD1 and
CRISPLD2 and the folate pathway genes, even after Bonferroni correction (p<0.0017). In
the NHW dataset, SNPs in five of the folate pathway genes interacted with SNPs in

CRISPLD1. The most significant interaction was between rs7166109 in MTHFS and
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Table 6.2: CRISPLD1-CRISPLD2 Gene Interactions

Ethnicity CRISPLD1/SNP | CRISPLD2/SNP vafue*
rs13248650 rs12051468 0.004

@ rs2925155 rs12051468 0.010
s rs960856 rs903194 0.012
2 rs7841231 rs903194 0.015
% rs13248650 rs8051428 0.022
I rs17295835 rs12051468 0.023
2 rs10957748 rs12051468 0.039
rs10957748 rs903194 0.043
rs13248650 rs8051428 0.003
rs17295835 rs8051428 0.018

2 rs7841231 rs2646112 0.02
S rs17295835 rs2646112 0.022
T rs13248650 rs2646112 0.024
rs960856 rs721005 0.024

rs7841231 rs721005 0.03

*p<0.05, p<0.01 bolded
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rs10957748 (p=0.0005) (Table 6.3). rs7166109/MTHFS interacted with four other
CRISPLD1 SNPs (p<0.002). Three different CBS SNPs interacted with four different
CRISPLD1 SNPs; rs1455796/CRISPLD1 interacted with two different CBS SNPs (Table
6.3). In the Hispanic dataset, the most significant CRISPLD1 interactions involved SNPs in
MTR (0.001<p<0.005) (Table 6.3). Additionally, two different SNPs in TYMS interacted
with different CRISPLD1 SNPS in each ethnic group.

Numerous interactions between CRISPLD2 and folate pathway genes were detected in
both datasets (Table 6.4). In the NHWs, there were seventeen SNPs in eleven folate
pathway genes interacting with CRISPLD2 SNPs; SNPs in two genes survive Bonferroni
correction. In addition, by chance alone, there should be only one (0.05 x 14) gene
interaction with p<0.05; however, eleven genes interacted with CRISPLD2 SNPs with
p<0.01. The most significant interaction was with BHMT2 (0.0005<p<0.003). Two MTR
SNPs, rs1546124 and rs1874015, also interacted with CRISPLD2 (0.0009<p<0.007). In the
Hispanics, there were ten SNPs in six folate pathway genes interacting with CRISPLD2.
The most significant interaction was with a SNP in TYMS. Interestingly, in both groups,
1s2236222/MTHFDI1 interacted with rs12051468/CRISPLD2 (0.003<p<0.008). Again,
while only one gene would be expected to interact with CRISPLD2 SNPs with p<0.05, there
are six genes with p<0.01. Furthermore, for both ethnic groups, SNPs in TYMS, MTHFR

and FOLR1 interacted with CRISPLD2 SNPs.
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Table 6.3: Folate Pathway and CRISPLD1 gene interactions

CRISPLD1 | p-
Ethnicity Gene/SNP SNP value*
rs1455796 | 0.004
CBS/rs234783 | rs13248650 | 0.005
rs17295835 | 0.006
£ CBS/rs2851391 152925155 | 0.007
2 CBS/rs12329790 | (1455796 | 0.008
g rs10957748 | 0.0005
L rs960856 0.001
S MTHFS/rs7166109 | rs7841231 | 0.001
rs11988595 | 0.001
rs1455809 | 0.002
TYMS/rs502396 rs10957748 | 0.01
o MTR/rs1266164 rs1455796 | 0.001
g MTR/s12354209 | rs1455796 | 0.004
2 MTR/rs1806505 rs10957748 | 0.005
TYMS/rs11540152 | rs1455796 | 0.004

*p-value<0.01

104




Table 6.4: Folate Pathway and CRISPLD2 Gene Interactions

CRISPLD2 p-
Ethnicity Gene/SNP SNP value*
BHMT/rs645112 rs1874014 0.009
BHMT/rs3733890 rs16974880 | 0.01
BHMT2/rs2253262 rs1874014 | 0.0005
BHMT2/rs682985 rs1874014 0.001
BHMT2/rs1422086 rs1874014 0.003
FOLR1/rs3016432 rs2646112 0.007
FOLR2/rs2276048 rs2646112 0.005
£ MTHFD1/rs2236222 rs12051468 | 0.008
= MTHFD2/rs7587117 1s2641670 0.003
§ MTHFR/rs1476413 rs8051428 0.007
2
I MTHFS/rs2586179 51874015 | 0.003
S 1s767050 0.009
MTR/rs12354209 rs1546124 0.0009
rs1874015 0.007
MTR/rs1266164 rs1546124 0.004
NOS3/rs1800779 rs16974880 | 0.005
NOS3/rs2373929 rs16974880 | 0.005
TYMS/rs11540152 rs2646129 0.008
TYMS/rs2853532 112051468 | 0.010
CBS/rs2851391 1s2646112 0.009
FOLR1/rs2071010 5774206 0.006
rs721005 0.009
MTHFD1/rs2236222 rs12051468 | 0.003
2 MTHFD1/rs11849530 | rs2641674 0.006
S MTHFR/rs1801131 rs2646112 0.003
T MTHFR/rs1476413 1s2646112 0.003
MTHFR/rs535107 rs8061351 0.007
SLC19A1/rs3788205 rs4783099 0.01
TYMS/rs495139 rs8061351 0.002
TYMS/rs1001761 rs8061351 0.003

*p-value<0.01
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6.5.  Discussion
In previous studies, we reported the association of variation in CRISPLD2 with NSCLP
and showed that CRISPLD2 was expressed in the craniofacies of developing mouse

embryos at E13.5 2®. This association has been confirmed in an independent dataset %", |

n
our on-going studies to define the genetic loci contributing to NSCLP, 11 chromosomal
regions with LOD scores > 1.5 were identified in a genome scan performed on nine
multiplex NHW NSCLP families '®. A LOD score of 1.23 was found for the 8q13.2-21.13
chromosomal region which contains the CRISPLD1 gene; CRISPLD1 has significant
homology to CRISPLD2 and both genes are composed of more cysteines than comparable-
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sized proteins (5% protein composition vs. 2%) The cysteines provide secondary

structure to the protein backbone and help protect cells against the harmful effects of

288,289

oxidation These interesting results led to the interrogation of CRISPLD1 as a

candidate NSCLP gene. In complementary studies, we show that variation in different
folate pathway genes individually and through interactions contribute to NSCLP 2%,
Interestingly, cysteines, which could potentially be utilized by the CRISPLD genes, are
produced in the homocysteine biosynthesis pathway, which is part of the folate pathway .
Based on these observations, we asked whether the CRISPLD genes interacted with genes in
the folate pathway.

We show that only one CRISPLD1 SNP, rs1455809, had marginally altered transmission
(p=0.05) suggesting that variation in CRISPLD1 alone does not play a significant etiologic
role in NSCLP. Moreover, there were only three CRISPLD1-CRISPLD?2 interactions (two

in NHWs and one in Hispanics) suggesting that variants in these genes do not interact to

create a significant susceptibility to NSCLP. Indeed, their expression patterns in mice are
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different. At E14.5, CRISPLDL1 is expressed in the mouse brain, spinal cord, nose,
alimentary system, respiratory system, skeleton and limbs, while CRISPLD?2 is expressed in

the oral region, visceral organs, alimentary system and salivary gland

203

(www.eurexpress.org/ee/) In zebrafish, CRISPLD2 is expressed in the craniofacial

region and tail at all stages of development while CRISPLD1 localizes to the
splanchocranium, pectoral fin, presumptive vertebrate and epiphysis (Chiquet and Hecht,
unpublished results) 2.

Folic acid is important in embryogenesis and this is underscored by the 70% reduction of
neural tube defects since folic acid supplementation of grain products in 1998 277281293294
While a similar reduction has not been observed for NSCLP on a population-basis,
decreased recurrence of NSCLP has been observed when high-risk mothers take high dose

29,60,282,283,295

folic acid pre- and post conception . This suggests that perturbation of folic

acid levels or genes in the folate pathway could contribute to NSCLP. To evaluate this
question, we first assessed whether folate pathway genes were associated with NSCLP 2%,
Evidence for an association was found for SNPs in NOS3, TYMS, MTR, BHMT2, MTHFS
and SLC19A1; many of the associated variants occurred in potential promoter or regulatory
regions. Complete description of the results is found in Blanton et al. 2010. The
endogenous folate pathway is responsible for synthesizing cysteine and cysteine is required
for the CRISPLD1/2 protein structures. This led us to postulate that CRISPLD genes
interact with genes in the folate pathway. Indeed, we found evidence for several
interactions. In the NHWSs, rs502396 in TYMS interacted with CRISPLD1 and this SNP

0

had altered transmission in the single SNP folate pathway gene analysis . Similarly, for

CRISPLD2, two different SNPs in TYMS, rs11540152 and rs2853532, interacted although
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these SNIPs did not have altered transmission in the folate study. Additionally, rs2373929 in
NOS3 interacted with CRISPLD2 and this SNP also exhibited altered transmission in the
single SNP folate pathway gene analysis. In the Hispanics, three MTR SNPs interacted with
CRISPLDL1 but they were different from the MTR SNPs identified in the single SNP folate
analysis. For CRISPLD2, rs3788203 in SLC19A1, which was associated in the single folate
SNP analysis, also showed interaction. These results are particularly interesting because

MTR is necessary to metabolize homocysteine to methionine %°*.

NOS3 directly regulates
MTR and SLC19A1 affects 5SmTHF, an intermediary that is also metabolized by MTR.
Additionally, interactions with both CRISPLD genes were found for CBS, BHMT and
BHMT2 in the NHW dataset. These genes also participate in the methionine cycle. Other
interactions were found for both CRISPLD genes and TYMS and MTHFS, both of which
participate in the DNA synthesis necessary for embryonic development.

Altogether, these results suggest that CRISPLD genes play a role in NSCLP but not
through a simple mechanism. We have shown that variation in CRISPLD?2 is associated
with NSCLP but CRISPLD1 alone is not. A more likely mechanism that is suggested by
these results is that perturbation of multiple genes in a pathway affects protein function,
which can have a profound effect on embryogenesis. Indeed, we have found the same
etiologic model for nonsyndromic clubfoot, which is another common complex birth defect
2% These results would also fit what is known about recurrence in NSCLP wherein high
dose folic acid reduces the recurrence in high-risk families. These families may have more
liability genes that could potentially respond to drug/vitamin therapy. In contrast, on a

population basis, genetic heterogeneity may play a role and folate deficiency may only be a

small piece of the puzzle. Thus additional studies are necessary to define all the genetic

108



contributions.  Additionally, validation and functional studies will help determine the
significance of these findings to NSCLP. These results are intriguing because they help

expand our understanding of the CRISPLD gene family and its role in clefting etiology.
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GEE interactions in this study. Modified from 2.

Supplemental Table 6.1: Folate SNPs genotyped in Blanton et al., 2010 that were used for

Gene dbSNP chr:bp location Alleles™
MTHFR 1s1889292 1:11763530 downstream G/A
MTHFR 152274976 1:11773514 exon 12 G/A
MTHFR rs1476413 1:11774887 intron 10 G/A
MTHFR rs1801131 1:11777063 exon8 A/C
MTHFR rs1801133 1:11778965 exon 5 CT
MTHFR  rs4846052 1:11780538 intron 4 CT
MTHFR 153737964 1:11789631 upstream A'G
MTHFR  rs535107 1:11812055 upstream A/G

MTR  rs12354209 1:235025875 intron 1 A'G

MTR rs4077829 1:235054413 intron 9 GT

MTR rs1806505 1:235063198 intron 13 CT

MTR rs6668344 1:235067949 intron 14 CT

MTR rs1770449 1:235104784 intron 24 A/'G

MTR rs1805087 1:235115123 exon 26 A/G

MIR rs1266164 1:235117574 intron 27 G/A

MTR  1s11799647 1:235127544 exon 33 A'G

MTIR rs1050993 1:235128928 exon 34 GA
MTHFD2 rs828858 2:74275702 upstream T/A
MTHED2 1s6758506 2:74286460  exon2 G/A
MTHED2 1s7587117 2:74302163 downstream T/C
MTHED2 1s7571842 2:74314412 downstream A'G
MTRR rs162029 5:7918527 upstream G/A
MTRR  rs2303080 5:7931424 exon 5 T/A
MTRR 513166314 5:7955525 downstream T/A
BHMT2 152253262 5:78387392 upstream C/A
BHMT2  rs476620 5:78390202 upstream A'G
BHMT2  rs626105 5:78405657 intron 1 G/A
BHMT2  rs682985 5:78409187 exon2 T/C
BHMT2 1s1422086 5:78410621 imtron2 A/C
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Gene dbSNP chr:bp location Alleles™
BHMT rs645112 5:78438303 upstream A/C
BHMT rs567754 5:78452172 intron 4 CT
BHMT  rs3733890 5:78457715 exonb6 G/A
BHMT rs585800 5:78462964  exon 8 AT
BHMT rs617219 5:78465350 downstream A/C
BHMT  rs1915706 5:78471967 downstream CT
NOS3 rs1800779 7:150320876 intron 1 A/G
NOS3 rs1800780 7:150329812 intron 12 A/G
NOS3 rs891512 7:150339022 intron 13 G/A
NOS3 rs3918211 7:150341840 exon 26 T/C
NOS3 rs2373929 7:150345745 downstream G/A
FOLR1 153016432 11:71574903 upstream CT
FOLR1 1s2071010 11:71578612 intron 1 G/A
FOLR1 rs1540087 11:71579139 intron 1 CT
FOLR1 1s1123546211:71586273 downstream T/A
FOLR2  rs651646 11:71607174 intron 1 T/A
FOLR2  1s514933 11:71607855 intron 2 A/G
FOLR2  1s2298444 11:71610062 intron 4 A/G
FOLR2 rs2276048 11:71618860 downstream A/G
MTHED1 151076991 14:63924794 upstream T/C
MTHFD1 154902283 14:63954365 exon7 CT
MTHFD1 rs1885031 14:63957808 intron 8 A/G
MTHFD1 1s11551058 14:63963854 exon 12 GT
MTHFD1 152236225 14:63978598 exon 20 CT
MTHFD1 152236224 14:63978904 intron 20 CT
MTHFD1 151256142 14:63980547 intron 20 T/C
MTHED1 152236222 14:63984935 intron 21 T/C
MTHED1 1s10137921 14:63985918 exon 24 CT
MTHFD1 rs11849530 14:63988165 intron 24 A'G
MTHFD1 151256146 14:63990418 intron 24 G/A
MTHFD1 1534616731 14:63999040 downstream T/A
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Gene dbSNP chr:bp location Alleles™
MTHFS 157166109 15:77913530 downstream CT
MTHES 12562744 15:77961443 intron 2 TG
MTHFS rs2586179 15:77975061 intron 1 C/A
MTHES 52115540 15:77977363 upstream T/C
TYMS  rs2853741 18:647352 upstream CT
TYMS rs502396 18:649236  intron 1 T/C
TYMS  rs1001761 18:652103  intron 2 CT
TYMS 1s11540152 18:652215 exon 3 T/C
TYMS 1s11540153 18:659117 exon 4 CT
TYMS  rs2853532 18660414  intron 3 CT
TYMS rs495139 18:666008 downstream C/G
CBS rs1051319 21:43346936 exon 20 C/G
CBS rs11700812 21:43353659 exon 12 CT
CBS rs2298758 21:43358596 exon7 G/A
CBS rs2298759 21:43359173 intron 5 A/G
CBS rs2851391 21:43360473 intron 4 T/C
CBS rs234713 21:43360960 intron 4 A/'G
CBS rs234714 2143361102 intron4 CT
CBS rs234783 21:43376312 upstream CT
CBS rs234784 21:43376503 upstream CT
CBS rs234785 2143377074 upstream C/G
SLCI19A1 rs10483080 21:45750430 downstream G/C
SLC19A1 1rs12483377 21:45755537 downstream G/A
SLCI19A1 1s7278825 2145760370 exonb G/A
SLC19A1 1rs3788190 2145761386 intron 5 G/A
SLCI9A1 1s2330183 2145777720 intron 2 T/C
SLCI9A1 1rs1051266 21:45782222 exon2 G/A
SLCI9A1 1rs4819130 21:45782727 intron 1 T/C
SLC19A1 1s3788205 21:45788806 upstream CT

*Major allele as identified in NHW population listed first
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Supplemental Table 6.2: CRISPLD1 Linkage Disequilibrium

rs2925155 | rs960856 | rs7841231 [ rs17295835 | rs1455809 | rs1455796 | rs10957748 | rs13248650 | rs11988595

rs2925155 0.092 0.088 0.627 0.086 0.266 0.078 0.611 0.086
rs960856 0.055 0.131 0.864 0.134 0.772 0.141 0.864
rs7841231 0.062 0.175 0.149 0.861 0.176

rs17295835 0.593 0.191 0.201 0.176 0.373 0.149 0.173
rs1455809 0.055 0.876 0.886 0.179 0.178 0.864 0.180

rs1455796 0.230 0.247 0.254 0.279 0.281 0.166 0.369 0.178
rs10957748 0.047 0.821 0.838 0.170 0.266 0.154 0.864
rs13248650 0.609 0.186 0.192 0.193 0.284 0.179 0.179
rs11988595 0.052 0.887 0.893 0.186 0.287 0.193

*Hispanic above diagonal, nonHispanic white below. r2 values reported
yellow= 0.7<r’<0.8
orange= 0.8<r’<0.9
red-orange: r>>0.9
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Supplemental Table 6.3: CRISPLD1 association results in (A) NHW and (B) Hispanic datasets*

(A)

All Positive Family History Negative Family History
dbSNP PDT G-PDT APL FBAT-e PDT G-PDT APL FBAT-e PDT G-PDT APL FBAT-e
rs2925155 0.7404 0.949  0.1593 0.4170 0.9449 0.6764 0.1786 0.6174 0.5211 0.3040 0.4565 0.5211
rs960856 0.4527 0.3119 0.2647 0.3440 0.7021 0.5830 0.3185 0.5446 0.4669 0.4009 0.4406 0.4669
rs7841231 0.4225 0.0817 0.1201 0.3154 0.5186 0.3379 0.2494 0.3018 0.6331 0.1838 0.2427 0.6331
rs17295835 | 0.7170 0.8964 0.1384 0.4214 0.7355 0.9047 0.6483 0.9452 0.3336 0.2588 0.1394 0.3336
rs1455809 0.5741 0.0544 0.1702 0.4962 0.7400 0.5096 0.2320 0.6216 0.6310 0.0447 0.3453 0.6310
rs1455796 0.1425 0.2988  0.5498 0.1942 0.3681 0.5477 0.7520 0.6029 0.2191 0.4790 0.6440 0.2191
rs10957748 | 0.7595 0.0643 0.3004 0.6535 0.9484 0.3091 0.6522 0.9857 0.5610 0.0760 0.2746 0.5640
rs13248650 | 1.0000 0.8348 0.2349 0.6331 0.5773 0.8800 0.9358 0.9302 0.5050 0.2904 0.1726 0.5050
rs11988595 [ 0.7206  0.0630 0.3696 0.6712 0.7928 0.4365 0.3222 0.7066 0.8071 0.0810 0.5822 0.8071

(B)

All Postive Family History Negative Family History
dbSNP PDT G-PDT  APL FBAT-e PDT G-PDT  APL FBAT-e PDT  G-PDT  APL FBAT-e
rs2925155 | 0.7237 0.9488 0.4669 0.8539 | 0.3532 0.6146 0.7940 0.4489 | 0.7009 0.8381 0.5219  0.3532
rs960856 0.8728 0.9255 0.3265 0.4855 | 0.4838 0.4987 0.2697 0.8348 | 0.6733 0.6748 0.5831  0.4838
rs7841231 | 0.7456 0.9248 0.1243  0.4533 | 0.3545 0.3515 0.3497 1.0000 | 0.6547 0.6612 0.9022 0.3545
rs17295835 [ 0.8618 0.7953 0.4030 0.6732 | 0.3304 0.6381 0.6514  0.5896 | 0.5529 0.7393 0.9409 0.3304
rs1455809 | 1.0000 0.5914 0.3373 03173 | 0.3763 0.1901 0.3053 0.6374 | 0.5023 0.1548 0.5954  0.3763
rs1455796 | 0.8788 0.4925 0.8088 0.9104 | 0.5994 0.7456 0.8152  0.2752 | 0.7653 0.9063 0.7550  0.5994
rs10957748 | 1.0000 0.8678 0.9729  0.1724 | 0.2278 0.0875 0.1434 05127 | 0.3650 0.1618 0.2152  0.2278
rs13248650 | 0.5775 0.7266 0.2977  0.3683 | 0.0641 0.1457 0.6053  0.3452 [ 0.2855 0.5985 0.8834  0.0641
rs11988595 [ 1.0000 0.5914 0.3108 0.3173 | 0.3763 0.1901 0.2639 0.6374 | 0.5023 0.1548 0.5640 0.3763

*p<0.05 in bold.
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Chapter Seven: The role of CRISPLD2 during zebrafish development
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7.0.  Introduction

In chapters five and six, we showed an association of CRISPLD2 with NSCLP, which
suggests that perturbation of CRISPLD2 expression plays a role in this birth defect.
However, the function of this gene in craniofacial development is unknown. As previously
discussed in Section 1.5.2.d, animal studies have provided important insights about the
function of NSCLP genes. A number of different organisms, including mouse, zebrafish
and chicken, have been utilized to study the role of the IRF6 gene in the etiology of
orofacial clefting. Two studies discussed in Section 1.5.2.d showed that mice lacking Irf6
had, among other anomalies, a clefting phenotype. This resulted from abnormal
keratinocyte proliferation and differentiation **"'*°. The zebrafish model has also been used
to determine the function of zirf6 and identify the role it plays in NSCLP. Studies have
shown that Irf6 is expressed in the developing zebrafish mouth and pharyngeal arches 2%,
Morpholino knockdown of Irf6 in zebrafish embryos failed to disrupt development;
however, deletion of the maternal Irf6 transcripts from these embryos arrested development

at the blastula stage 2%

Further investigation showed that these embryos had abnormal and
weak superficial epithelium 2. These findings and those in the mouse supports the role of
IRF6 in normal epithelium development. Expression studies of Irf6 in chick embryos have
found it to also be expressed in the developing craniofacial processes, including the
maxillary process, medial nasal process, nasal pit and medial epithelial edge of the lateral

palatine shelves 2%93%

Altogether, these three animal studies indicate that IRF6 is an
important regulator of epithelial growth and differentiation.
In previous studies, we have shown that CRISPLD2 is expressed in the developing

orofacial region and liver of mouse embryos (see Section 5.3.3 and Figure 5.2, page 79) 2*.
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As shown in Table 7.1, Crispld2 is expressed in many tissues (Genomics Institute of the

Novartis Research Foundation GNF, http://symatlas.gnf.orqg and T1Dbase, http://tldbase.org

%y " Interestingly, while neither database lists expression in the fetal face or head, the clone

used for in situ analysis was derived from the head of an E17.5 mouse, indicating that
CRISPLD?2 is expressed in that region (Riken CRISPLD2 clone 3321402M02, GeneService,
Cambridge, UK).

As shown in Table 7.1, CRISPLD2

Table 7.1. Expression of murine CRISPLD2
is expressed in the fetal and adult lung.

Prostate Testis
. Placenta Uterus
In 1999, Kaplan et al. reported their Adipocyte Spinal Cord
- ) Ovary CD 14+ Monocytes
findings of a novel CRISP family | peta|'and Adult Lung CD33+ Myeloid
Whole Blood Olfactory Bulb

gene, late-gestation lung | (Lgll), that

was differentially expressed in rat lung tissue . Lgll was later classified as a CAP
(cysteine-rich secretory proteins, antigen 5 and pathogenesis-related 1) superfamily gene and
named CRISPLD2 *%. Although the HUGO Gene Nomenclature Committee at the
European Bioinformatics Institute still lists the gene name as CRISPLD2

(http://www.genenames.org), the Lgll nomenclature remains in use in pulmonary research.

Lgll is a glycoprotein that participates in fetal lung and ureteric branching 4%,

Crispld2/Lgl1 null mice are embryonic lethals while Crispld2/Lgl1l heterozygous mice are

| 307

grossly normal *". Closer inspection of the lungs from Crispld2/Lgl1l heterozygous mice

found delayed maturation; Crispld2 appears to play an important role in epithelial to

7

mesenchymal transition (EMT) in lung tissue **’. EMT has previously been shown to play
y

an important role in the transition of neuroepithelial cells to neural crest cells (NCCs) prior
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to migration and formation of craniofacies, suggesting a potential role of CRISPLD2 in
craniofacial development 3%,

Here, zebrafish was used to define the expression and function of zCrispld2. The
zebrafish model was chosen because it has been used to study many genes that regulate

craniofacial development, including the Runx, DIx and Sox gene families (see Section

152d) 168-170,297.

7.1.  Materials and Methods
The details of the expression, morpholino (MO) and in situ hybridization studies are
completely described in Chapter 2. Wildtype zebrafish (Danio rerio) were raised and

housed following standard protocols **°.

7.4.  Results
7.4.1. Zebrafish and human CRISPLD2 sequences are homologous

Amino acid alignment of CRISPLD?2 in seven vertebrate species identified homology
between all species (Figure 7.1). The zcrispld2 is 55% homologous to human CRISPLD? at
the peptide level. The zebrafish CRISPLD2 protein is 407 amino acids in length compared
461-507 of other species. This difference is reflected in the 108 amino acid residue gap in
the alignment field that maps to human amino acid residue numbers 337-444. This
difference is species-specific for the zebrafish.
7.4.2. CRISPLD?2 is expressed during zebrafish development.

As shown in Figure 7.2A, CRISPLD2 was detected early in development at 3, 4, 27 and

72 hpf.  Whole mount in situ hybridization was performed to define expression at: 5-7
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Figure 7.1: CRISPLD2 amino acid alignment across vertebrate species. Black boxes indicate >50% of sequences have the identical
amino acid; Grey boxes indicate >50% of sequences have a conserved substitution.

Human
Chimp
Mouse

Rat
Chicken
Xenopus
Zebrafish

Human
Chimp
Mouse
Rat
Chicken
Xenopus
Zebrafish

Human
Chimp
Mouse 233
Rat 233

Chicken 234 &

Xenopus 234
Zebrafish 240

Human 345 V:
Chimp 305
Mouse 343
Rat 345

Chicken 351
Xenopus 348
Zebrafish 352

Human 485
Chimp 425
Mouse 483
Rat 485

Chicken 471
Xencpus 488
Zebrafish 372

SNM EEIMTWDBE LE RSARY
ASNMEYMIW DEELERSANA

EHWGRYRSPGFHW) SWYDEVKDYTYPYPRECNPWCPERCSG PMCTH YTQ IVWAT INKIG ’_'AVNI ] \
Ittt . oF GEFHVD) SWYDEVKDYTYP YPRECNPWCPERCSG PMCTHYTQ IVWAT INKIGCAVNT VNG NAVYIJVCN YSPKGNWI GEAPY KNGRPCSECP PSYGG
TAVHWGRYRSPGFHV) SWYDEV \""iTYP'fPHECEPn"gER”S G PMCTHYTQBVWAT TNKIG S’DE;II | MI'I"-/'\\'GIE’\EN AVYLVCNYSPKGNWI GERPY :‘ESRP CSECPE"' GEGECIRm
LAVHWGRYRSP GFHV SWYDEVKDYTYP YPHECNPWCPERCSGEMCTH YTQMVWAT TNKIGCRV @l’i\‘SDII\EIL‘-.’f!l"CII YSPKGNWIGEAPY KsiGRPCSECPRSY GGGCRNN
LAVHW RYRSF.A-EEIQ SWYDEVKDYSYP YPHECNPWCP BRClG PMC TH YTQ IVWAT TNKIG CAVNHA 3 ’CII YSP KBIT'\'I GEnPY VII ~RF C‘SE\. PPS { GGGC IN
3 VKDYTYPYPHECNPECPERCSGPMCTHYTQ _I'J T'Iﬂr’V""“fN

CRREE PHKH ‘gMIIE’«‘ES P
CYREE 560 VPEmF_vnm'Es PP

A

BT "ﬁn&m“
vilCD TRERDC

VSKT K‘vgjl DCYT TVAQLCPFEKPATHCPRI
OWIEDCYT TVAQLCPFEKPAT HCPRI
"L‘"‘VTRN i PFE‘/KbIaHESLSP":KPSSS%'SF/‘ E?nmal,cpfmmﬁcpm C agEES’f\J’&amIm"fISSI’?ﬂ AVERGVIJDERG
GLV /DY TRNGEV PF FVKS@ENGHE SLSKY KPSSS FVSKVRGSeDCET TVAQLCPF EKPAT HCPREISCE pr*z".cnpmanxnn"raszmﬂmm GVI GG
§ PR FVK S IafEﬂY‘ﬂKPblf}"v’SV’v ""r’IT'mEL. F VPETH"PRICP“.*I"PI)EPSYI\’;,E V’E_mlxn:lsaSI:?sn'mmWE:si"m,w VEK
GREF FVK SPRNEVE SESKEKERYS RMVSKVEROMIDCY T TVABEC . rm@nry

KEYVG SLRNGVQSESLET B3BGE(AFR] FAVRQS T PjiJuil
KIYVG SLRNGVQSESLET BXDGEAFRT F AVRQS TS T e
{5 7VG SLRNGV Q5 ES LT EMRGNAFRF AVRQS T8 ERCEE
K8 YVG SLRNGVQSESJT BOUGNAFR T FEVRQS T Pt
KSYVG SLKNS/’S F_S'LI' S BeBGHAFRI FAVEQS Twolielig
[FVEG SRR GO SISO EREGRAr R T EAVKGS Teriell
B Yo S R S0 407

119



Figure 7.2. CRISPLD?2 is expressed in zebrafish during development. (A) Detection of
ZCRISPLD2 mRNA by RTPCR during development (NTC = no template control, UWT =
unfertilized wild type embryo, hpf = hrs post fertilization). (B-H) zCRISPLD2 expression is
shown by in situ hybridization in purple at (B) 5-7 somite, (C) 13-15 somite, (D) 1 dpf, (E) 2

dpf, (F) 3 dpf, (G) 4 dpf, and (H) 5 dpf.

(A) NTC UWC  3hpf  4hpf  27hpf  72hpf

CRISPLD [ . ]
B-actin [l 8 X0

(H)
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somite, 13-15 somite, 1dpf, 2dpf, 3dpf, 4dpf and 5dpf using two antisense probes. As
shown in Figs. 1B and C, CRISPLD2 is ubiquitously expressed during early development.
CRISPLD2 localizes to the anterior half of the embryo including the head region between
1dpf to 5dpf (Figure 7.2D-H). These results were confirmed using multiple probes (data not
shown).

7.4.3. Knockdown of CRISPLD2 adversely affects survival rate and causes abnormal
phenotypes.

We first tested the efficacy of two zcrispld2 MOs; one directed at exon 1 (designated
controlMO) and the other at exon 2 (Figure 7.3A). The controlMO failed to block gene
translation (Figure 7.3B, lanes 1-4). crispld2MO knocked down gene translation at
concentrations greater or equal to 1ng at 1 dpf (Figure 7.3B, lanes 5-6); gene expression was
detected at 5 dpf and at concentrations less than 1ng per injection (Figure 7.3B, lanes 7-11).

Crispld2MO knockdown embryos had lower survival rates, at 1 and 5 dpf, when
compared to control embryos (p<0.05 and p<0.005, respectively) (Figure 7.4A). A higher
percentage of abnormal phenotypes were also found in these embryos (p<0.05) (Figure
7.4B). At 1 dpf, these abnormal phenotypes included failure to develop (Figure 7.4D),
delayed development (Figure 7.4E-F) and grossly normal embryos when compared to wild
type (Figure 7.4C). At 5 dpf, of those embryos that survived, a range of phenotypes was
observed including severely truncated body (Figure 7.4H), shortened and curved tail with
cardiac edema (Figure 7.41) and grossly normal when compared to wild type (Figure 7.4G).
7.4.4. Knockdown of CRISPLD2 disrupts NCC formation.

NCCs originate in the hindbrain and migrate into the craniofacial region to form the

1

maxillary and mandibular jaw structures **. DIx2 is expressed in these migrating NCCs
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Figure 7.3: Morpholino knockdown of CRISPLD2. (A) Gene showing controlMO (*) and
crispld2MO () targets (boxes = exons). (B) RTPCR results following MO injection at
various timepoints. CRISPLD2 expression is knocked down at crispld2MO concentrations
greater or equal to 1 ng. B-Actin was used as a control.
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Figure 7.4: CRISPLD2 knockdown causes decreased survival and abnormal phenotypes.
Quantification of survival and abnormal phenotypes after MO knockdown. (A) Embryos
with CRISPLD2 knockdown have significantly lower survival rates compared to control
embryos (T-test: * p<0.05; ** p<0.005). (B) Embryos with CRISPLD2 knockdown have
significantly more abnormal phenotypes compared to control embryos. Examples of
phenotypes are shown in C-F at 1dpf and G-I at 5 dpf. (C) Uninjected embryo at 1 dpf. (D-
F) Various MO phenotypes at 1 dpf. (G) Uninjected embryo at 5 dpf. (H-1) MO phenotypes
at 5 dpf.
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and is useful as a marker to visualize normal NCC formation and migration 3%,

Knockdown of CRISPLD2 altered the pattern of DIx2 clustering compared to control
embryos at 1 dpf (Figure 7.5). Four distinct clusters of NCCs were seen in the crispld2MO
injected embryos compared to controls. Additionally, the anterior NCCs clustering appeared
less dense and clusters 3 and 4 were indistinct from each other. ControlMO injected (data
not shown) and uninjected embryos had identical DIx2 expression patterns (Figure 7. 5).
7.4.5. Knockdown of CRISPLD2 disrupts normal craniofacial cartilage.

Alcian blue staining was use to visualize the cartilage structures of the craniofacies.
Numerous anomalies were found in the crispld2MO injected embryos including fewer
ceratobranchial cartilages forming the lower jaw (< three pairs compared to five) and
broader Meckel’s and palatoquadrate cartilages that are more “U” shaped than “V” shaped
(Figure 7.6).

7.5.  Discussion
Previously, we showed that CRISPLD2 is associated with NSCLP in humans and

203314 " n these studies,

expressed during specific stages of mouse craniofacial development
zebrafish were used to further define expression and function of CRISPLD2 during
craniofacial development. We found that zCrispld2 is expressed throughout development
from 3hpf to 5dpf (Figure 7.2). zCrispld2 was diffusely expressed throughout all tissues
during early development (5-15 somite stages) and later localized to the craniofacial tissues
(1-5 dpf). This expression pattern suggests that zcrispld2 might play an important role in

overall early development as well as craniofacial development. This is supported by the

observation that the Crispld2/Lgl1 null mouse resulted in embryonic lethality by E9.5, and
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Figure 7.5: DIx2 expression is altered by knockdown of CRISPLD2. DIx2 expression is
visualized by whole mount in situ staining at 1 dpf. (A, B) DIx2 expression in wild type
embryos and (C, D) DIx2 expression in zCRISPLD2 knock down embryos (125X). Arrows
denote DIx2 clustering.
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Figure 7.6: Knockdown of CRISPLD2 causes craniofacial abnormalities. Alcian blue
staining at 5 dpf shows structural craniofacial anomalies in crispld2MO knockdown
zebrafish (100X). (A and B) Lateral and ventral view of wild type embryos. (C and D)
control MO injected embryos. (E, F and G) crispld2MO injected embryos had fewer pairs
of ceratobranchial cartilages (CB) and broader Meckel’s (MC) and palatoquadrate (PQ)
cartilages. (E =eye, CH = ceratohyal)
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by our finding that loss of zcrispld2 at 1dpf resulted in lower survival rates and an array of
abnormal phenotypes in surviving embryos (Figure 7.4).

In the Crispld2/Lgll mouse model, heterozygous mice were grossly normal. However,
close examination revealed abnormal lung development with delayed alveolar maturation

and disorganization of lung elastin fibers that were trapped in the interstitium, both of these

7

findings resolved with age *’. Lan et al. concluded that Crispld2/Lgl1 functions to regulate

307

epithelial-mesenchymal interactions, similar to lung alveolarization Interestingly,

epithelial-mesenchymal interactions play an important role in gastrulation, craniofacial and

309,315-317

cardiac development and cancer progression and metastasis In craniofacial

development, neuroepithelial cells programmed to become NCCs undergo EMT before they

can migrate into the craniofacies %%,

This suggests that Crispld2/Lgll plays a role in
regulating NCC development and migration. This is supported by our observations in
zebrafish, where loss of zcrispld2 resulted in altered NCC clustering at 1dpf, including less
dense first and second NCC clusters (Figure 7.5). These clusters will form the structures of
the first and second pharyngeal arches, including the Meckel’s and palatoquadrate cartilages,
which were abnormal in zebrafish lacking zcripsld2 (Figure 7.6). The ceratobranchial
cartilages forming the lower jaw are derived from the third, fourth, fifth, sixth and seventh

pharyngeal arches 3.

Interestingly, the first three pairs of ceratobranchial cartilages, which
were missing in crispld2MO embryos, are derived from NCC clusters and pharyngeal arches
three and four, which were indistinct from each other at 1 dpf (Figures 7.5 and 7.6).
Although the oral facial malformations found in crispld2MO zebrafish are different from

318

human NSCLP, this may reflect species-specific differences Our findings in both

zebrafish and mouse show that CRISPLD2 plays an important role in craniofacial
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development, and specifically in NCC regulation 2** (Hecht 2010, unpublished data). While
we found that loss of zcrispld2 caused perturbation of NCC migration, we did not identify
whether zCrispld2 inhibits normal EMT in the craniofacies, as it does in the lung **’. To test
whether zCrispld2 specifically affects craniofacial EMT, future studies should compare the
expression of neuroepithelial cell markers, such as crestin or snaillb, in crispld2MO and
wild-type embryos 31934,

The Crispld2/Lgl1l heterozygote mouse has provided some insights about the potential
factors that regulate Crispld2/Lgl1l. In mouse mesenchymal tissue, Crispld2/Lgll has two
distinct functions. First, during early lung and kidney organogenesis, Crispld2/Lgl1 aids in
branching morphogenesis, a process that is stimulated by retinoic acid. Then, during later
gestation events, Crispld2/Lgl1 appears to participate in mesenchymal maturation, which is

305,306

regulated by glucocorticoids Retinoic acid appears to play a dichotomous role in

Crispld2/Lgl1 regulation; while it stimulates branching during early gestation, retinoic acid
downregulates Crispld2/Lgll expression that is induced by glucocorticoids during late

2

gestation 3. In mouse studies, retinoic acid disrupts normal pharyngeal arch development

by altering NCC differentiation and patterning. As such, it is a strong teratogen, inducing

150,323-328

cleft palate when administered at critical times in development Retinoic acid

regulates gene expression of DIx2 and Hoxb2, two genes that play critical roles in

proximodistal and dorsoventral NCC patterning, respectively 32233,

In zebrafish, retinoic
treatment results in the loss of DIx2 and specific craniofacial dysmorphogenesis 3. Loss of
DIx2 in mouse caused multiple defects in first and second pharyngeal arch derived tissues,
including cleft palate, while loss of Hoxb2 does not result in orofacial clefting ***¥. Our

findings in zebrafish also show that zcripld2 alters DIx2 expression (Figure 7.5). This data,
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combined with those of Nadeau et al. in the Crispld2/Lgll mouse, suggests that CRISPLD2

mediates DIx2 regulation by retinoic acid %,

Future studies should focus on treating wild-
type zebrafish embryos with retinoic acid to determine whether Crispld2 levels are altered.
Crispld2 levels should decrease with retinoic acid treatment, while treatment of zebrafish
embryos with a retinoic acid receptor antagonist should cause Crispld2 levels to increase.
The DIx2 expression pattern of retinoic acid treated embryos and crispld2MO embryos
should be compared, and, if similar, wild-type zcrispld2 mRNA can be injected into
embryos that are treated with retinoic acid to determine if normal DIx2 patterning can be
rescued. These studies will define the relationship between retinoic acid, Crispld2 and DIx2.

In vivo mouse studies have shown that retinoic acid receptor null embryos had midline

5

craniofacial anomalies in tissues of NCC origin **°. Similar phenotypes were also seen in

3

retinoic acid receptor null chick embryos ***. Studies in the chick embryo have shown that

the conversion of retinal to retinoic acid is inhibited by homocysteine and that chick
embryos treated with homocysteine have similar defects to those embryos lacking the
retinoic acid receptor ***. Homocysteine and cysteine are endogenously produced in the

94,274,334

methionine arm of the folate gene pathway . Elevated homocysteine levels, which

can be caused by low levels of folic acid, has been shown to decrease both NCC numbers

d 335,336.

and distance migrate Moreover, hyperhomocysteinemia, caused by reduced folate

intake, has been implicated as a cause of orofacial clefting %%

. High doses of folic acid,
Six to ten times greater than what is found in most prenatal supplements, result in decreased
homocysteine levels which have been shown to reduce the recurrence of orofacial clefting.

Recently, we have shown that variants in genes in the folate gene pathway are associated

with NSCLP, with our most significant associations found in genes in the methionine arm
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286 Variants in five of the genes in the methionine arm interacted with variants in

CRISPLD?2, suggesting that homocysteine and genes that regulate homocysteine could also
regulate CRISPLD2 and that CRISPLD2 could mediate the effects of homocysteine on
NCCs **2.  This can be tested by treating wild-type zebrafish embryos ewith homocysteine
to determine whether Crispld2 expression changes. If the change is identical to retinoic acid
treated embryos, a relationship between homocysteine, retinoic acid and Crispld2would be
established. Alternatively, Crispld2 could be regulated by additional mechanisms.

Craniofacial morphogenesis is a finely tuned process consisting of cell growth, growth
factors and receptors, apoptosis and adequate nutrient supply **. Perturbation of any of these
processes can result in craniofacial dysmorphology. The number of genes that contribute to
NSCLP is growing and studies are now focusing on determining the function of these genes
in craniofacial morphogenesis. Results from our studies suggest that perturbations in
CRISPLD2 expression contribute to NSCLP. However, as shown in the model depicted in
Figure 7.7, the process is likely to be complex; CRISPLD2, under the influence of retinoic
acid, folic acid and homocysteine, directs EMT of neuroepithelial cells to become NCCs and
form the craniofacies. Additionally, CRISPLD2 may also regulate NCCs by other
mechanisms.  Although loss of zcrispld2 did not result in a cleft, our findings have
important implications that suggest CRISPLD2 function should be further evaluated. For
example, the CRISPLD2-homocysteine-retinoic acid connection needs to be further defined.

Our findings are important because they demonstrate a role of CRISPLD2
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Figure 7.7: Proposed model for CRISPLD2 regulation of NCCs during craniofacial
development. CRISPLD?2 is required for EMT of neuroepithelial cells to NCCs. When there
are insufficient levels of folic acid, homocysteine prevents the conversion of retinal to
retinoic acid. Retinoic acid is an upstream regulator of CRISPLD2. CRISPLD2 may also
regulate NCCs by other mechanisms (dotted line).
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in the formation of NCC and early craniofacial development in zebrafish e Moreover, we
suggest that perturbations in genes that regulate NCCs, such as CRISPLD2, can have a
detrimental effect on NCC-derived tissues and alter normal craniofacial development and

thereby contribute to NSCLP.
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Chapter 8: Summary and Future Studies
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8.1.  Summary

Cleft lip and palate, a common, complex birth disorder, affects one out of every 700 live
births in Texas and approximately 4000 newborns each year in the United States. Patients
with cleft lip and palate face significant healthcare challenges related to surgical, dental and
speech therapies. The exact cause of this disorder is unknown, but multiple genetic and
environmental influences are known to be involved. The purpose of this study was to
identify genetic causes of NSCLP and to understand how these genes contribute to normal
craniofacial development. The ultimate goal of these studies is to gain a better
understanding of the causes of NSCLP in order to better diagnose and counsel NSCLP
families and to develop potential therapeutic interventions.

As discussed in Section 1.5 (page 9), there are two methods of gene identification for
genetic diseases: genome scan and candidate gene approach. In chapter three, we
demonstrated the effectiveness of a genome scan to identify genomic regions that were
linked to NSCLP in our dataset. Eleven regions in our NHW dataset were associated with
NSCLP. Interestingly, five of these regions, including our most significant findings in the
nonHispanic dataset, from chromosome 22q12.2-12.3, were novel regions not previously
identified in NSCLP genome scans (see Table 3.2, page 41). Candidate gene interrogation
of myosin heavy chain 9 (MYH9) gene identified an association and confirmed the

1% These results demonstrate the

association reported in an Italian NSCLP dataset
effectiveness of genome scans in identifying chromosome regions that may harbor genes

contributing to disease etiology.
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In chapter four, we interrogated the WNT gene family. WNT genes are expressed in the
craniofacies throughout development and knockout WNT animal models have orofacial

20,21,112,114-117,233-235

clefts Interestingly, the WNT genes that were most significantly

associated with our NSCLP dataset, Wnt3A and Wntl1, were those that function in NCC

differentiation and migration **%.

NCCs play a critical role during craniofacial development
and form the tissues that populate the maxillary and mandibular jaw structures **. These
results demonstrated the effectiveness of a candidate gene approach in identifying genes that
have a known role in normal development, that when perturbed, may contribute to disease
etiology.

In chapters five through seven, we describe studies that identified an association of
CRISPLD2 with NSCLP, CRISPLD2 had not previously been associated with NSCLP or
any craniofacial anomalies. CRISPLD2 had previously been identified in mice and rats and
is called Lgl1 (late gestational lung 1) 3%, Studies in mice suggest that CRISPLD2 (Lgl1)
aids in branching morphogenesis during kidney and lung organogenesis (Quinlan, Nadeau).
The chromosomal 16g21-24 region has previously been identified as potentially harboring a
NSCLP candidate gene in four genome scans and 2 meta-analyses of genome scan data
9799,100.103.104262 © cRISPLD2 was identified after we confirmed that polymorphic variants in
that chromosome region were associated with NSCLP. While we did not find any coding
mutations in our probands with CRISPLD2 susceptible haplotypes, we did find that
CRISPLD?2 is expressed during mouse craniofacial morphogenesis.

As demonstrated in chapter four, a candidate gene approach can be used to assess genes

in the same family. Therefore, we interrogated the CRISPLD1 gene for association with

NSCLP. No significant association was identified for SNPs in the CRISPLD1 gene and
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NSCLP. However, we did find that variants in CRISPLD1 and CRISPLD?2 interacted
together and that variants in both genes interacted with variants in genes in the folate
pathway. We next used zebrafish to define expression and timing of CRISPLD2 in
craniofacial morphogenesis.  Zebrafish ubiquitously express CRISPLD2 throughout
development from 5-7 somite stage to 5dpf; gene expression localizes to the craniofacial
region by 1dpf. Knockdown of CRISPLD2 resulted in lower survival rates and a higher
number of phenotypic abnormalities. At 1dpf, embryos showed altered NCC clustering
which translated into abnormal cartilage in the jaw by 5dpf. While we did not see a cleft,
these results suggest that CRISPLD?2 is still required for normal craniofacial development in

zebrafish.

8.2.  Future Studies
8.2.1. Genome scan

While association was found to the MYH9 gene in chromosome 22(12.2-12.3, the
results do not exclude the possibility that other genes in 22912.2-12.3 chromosomal region
play a role in NSCLP. This genome scan was only conducted on only nine of our more than
100 NHW multiplex families. While these nine families were some of the larger multiplex
families, the results do not necessarily represent clefting etiology in the entire sample since
NSCLP is genetically heterogeneous. Additionally, of the 11 regions identified in this
study, only one region was interrogated in any depth. Additional studies are needed to
follow up these initial results. First, the significant SNPs in each of the eleven regions
identified in the NHW population should be tested in the entire dataset. This may narrow

the regions into more defined peaks and reduce the number of genes requiring interrogation.
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Additionally, candidate genes can be interrogated or all regions can be resequenced to
determine which genes/variants contribute to NSCLP.

Besides nine NHW families, the genome scan was also performed on a large African
American family, where we identified three other regions (2p22, 3p26, and 8q21.3-24.12),
none of which showed linkage in the NHW family dataset. These results and subsequent
follow-up of the chromosome 8 region, which had the highest LOD score, were not part of

5

my studies '®. Briefly, two candidate genes were interrogated, syndecan 2 (SDC2) and

growth differentiation factor 6 (GDF6), but no association was identified **

. However, this
was not unexpected because the candidate gene analysis was performed using our NHW and
Hispanic populations, as clefting is rare in the African American population. To best
interrogate these three regions, additional African American families must be collected and a
similar approach to the NHW studies should be performed.
8.2.2. WNT

NCCs play a critical role in normal craniofacial development; therefore, it is not
surprising that variation in genes that regulate NCCs contribute to NSCLP etiology %
Future NSCLP genetic studies should focus on other genes that regulate NCC function,
especially in light of our findings that knockdown of CRISPLD2 in zebrafish alters NCC
clustering.
8.2.3. CRISPLD

As mentioned in Section 1.4 (page 7), NSCLP is a genetically heterogeneous birth defect
with individual genes being shown to play a role in clefting etiology in different populations
41,42

Interestingly, the association between CRISPLD2 and NSCLP have recently been

replicated in NHW and Brazilian datasets, supporting our finding that variation in
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CRISPLD2 contributes to NSCLP *!*. The gene interaction results are interesting but are

based on statistical testing 2%,

It is important to test whether these variants interact on a
biochemical level as well. If an interaction between the folic acid pathway and CRISPLD
genes is detected at the biochemical level, it would be interesting to test if decreased
maternal folate levels during fetal development correlated with NSCLP-susceptible
CRISPLD2 genotypes, and if so, whether these pregnant women had an increased risk of
having a child with NSCLP. These studies will further help assess the role of the CRISPLD
gene family in clefting etiology.

The zebrafish studies provided insight on the role of CRISPLD2 during early
development. We show that CRISPLD2 plays a role in normal NCC clustering, and further
research is warranted to delineate the CRISPLD2-homocysteine-RA connection and
determine how these genes contribute to clefting etiology. The zebrafish model could be
used to for these experiments. Zebrafish embryos can be treated with RA and/or
homocysteine to determine if DIx2 or CRISPLD2 expression is decreased or altered, as
suggested by previous homocysteine-RA and CRISPLD2-RA studies in other zebrafish
tissues 326-328,333.

Additional animal studies are necessary to further delineate the role of CRISPLD2 in
craniofacial development because the zebrafish model is only useful as a simple vertebrate
model. To do this, a transgenic mouse is an appropriate model. To accomplish this goal, a
CRISPLD2 ES cell line has been purchased from the Knock Out Mouse Project (KOMP)
and the conditional CRISPLD2 knockout mice will be generated. The conditional approach

is being used because the CRISPLD?2 traditional knockout mouse is embryonic lethal (ref).

Additionally, our lab has recently performed whole mount in situ hybridizations on mouse
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embryos that show that CRISPLD2 is expressed in the NCC clusters during early mouse
craniofacial development (Yuan and Hecht, 2010 unpublished data), further supporting our
findings that CRISPLD2 plays a role in normal NCC development and migration.
Additional studies are warranted to determine how CRISPLD2 variation can lead to

detrimental effects of NCC-derived tissues.
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