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Abstract

Investigating the contribution of coding de novo mutations to orofacial clefts
By CinderellaYang

Orofacial clefts (OFCs), including cleft lip and cleft palate, are among the most common birth
defects, occurring in approximately 1 in 1000 live births worldwide. OFCs have a strong genetic
basis, with genetic variants of all types and frequencies increasing risk for an OFC. However,
much of the genetic risk remains unaccounted for. Previous studies have highlighted arole for de
novo mutations (DNMs) in contributing to OFC risk. Here, we analyzed coding DNMs found in
whole genome sequence (WGS) data from 419 child-parent trios of Filipino ancestry with OFCs
from the GabriellaMiller Kids First (GMKF) Research Program. We found a significant
enrichment of predicted loss-of-function (pLOF) (p = 9.68 x 107%) and protein-altering DNMs (p
= 2.61 x 10™%). We aso found a significant enrichment of pLOF DNMsin GRHL2 (p = 4.74 x
10%), agene intolerant to pLOF variants (pL1 = 1). We then combined the Filipino trios with
three other previously studied GMKF cohorts with OFCs of Colombian, Taiwanese, and
European ancestries, totaling 1,114 trios. In this combined cohort, we found a similar significant
enrichment of pLOF (1.57 x 10™) and protein-altering DNMs (p = 2.55 x 10%). Genes with
protein-altering DNMs were found to be enriched for pathways relevant to craniofacial
development. We then analyzed de novo structural variants (SVs) in the cohort and identified
additional SV'sin multiple genes with protein-altering DNMs, including GRHL2. Overall, we
have further demonstrated that DNMs contribute to OFC risk and identified severa novel
candidate genes such as GRHL2. Further investigations are required in order to interpret variants

in these genes and their association with OFCs.
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Introduction

Orofacial clefts (OFCs) are a group of birth defects usually involving the roof of the
mouth (palate), the upper lip, or both. Defects in these structures are called cleft palate (CP), cleft
lip (CL), or cleft lip and palate (CLP), respectively. CL and CLP are often analyzed together as a
group, referred to as cleft lip with or without cleft palate (CL/P), and considered distinct from CP
due to different developmental origins, as lip development occurs before secondary palate
closure during embryogenesis (Watkins et al. 2014). Furthermore, OFCs are typically classified
as either syndromic or isolated/nonsyndromic, with around 70% of CL/P and 50% of CP cases
appearing to be isolated/nonsyndromic. Together, OFCs are among the most common
craniofacial malformations in the world, occurring in around 1 in 1000 live births worldwide,
although prevalence has been found to vary greatly across populations (Watkins et al. 2014).
Although OFCs can be surgically repaired, affected individuals experience problems with
feeding, speech, and hearing early in life, and must often undergo multiple surgeries and speech
and hearing therapy (Hocevar-Boltezar, Jarc, and Kozelj 2006, James et al. 2020). Individuals
may also experience lifelong psychosocial effects, with an increased incidence of mental health
issues compared to individuals without clefts (Hunt et al. 2006). Lower reported quality of life
and higher mortality rates have also been found in patients (Christensen et al. 2004, Marcusson,
Akerlind and Paulin 2001). Moreover, these negative impacts of OFCs on affected individuals
may be particularly severe in areas where access to medical care is more limited (Mossey et al.
2011). Therefore, it is important to research the causes and risk factors of OFCs to improve

prevention and treatment for individuals with OFCs.



OFCs are complex and have a multifactorial etiology. Environmental risk factors such as
maternal smoking have been found to be associated with an increased risk for OFCs (Khoury et
al. 1987, Honein et al. 2007). OFCs also show strong familial aggregation, with first-degree
relatives of OFC-affected individuals showing greatly increased relative risk compared to the
general population (Grosen et al. 2009, Sivertsen et al. 2008), suggesting a strong genetic basis
to OFC etiology. Affected individuals within the same family are also more likely to have the
same type of cleft, although this is not always the case, suggesting that there may be pathways
shared across OFC types. Monozygotic twins have also been found to have a much higher
concordance rate than dizygotic twins, further demonstrating the major contribution of genetic
factors to OFC etiology. Therefore, fully understanding the etiology and development of OFCs
would not be possible without investigation of the genetic risk factors.

Multiple studies on the genetics of OFCs have been carried out, including linkage and
association analyses. Studies have found linkage to different chromosomal regions and further
identified several causal genes (Marazita et al. 2009, Moreno et al. 2009) although the complex
nature of OFCs means that is difficult to obtain consistent results. Genome-wide association
studies (GWAS) have been conducted to investigate single nucleotide polymorphisms (SNPs)
and their contributions to various nonsyndromic OFC subtypes. More than 50 genes are reported
to be associated, however, GWAS loci are likely to account for only 10-30% of the heritable risk
for OFCs in any one population, although differences between populations make this fraction
difficult to quantify (Leslie 2022). Advances in sequencing technologies have now made it
possible to conduct whole-exome sequencing (WES) or whole-genome sequencing (WGS)
studies to identify rare variants that affect OFC risk of any kind, including single nucleotide

variants, insertions or deletions, and large structural variants.



Family-based studies of WES and WGS data allow for the investigation of de novo
mutations (DNMs), which are present in the offspring but not the parents, with germline DNMs
arising in the germline of the parent or during early embryonic development. On average 50 to
100 DNMs are found throughout an individual’s genome, with approximately 1 DNM located in
the exome (Lynch 2010). Despite their rarity, DNMs are more likely to be deleterious than
inherited variants since they are not subjected to the same kinds of selective pressures (Veltman
and Brunner 2012). Thus, they represent a promising avenue of research for OFC development,
especially considering the sporadic nature of many OFCs. By studying DNMs in individuals
affected with OFCs, we may be able to identify novel candidate genes that contribute to OFC
risk and gain new insight into the pathways underlying OFC etiology, particularly by focusing
our analysis on the DNMs most likely to be deleterious: missense and loss of function coding
DNMs. Previous studies have investigated coding DNMs in child-parent trios with OFCs and
found a significant excess of loss of function DNMs in affected individuals, providing evidence
for the contribution of DNMs to OFC risk (Bishop et al. 2020).

This study aims to further analyze the contribution of coding DNMs to OFCs using WGS
data from a combined cohort of 1178 child-parent trios from multiple populations and OFC
types. We will be focusing our analysis primarily on de novo single nucleotide variants or small
insertions or deletions (<50bp), while also incorporating data on de novo structural variants at
least 50 nucleotides in length. While many of these trios have been analyzed previously, we will
be analyzing a cohort of 419 Filipino trios that have not been previously studied, which will
potentially provide us with novel findings. Using a combined dataset with a larger sample size
will also grant us more statistical power to identify novel genes that may not have been detected

before.



Methods

Cohort of OFC-affected Child-Parent Trios

We assembled a cohort of OFC-affected trios recruited from multiple domestic and
international sites as part of the Gabriella Miller Kids First (GMKF) Pediatric Research Program,
which was established to investigate the biological factors of childhood cancers and structural
birth defects such as OFCs. The four samples consist of European, Colombian, Taiwanese, and
Filipino trios, with 415 European trios recruited from sites in the United States, Argentina,
Turkey, Hungary, and Spain; 275 Colombian trios recruited from Medellin, Colombia; 125
Taiwanese trios recruited from Taiwan; and 419 Filipino trios recruited from the Philippines.
Recruitment and phenotypic assessment of participants occurred at regional treatment centers
following review and approval by the institutional review board (IRB) for each local recruitment

site.

Whole Genome Sequencing and Variant Calling

The sequencing and calling of variants for European, Colombian, and Taiwanese samples
have been detailed in previous papers (Bishop et al. 2020, Mukhopadhyay et al. 2020), and the
same methods were used for the new sample of Filipino trios. Blood samples were used for
sequencing for the majority of trios, with saliva samples used when blood samples were not
available. WGS of samples was conducted at either the McDonnell Genome Institute (MGI),
Washington University School of Medicine in St. Louis, or the Broad Institute. WGS of 63

Filipino trios was conducted at the Center for Inherited Disease Research (CIDR) at Johns



Hopkins University. All samples were aligned to the human hg38 reference sequence and variant
called via GATK pipelines, which was conducted at the GMKF Data Resource Center. For the
discovery and annotation of structural variants, we used the GATK-SV pipeline detailed in
Collins et al. 2020. Overlapping structural variant calls within the same individual were merged

and counted as one structural variant.

Quality Control and Identification of De Novo Variants

Methods used for quality control and filtering of DNMs have been detailed in previous
papers (Bishop et al. 2020; Mukhopadhyay et al. 2020) We filtered individuals in the cohort
based on several quality control metrics, including transition/transversion ratio,
silent/replacement rate, and heterozygous/homozygous ratio. Samples with values outside of 3
standard deviations from the cohort mean for missingness, Mendelian error, or average read
depth were also removed. Filtering of variants was carried out via BCFtools and VCFtools
(Danecek et al. 2011, 2021). Variants with a minor allele count < 2, genotype quality (GQ) < 20,
read depth (DP) < 10 were removed. An allele balance (AB) filter of >= 0.30 and <=0.70 was
used for variants in the offspring, and an AB filter of < 0.05 was used for corresponding variants
in the parents. Annotation of variants was carried out using ANNOVAR and Variant Effect
Predictor (VEP) (McLaren et al. 2016; Wang, Li and Hakonarson 2010), and variants were
further filtered with only rare (minor allele frequency < 0.3% across gnomAD v3) coding DNMs
retained for analysis. Quality control of structural variants was conducted using methods detailed
in Collins et al. 2020. Variant classes were assigned to coding DNMs based on predicted
function: synonymous, missense (including single amino acid substitutions and non-

frameshifting indels), predicted loss of function (pLOF, including stop-gain, frameshifting



indels, and splicing variants). A fourth category, “protein-altering” DNMs combined missense

and pLOF DNMs.

Statistical Analysis

We carried out statistical analyses using the R package DenovolyzeR (0.2.0) (Ware et al.
2015). Using the “DenovolyzerByClass” function, we determined whether there was a
significant excess of coding DNMs by variant class in trios with OFCs. The enrichment value of
each variant class was calculated by dividing the observed number of DNMs by the expected
number of DNMs. The model to determine the expected number was developed by Samocha et
al. 2014 based on sequence context and probabilities for different mutation types specific to each
gene. We also used the “DenovolyzerByClass” function to conduct analyses stratified by cleft
subtype, calculating the enrichment separately for trios with CL, CLP, and CP to investigate any
differences in enrichment by variant class between OFC subtypes. A sex-specific analysis was
also carried out using “DenovolyzerByClass” to determine if there were differences in
enrichment between male and female trios. We used the “DenovolyzerByGene” function to
determine whether any individual genes contained an excess of pLOF or protein-altering DNMs,
by calculating the enrichment and p values for each gene with a DNM in trios with OFCs. We
also used the “includeGenes” option in the “DenovolyzerByClass” function to test whether an
excess of DNMs was observed in a list of clinically relevant OFC genes, which was constructed
after a literature search.

We conducted a gene set enrichment analysis (GSEA) using the program Topp.Fun,

available through the ToppGene Suite (Chen et al. 2009), to determine in what gene



sets/pathways DNMs were enriched in trios with OFCs. Calculated p values were adjusted for
multiple testing using the Benjamini and Hochberg correction method available in ToppFun.
Gene expression of genes implicated in our analyses was assessed using bulk RNA-seq
data derived from human cranial neural crest cells and craniofacial tissues throughout stages of
embryonic development relevant to lip and palate development (CS13, CS14, CS15, CS17, and
CS17), along with single-cell RNA-seq data derived from CS20 human craniofacial tissues

(Yankee et al. 2022).
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Figure 1. Distribution of coding DNMs per trio, split by type of DNM.

A set of high-confidence DNMs was generated from WGS data from 1178 complete
child-parent trios with OFCs of different subtypes: 216 trios with cleft lip (CL), 840 trios with
cleft lip and cleft palate (CLP), and 58 trios with cleft palate (CP). 757 of the probands were
male, and 421 were female. In total, we identified 74,343 DNMs genome-wide with an average

of 66.7 DNMs per proband. 1,291 coding DNMs were detected in 1,199 genes with an average



of 1.10 coding DNMs per proband, corresponding to the expected number of exonic DNMs
(Lynch 2010) (Figure 1). We assigned variant classes to the coding DNMs based on predicted
function: synonymous, missense, predicted loss of function (pLOF), and protein-altering
(representing the combined group of missense and pLOF DNMs). Our final set of DNMs
included 843 missense (65.3%), 149 pL OF (11.54%), and 299 synonymous (23.16%) variants
(Figure 2). We further identified 283 de novo structura variants (SV) with an average length of
291kb, averaging 0.24 SV's per proband. We found 131 duplications (46.3%) and 129 deletions
(45.6%), representing the majority of SVs. In addition, there were 15 complex SVs (5.3%), 6

insertions (2.12%), and 1 inversion and 1 translocation (0.35% each) (Figure 2).
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Figure 2. Distribution of coding DNMs by variant class for al OFC trios.
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We initially focused on the 501 DNMs found in 419 Filipino trios that had not been analyzed
previously in Bishop et al. 2020. We asked if there were more protein-atering DNMs than
expected based on mutational models (Samocha et al. 2020) (Figure 3). No significant excess of
synonymous DNMs was found (enrichment = 0.902, p = 0.867). We detected a significant excess
of both missense (enrichment = 1.18, p = 2.56 x 10®) and pL OF (enrichment = 1.42, p = 9.68 x
10%) DNMs, leading to a significant excess of protein-altering DNMs as awhole (enrichment =
1.21, p = 2.61 x 10%). This enrichment demonstrates that protein-altering DNMs, especially
pLOF DNMs, contribute to OFC risk in OFC-affected individuals, while synonymous DNMs

that were not enriched are unlikely to have an effect on OFC risk in aggregate.
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Figure 3. Enrichment of coding DNMs in Filipino trios by variant class. The error bars represent

+ 2 standard errors of the enrichment value.

Next, we investigated the genes that harbor these protein-altering DNMs to identify
whether there were any single genes with a significant excess of protein-altering DNMs in the
cohort of Filipino trios. More protein-altering DNMs were found than expected by chance in
genes COLEC10 (p = 3.00 x 10°°, 2 DNMs) and AKR1B15 (p = 3.87 x 10, 2 DNMS).
COLEC10 isamember of the C-lectin family; mutations in the gene cause the autosomal
recessive 3M C syndrome, which often presents with CL/P (Munye et al. 2017, Rabin et al.
2022). AKR1B15 is predicted to be involved in estrogen biosynthesis and has not been found to
be associated with OFC risk before. When restricting the analysis to only genes with pLOF
DNMs, the most significantly enriched gene was GRHL2 (p = 6.60 x 10°%), with two pLOF
DNMs (p.Arg75Ter, p.Prol51ArgfsTer8). GRHL2 is one of afamily of highly conserved
transcription factors important for embryogenesis and craniofacia development (Carpinelli et al.
2017, Gasperoni et al 2022, Miles et al 2017,), and is predicted to be loss of function intolerant

with apLI score of 1 and a LOEUF score of 0.27.
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Figure 4. Single genes with an excess of pLOF DNMs (top axis) or protein-altering DNMs
(missense and/or pLOF DNMss; bottom axis) in Filipino trios. The solid line indicates the

significance threshold after correction for multiple tests, p < 1.52 x 10,

We then combined the Filipino trios with GMKF OFC trio cohorts published in Bishop et
al. 2020 to determine if the larger dataset would uncover new patterns of DNMs and genes
associated with OFCs. In this combined cohort, we found a significant excess of protein-altering
DNMs (enrichment = 1.1, p = 2.55 x 10°%) and pLOF DNMs (enrichment = 1.4, p = 1.57 x 10%),
consistent with the results from the Filipino trios alone and Bishop et a. 2020. However, no
significant enrichment was found for missense (enrichment = 1.06, p = 5.61 x 10?) or

synonymous DNMs (enrichment = 0.857, p = 0.996).

Next, we conducted a gene set enrichment analysis (GSEA) to determine if the total set of
genes with protein-atering DNMs in the combined cohort clustered into any specific gene sets,

especially sets representing biological processes relevant to craniofacial development. Asa
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control, GSEA was a so carried out for genes with synonymous DNMs. We found that genes
with protein-altering DNMs enriched for terms broadly related to embryonic development, for
example, the biological process term “embryonic morphogenesis” (p = 5.39 x 107). We also
found enrichment for genes belonging to sets more specific to craniofacial development and
OFCs, such as the human phenotype term “abnormal midface morphology” (p = 4.26 x 10°%) and
human disease terms “cleft palate” (p = 8.76 x 10”°) and “craniofacial abnormalities” (p = 5.31 x
10%). Genes that contained only synonymous DNMs were not enriched for any particular terms,
as was expected as these DNMss are expected to occur randomly throughout the exome and are
less likely to have an effect on OFC risk. Finally, we also carried out an analysisto determine the
contribution of DNMs in a set of 418 genes derived from clinical genetic testing panels for
OFCs. Weidentified 67 individuals with 68 DNMs in 54 genes from the list and found a
significant excess of pLOF (enrichment = 3.27, p = 7.48 x 10™) and protein-altering DNMs
(enrichment = 2.04, p = 1.08 x 10°). Notably this enrichment was over two-fold higher than the
enrichment across al genes. To determine whether the enrichment in clinically relevant OFC
genes accounted for the enrichment across al genes with DNMs, we removed trios that harbored
DNMsin genes on the list and conducted another analysis. We still detected a significant excess
of pLOF DNMs (enrichment = 1.30, p = 2.82 x 10°%), although no enrichment was detected for
protein-altering DNMs as awhole (enrichment = 1.03, p = 0.173). Thus, it is clear that DNMs,
especially pLOF DNMs, in genes currently not known to affect OFC risk are contributing to the

overall enrichment of DNMsin the cohort.

We repeated our analysis of the enrichment of protein-altering DNMsin individual genes
within the combined dataset (Figure 5), and identified two genes with a significant excess of

protein-altering DNMs, IRF6 (p = 5.21 x 10'1% and TFAP2A (p = 1.06 x 10°°). Both genes have
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been implicated in OFC etiology and were previously found to be enriched for DNMs in the
Bishop et al. 2020 analysis. Heterozygous mutations in IRF6 are known to cause Van der Woude
syndrome, and heterozygous mutations in TFAP2A have been found to cause Branchio-oculo-
facial syndrome, both of which present with OFCs (de Lima et al. 2009, Kondo et al. 2002,
Milunsky et al. 2008, Reiber et al. 2010). When looking only at genes with an excess of pLOF

DNMs, GRHL2 remained significantly enriched (p = 4.65 x 10°), aswas TFAP2A (p = 2.68 x
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Figure 5. Single genes with an excess of pLOF DNMs (top axis) or protein-atering DNMs

(missense and/or pLOF DNMs; bottom axis) in all OFC trios. The solid line indicates the

significance threshold after correction for multiple tests, p < 7.16 x 107°.



16

We next asked if there were any differences in enrichment of DNM classes between male
and female probands (Figure 6). In both males and females, we detected a significant excess of
pLOF DNMs, with an enrichment of 1.37 (p = 2.20 x 10°°) for males and an enrichment of 1.39
for females (p = 1.54 x 10°?). For males, we also detected a significant excess of protein-altering
(enrichment = 1.1, p = 1.05 x 102, but the same was not found in females (enrichment = 1.09, p
= 5.82 x 10?). When we compared the enrichment of DNMs between male and female probands,

no significant differences were observed for any variant class.
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We then investigated whether there were any differences in enrichment between trios

with different OFC subtypes, stratifying the analysesinto CL, CLP, and CPtrios. No significant

excess of protein-altering DNMswas found in trios with CL (enrichment = 1.08, p = 0.156) or

trios with CP (enrichment = 1.25, p = 6.63 x 102), athough the latter likely reflects the small

sample size of CP trios. Trios with CLP were found to harbor a significant excess of pLOF

(enrichment = 1.44, p = 1.25 x 104 and protein-altering DNMs (enrichment = 1.09, p = 1.02 x

10?), but there was no significant enrichment of missense (enrichment = 1.04, p = 0.150) DNMs.

We note however, that the point estimates for enrichment were about the same magnitude in CL

and CLP trios, but due to the small set of CL trios, this enrichment was not significant.
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Figure 7. Enrichment of coding DNMs + 2 standard errors by variant class for all OFC trios, trios

with CL only, trios with CLP, and trios with CP only.

We then expanded our analysis to de novo structural variants (SVs). We found 49 SVs
that were predicted to cause loss of function of 262 genes. We detected multiple SVswithin the
22011.2 chromosome region, with 1 duplication and 7 deletions affecting 62 genesin total.
22011.2 deletion syndrome is the most common microdel etion disorder and symptoms often
include palatal abnormalities, so it is unsurprising that we would detect OFC trios with a deletion

in the region (McDonad-McGinn et a. 2020).

Next, we explored the 18 genes that were affected by both pLOF SVs and protein-
altering DNMs. Notably, we found a pLOF SV in agene that was also significantly enriched for
DNMs: GRHL2 with a deletion of exons 2-9 (Figure 8). Additionally, we detected a 570kb long
deletion including CTNND1, a gene we identified two protein-altering DNMsin (p.Ala678Gly,
p.Ser811Ter), but which we had not calculated to be significantly enriched. Truncating mutations
in CTNND1 cause Blepharocheil odontic syndrome, which often presents with CL/P, and have
al so been associated with nonsyndromic CL/P (Alharatani et a. 2020, Ghoumid et al. 2017). We
also identified multiple genes within the 22g11.2 region that harbored protein-altering DNMs,
namely HIRA, ZDHHCS8, and ZNF280A. Finally, we identified several genesin this analysis that

have not been implicated in OFC risk before, and these included AGO2, ATXN2L, and KIF3B.
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Figure 8. pLOF structural variant and DNMsin GRHL2 and AGO2 visualized in ProteinPaint

Finally, we assessed the expression of genes with DNMs throughout craniofacial
development, using bulk RNA-seq data generated from craniofacial tissues throughout
development. We found 440 genes with protein-altering DNMs (both SNV s and SV's) that were
within the top 20" percentile of expressed genes throughout craniofacial development. This
included many of the genes with both pLOF SVs and DNMs, including AGO2, ATXN2L, and
KIF3B. We also assessed the expression of our top genes within CS20 craniofacial tissues using
single-cell RNA-seq data and found expression throughout multiple cell typesin developing
craniofacial tissue for multiple genes, supporting a potential role for these genes in craniofacial
development (Figure 9). GRHL2 was strongly expressed within the ectoderm, with minimal

expression in any other cell type.



20

(o]
g > Y
< < <
s = =
A > i ”
Endol.hehum v -
UMAP1 UMAP1 UMAP1
| s = -
g - oy T . ATXN2Ly 5 05 1.0 1.5 2.0 KIF3Byo 05 10 15 20
2> NeuronlCells
7Musclc Precursors
qg%tqdem
UMAP1
B § BT 8 8 8
< < <
= = =
=} =] 2
i o S ¥
v '
UMAP1 UMAP1 UMAP1
] - mm - omm
GRHLZO 1 2 3 IRI:60.0 0.5 1.0 1.5 2.0 TFAPZ%‘O 0.5 1.0 1.5 2.0

Figure 9. A) Visualization of the cellsincluded in single-cell RNA-seq data of CS20 human
craniofacial tissues, clustered by type of cell. Cell typesincludes blood, neuronal cells, muscle
precursors, endothelium, ectoderm, and mesenchyme. B) Visualizations of expression of 6 genes
in single-cell RNA-seq data of CS20 human craniofacial tissues. Cells are colored by gene
expression in awhite-red color scheme, with red representing higher expression. Genes shown

include AGO2, ATXN2L, KIF3B, GRHL2, IRF6, and TFAP2A.
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Discussion

This analysis has further demonstrated the importance of coding DNMs in the etiology of
OFCs, providing insight into the role of both single nucleotide variants and large structural
variants in contributing to OFC risk in humans. Our findings provide further evidence for
discoveries made in previous studies, providing further insight into known OFC risk genes, as
well as implicating novel genes with a potential role in OFC etiology.

The most promising new gene identified is GRHL2, in which we identified a total of three
pLOF variants: a frameshift deletion (p.Prol151ArgfsTer8), one stopgain (p.Arg75Ter), and an
intragenic deletion of exons 2-9. Since GRHL? is predicted to be intolerant to pLOF variants
(pLI =1, LOEUF = 0.27), these findings are particularly indicative of a potentially important
role in influencing OFC risk. Another notable member of the Grainyhead-like family of
transcription factors is GRHL3, in which mutations are known to cause Van der Woude syndrome
and nonsyndromic CP (Leslie et al. 2016, Mangold et al. 2016, Peyrard-Janvid et al. 2014).
GRHL? has previously been implicated in craniofacial anomalies in mice, with studies finding
that Grhl2 mutations in mouse models cause significant developmental defects including neural
tube defects, exencephaly, and cleft face (Crane-Smith et al. 2023, de Vries et al. 2021, Menke et
al. 2015). Additionally, a novel enhancer element (mm1286) has been discovered to drive Grhl2
expression in the craniofacial primordia, with deletion causing a predisposition to palatal clefting
(de Vries et al. 2020). However, this analysis represents the first time mutations in GRHL2 have
been found to contribute to OFC risk in humans. Truncating variants in GRHL2 have also been

associated with autosomal dominant progressive hearing loss and missense variants are
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associated with autosomal recessive ectodermal dysplasia (Peters et al. 2002, Petrof et al. 2014,

Vona et al. 2013). We also detected a truncating DNM in GRHLI (p.Arg263Ter) and a missense
DNM in GRHL3 (p.Pro480Ser), which further suggests that this gene family as a whole may be

relevant to OFC etiology. The three pLOF variants detected here conclusively implicate GRHL?2
as an OFC risk gene, and further investigation is needed to interpret additional rare variants and
their association with OFCs, plus their role in comorbidities such as deafness.

By combining our analysis of de novo SNVs and small indels with large structural
variants, we found further evidence of the role of genes implicated in our initial analysis, namely
GRHL?2 and TFAP24. We also identified several genes deleted within the 22q11.2 region that
harbored protein-altering DNMs, including HIRA, ZDHHCS, and ZNF280A. Notably, ZDHHCS
was found to be one of the top enriched genes in our combined analysis, harboring two protein-
altering DNMs (p.Leu259CysfsTer5, p.Pro702Lys), although this enrichment was not found to
be significant. Considering the variability of symptoms for individuals with 22q11.2 deletion
syndrome, these results could suggest a role for these genes in contributing to the clefting
phenotype seen often in affected individuals, which could warrant further studies to investigate
this. We also identified several novel genes that could potentially contribute to OFC risk that
were not determined to be significant in our initial enrichment analysis, including AGO2,
ATXN2L, and KIF3B. Knockout mice models of all three genes are embryonic lethal, suggesting
that they play important roles in embryonic development (Alisch et al. 2007, Key et al. 2020,
Morita et al. 2007, Nonaka et al. 1998). In AGO2, a gene which forms part of the RNA-induced
silencing complex and predicted to be intolerant to pLOF variants (pLI = 1, LOEUF = 0.106), we

identified one missense DNM (p.Argl126Cys) and one intragenic deletion of exon 14.
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Heterozygous mutations in AGOZ2 have been found to impair neurological development and
cause craniofacial abnormalities (Lessel et al. 2020).

Along with identifying novel candidate genes such as GRHLZ2, by combining the
previously analyzed dataset with a new cohort of Filipino trios and new data on structural
variants, we also found further evidence for several of the genes previously identified in Bishop
et al. 2020. We identified additional variants in these genes: one frameshift insertion in /RF6
(p.Arg6ProfsTerl5), one frameshift deletion in ZFHX3 (p.Ser518AlafsTer18), and one deletion
of CTNNDI. We also identified DNMs in genes previously known to be associated with OFCs,
finding a very high enrichment of DNMs in clinically relevant OFC genes. These results support
the findings of prior studies, further reinforcing the role these genes have in contributing to OFC
risk.

In general, it is difficult to identify specific genes that may play a role in OFC
development through analyzing enrichment of DNMs, as the etiologically heterogeneous nature
of OFCs means that the genetic factors that influence OFC risk are spread throughout the
genome. Therefore, many of the genes with DNMs that influence OFC risk will not reach
significance for enrichment and may then be missed in our analysis. Further studies with larger
sample sizes are thus necessary to increase power and pinpoint OFC candidate genes. There was
also insufficient consideration of the effect of missense variants on gene function, as within this
study all missense DNMs were considered equally as protein-altering when calculating
enrichment of variant classes, despite the likelihood of many of these DNMs being benign.
Future work on DNMs could incorporate the pathogenicity of missense DNMs into the analysis,
potentially using different statistical tools, to prioritize the variants most likely to have a

deleterious effect on gene function and thus identify the genes most likely to contribute to OFCs.
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Further analyses of structural variation within this dataset could also be conducted, as we mainly
considered the impact of SVs predicted to cause loss of function. It would be valuable to analyze
the other SVs with different effects on gene function, especially of duplications, which
represented the majority of the SVs. Continued analyses of the WGS dataset in general would be
valuable, as we have thus far analyzed a small subset of the genetic variants influencing OFC
risk across the genome. We could combine our findings with analyses of other types of variation
such as noncoding variation and rare inherited variants, to further identify genetic regions likely
to contribute to OFC risk.

In our study we have demonstrated the important role of rare coding DNMs in
influencing OFC risk in 1178 child-parent trios. By incorporating multiple types of DNMs
including SNVs, small indels, and SVs, we have made discoveries that would otherwise have
been missed, demonstrating the value of investigating different types of genetic variation.
Through our analyses we have identified novel candidate OFC risk genes, the most important of
which is GRHL2, and found further evidence to support the role of previously reported genes.
Future studies are still necessary in order to elucidate the function of the variants discovered, as
well as to identify additional variants within these genes to provide further evidence for their role

in OFC etiology.
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