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Abstract

INTRODUCTION—Studies suggest that nonsyndromic cleft lip and palate (NSCLP) is polygenic
with variable penetrance, presenting a challenge in identifying all causal genetic variants. Despite
relatively high prevalence of NSCLP among Amerindian populations, no large whole exome
sequencing (WES) studies have been completed in this population.

OBJECTIVE—Identify candidate genes with rare genetic variants for NSCLP in a Honduran
population using WES.

METHODS—WES was performed on two to four members of 27 multiplex Honduran families.
Genetic variants with a minor allele frequency > 1% in reference databases were removed.
Heterozygous variants consistent with dominant disease with incomplete penetrance were
ascertained, and variants with predicted functional consequence were prioritized for analysis.
Pedigree-specific p-values were calculated as the probability of all affected members in the
pedigree being carriers, given that at least one is a carrier.

RESULTS—Preliminary results identified 3727 heterozygous rare variants; 1282 were predicted
to be functionally consequential. Twenty-three genes had variants of interest in >3 families, where
some genes had different variants in each family, giving a total of 50 variants. Variant validation
via Sanger sequencing of the families and unrelated unaffected controls excluded variants that
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were sequencing errors or common variants not in databases, leaving four genes with candidate
variants in =3 families. Of these, candidate variants in two genes consistently segregate with
NSCLP as a dominant variant with incomplete penetrance: ACSS2 and PHYH.

CONCLUSION—RAare variants found at the same gene in all affected individuals in several
families are likely directly related to NSCLP.

Keywords

Incomplete penetrance; craniofacial anomaly

INTRODUCTION

Orofacial clefts are the most common congenital craniofacial defect, with an average
worldwide incidence of 1 to 7 in 1000 live births [Mossey et al., 2009]. The birth prevalence
varies widely depending on geographic origin and ethnicity, with Asian and Amerindian
populations having the highest reported prevalence, with rates as high as 1 in 500 [Dixon et
al., 2011; Marazita, 2012]. Clefting has a number of physical features, but it is also
associated with significant comorbidities including speech difficulties, malnutrition, hearing
impairment, infection, and psychiatric disease. While orofacial clefts can be surgically
corrected, treatment imposes a considerable financial burden on families and requires a
multidisciplinary approach involving plastic surgery, maxillofacial surgery, otolaryngology,
dentistry, speech therapy, and audiology [Wehby et al., 2010].

Cleft lip with or without cleft palate (CL/P) may occur as part of a syndrome (e.g. Down
Syndrome, Van der Woude Syndrome) or as an isolated, nonsyndromic malformation. With
the advent of the genomics era, many advances have been made in identifying causative
mutations underlying syndromic forms of CL/P, such as Kabuki Syndrome [Ng et al. 2010].
However, the etiology of nonsyndromic CL/P (NSCLP), which constitute approximately
70% of NSCLP patients, has proven more difficult to characterize [Calzolari et al., 2007].
Genome-wide linkage and association studies have identified multiple loci thought to be
associated or influencing risk of oral clefts, but these can explain only a fraction of cases
[Marazita, 2012; Mangold et al., 2010]. Segregation analyses suggest the underlying
genetics of NSCLP are quite complex, involving 2 to 15 genes of major effect in most
populations, sometimes with a multifactorial background [Marazita, 2012]. Further adding
to the complexity, recent studies suggest the spectrum of NSCLP likely includes subclinical
morphological features such as orbicularis oris muscle defects and structural vertebral
anomalies, consistent with variable penetrance [Weinberg et al. 2006]. In addition, twin
studies and familial clustering analyses certainly support a genetic component, but
environmental exposures and micronutrients are also likely to play a role [Mossey et al.,
2009; Leslie, 2013].

Recent advances in genomic analysis include the ability to sequence every exon from a
person’s DNA using whole exome capture and massively parallel DNA sequencing in a
method known as whole exome sequencing (WES). Since protein coding regions harbor
85% of the known mutations responsible for disease-related traits but constitute only 1% of
the human genome, this is a powerful and efficient tool for detecting pathogenic mutations
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[Choi et al. 2009]. Bureau et al. have recently applied WES to many families from around
the world, looking for variants in a group of 348 previously identified candidate genes
[Bureau et al, 2014]. However, none of these variants were found in more than one multiplex
family and they did not include an Amerindian population.

Our aim is to use WES to identify rare genetic variants in any gene in a cohort of multiplex
Amerindian families affected by NSCLP. We will focus on genes with variants that are
predicted to be functional found in several families (3 or more). This approach should
increase the likelihood that these genes are in fact related to NSCLP.

METHODS

Samples

Genotyping

This study was approved by the Institutional Review Board at Columbia University Medical
Center (CUMC) and the local Institutional Review Board at Hospital Escuela in
Tegucigalpa, Honduras. Subjects were recruited from patients presenting for treatment of
CL/P at Hospital Escuela, a public hospital. The purpose of the study was explained to all
subjects. Written informed consent was obtained from all adults, and parental written
informed consent was obtained for all minors, as well as assent for those able to give it.
Patients were examined to determine type of cleft and laterality along with a more general
exam to exclude syndromic disease. Probands and their family members were interviewed to
determine pedigree structure. DNA samples were obtained from blood samples obtained via
venipuncture from both probands and their relatives. Twenty-eight families were selected
because they included two or more family members affected with NSCLP. This gave a total
of 191 individuals; 52 affected individuals and their families.

DNA samples were isolated from blood samples at CUMC using the Qiagen Flexigene DNA
kit (Qiagen, Valencia, CA). DNA samples were sent to the University of Washington Center
for Mendelian Genomics (UW-CMG) in Seattle, Washington for genotyping and
sequencing, with the exception of families M32 and M33, which had been previously
sequenced at Columbia University at an earlier date.

Sample Quality Control

DNA quantification, sex typing and molecular “fingerprinting” were performed using a high
frequency, cosmopolitan genotyping assay. Samples were failed if the total amount,
concentration, or integrity of DNA was too low, the fingerprint assay produced poor
genotype data or gender inconsistencies were noted. One family, M10, was excluded due to
inadequate DNA samples from the affected individuals.

One hundred and ninety one subjects were genotyped for Illumina’s Human Core Exome
BeadChip. Variants missing greater than five percent of genotypes were excluded, then
PLINK v1.90 was used to confirm pedigree relationships using Mendelian error checking
(http://pngu.mgh.harvard.edu/purcell/plink/) [Purcell et al., 2007]. These data were then
used to estimate relationships using Kinship-based INference for Genome-wide association
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studies, an approach appropriate for admixed populations (http://people.virginia.edu/~wc9c/
KING/) [Manichaikul et al., 2010]. No evidence for close, cryptic relationships across
families was found. One family, M22, showed several inconsistencies between reported
pedigrees and kinship estimates, and was excluded from analysis. Family M5 was excluded
from analysis because one of the two affected individuals appeared unrelated to the rest of
the family. Families M18 and M63 had respectively two and one unaffected individuals that
appeared unrelated to the rest of the family, therefore these samples were excluded. Family
M94 showed two samples were likely switched. Repeat blood samples were obtained from
family members. We then tested three sites for which the two samples were each
homozygous for different single nucleotide polymorphisms to confirm that the two samples
had been switched. Based on these results, two to four subjects from each remaining family
were selected for WES; at least two affected relatives were chosen. Where possible, an extra
family member for variant phasing was included. In total, 59 individuals including 52 who
were affected by NSCLP and seven of their relatives underwent WES.

Library Production and Exome Sequence Capture: Library construction and exome capture
were performed in an automated process using Perkin-Elmer Janus I1 in 96-well plate
format. One g of genomic DNA was fragmented via acoustic sonication with Covaris,
followed by end-polishing and A-tailing, then ligation of sequencing adaptors and PCR
amplification with 8 bp barcodes for use in multiplexing. Roche/Nimblegen SeqCap EZ was
used to perform exome capture. One pg of shotgun library was given 72 hours to hybridize
to biotinylated capture probes, followed by binding to Streptavidin beads PCR amplification
of fragments. Triplicate gPCR was used to determine library concentration and Agilent
Bioanalyzer was used to confirm molecular weight distributions were 125 + 15 bp. A
Illumina HiSeq sequencer was used to perform massively parallel sequencing-by-synthesis
with fluorescently labeled, reversibly terminating nucleotides.

Variant Calling: Base calls were generated on the HiSeq instrument, then Picard Extract
Illumina Barcodes and IlluminaBasecallsToSam were used to create demultiplexed,
unaligned BAM files. BAM files were aligned to a human reference (GRCh37/hg19) using
the Burrows-Wheeler Aligner v0.6.2 [Li et al, 2009]. For quality control, read-pairs greater
than two standard deviations different from the average library size were removed. Duplicate
removal was performed with Picard MarkDuplicates v1.70. Additional post-processing was
performed using GATK v1.6-11-g3b2fab9: insertion/deletion realignment by IndelRealigner,
base qualities were recalibrated with TableRecalibration, and variant detection and
genotyping were performed using the UnifiedGenotyper tool. Filtration Walker was used to
identify lower quality areas and false positives. Variants with low quality scores (Q50),
allelic imbalance (ABHet 0.75), long homopolymer runs (HRun> 3) and/or low quality by
depth (QD < 5) were removed. For additional quality control, sequencing is continued until
> 90% of the exome is sequenced at > 8X coverage and >80% of the exome is sequenced at
> 20X coverage. All subjects sequenced at the UW CMG were called into a single
multisample VCF for analysis.

Analyzing Called Variants: Variants that were monomorphic, had depth of coverage <6 or
>500, or genotype quality <20 were excluded from analysis using VCFtools v0.1.12b
[Danecek et al., 2011]. Variants were annotated using the Variant Effect Predictor tool v.72
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(http://uswest.ensembl.org/info/docs/tools/vep/index.html) [McLauren et al., 2010]. Variants
with mean allele frequency <1% in the UW CMG database, 1000 Genomes Project, or
Exome Sequencing Project (ESP) reference populations were included for analysis [McVean
et al., 2012; Exome variant server 2015] Gemini v0.11.0 was used to identify rare variants
consistent with an autosomal dominant mode of inheritance giving 3237 variants [Paila et
al., 2013]. Variants predicted to have medium or high impact by Gemini and non-
synonymous variants with GERP scores =3 and/or PolyPhen2 scores <0.8 were prioritized,
narrowing the list to 1282 variants [Adzhubei et al., 2010; Cooper et al., 2005]. Twenty-three
genes with a total of 50 variants fitting these criteria in three or more families were included
in our analysis. We define variants of interest as those that meet these criteria for predicted
functional consequence. In some genes, one variant of interest was found in multiple
families, in other genes different variants of interest were found in the same gene in different
families. All 25 families not excluded had at least one initial variant of interest.

Confirmation with Sanger Sequencing: For most candidates, Sanger sequencing was
performed for all affected individuals whose WES identified a variant of interest. If this
variant of interest was confirmed in the affected family members, then additional unaffected
members were sequenced. If a variant of interest appeared to be common in the population
because it was seen in multiple founders, we sequenced Honduran control subjects without
known CL/P in their families. We started with sequencing the same number of controls as
cases for the family(s). If the variant of interest was as common in controls as cases, we
assumed it was polymorphic in this population. If the rate was not clear after only a few
samples, we sequenced up to 215 controls.

Primers were designed to amplify 400-600 base pair regions using Primer3 [Rozen et al.,
1998]. Some variants proved difficult to amplify; in these cases a second set of nesting
primers was designed. PCR products were sequenced by Macrogen. Chromatograms were
read viewed using FinchTV (Version 1.4 http://www.geospiza.com/Products/finchtv.shtml).

We define candidate variants as those variants of interest passing this step of Sanger
validation and screening out of common variants not seen in reference databases. Of the 50
variants of interest that were tested, only 14 variants passed this step of Sanger validation
and screening out of common variants.

Statistical analysis

We define candidate genes as those with candidate variants in at least three families. For
each candidate gene, for each pedigree in which at least one affected member carried a
candidate variant in the candidate gene, we calculated the conditional probability that all
affected pedigree members would carry the variant identical-by-descent, given that at least
one affected member carried the variant, under the null hypothesis that candidate variants in
the gene are not associated with affected status and the gene locus is not linked to any locus
with an influence on the phenotype [Bureau et al., 2014]. These probabilities are shown in
Table I. These calculations are valid when the known pedigree structures reflect all
consanguinities and when the variants are sufficiently rare that in each pedigree, sharing is
identical-by-descent from a single founder. Our validated pedigrees and variant filtering
strategies are consistent with this assumption. For families in which all affected members
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carried a variant of interest identical-by-descent, this probability is a pedigree-specific p-
value demonstrating the likelihood that this sharing within the family is due to chance alone.

Following along the lines of Bureau et al., we reported evidence for a candidate gene being
associated with affected status only for candidate genes in which, for all candidate variants
in the candidate gene found in any affected subject, the candidate variant was found in all
affected members of the subject’s pedigree identical-by-descent. Because the families are all
independent, the probability that this criterion is met is the product over families of the
family-specific p-values. We computed the p-value as the product, over the pedigrees all of
whose affected members carried a candidate variant in the candidate gene, of those
conditional probabilities. These values are also shown in Table I.

Genes for which not all affected family members carried a candidate variant in any of the
families with at least one affected family member carrying a candidate variant did not meet
our criteria for significance. However, we received feedback that these genes were
interesting nevertheless given the polygenic nature of NSCLP, and therefore we calculated
an overall p-value appropriate for this situation. In that calculation, for each subset of the
families, we computed the conditional probability that in exactly those families in the subset
all affected families members were carriers given that at least one affected family member
was a carrier, and took the sum of the resulting probabilities less than or equal to the
probability corresponding to the observed subset to be the p-value. These values are also
included in Table I.

The analysis presented here involves multiple tests, one for each candidate gene. However
we do not present a p-value adjusted for multiple comparisons, but instead an estimated false
discovery rate. This is because we are not making multiple comparisons in the service of
testing the single hypothesis that there exists gene(s) where rare variants confer increased
risk of NSCLP affected status, but rather scanning for genes in which there is evidence for
rare variants conferring increased risk. To estimate the false discovery rate, we computed the
conditional expectation, under the null hypothesis, of the proportion of candidate genes for
which in all families in which at least one affected family member carried a candidate
variant did all affected family members carry this variant identical-by-descent, and
compared it to the observed proportion of such genes, according to the method of Benjamini
and Hochberg [1995].

The expected proportion under the null hypothesis was 0.32, the actual proportion was 0.72,
so that the estimated false discovery rate was 0.32(1-0.72)/0.72(1-.32) = 0.18.

Four genes, ACSS2, PHYH, HKDC1 and VWAS8 qualified as candidate genes because they
contained candidate variants (again defined as those variants consistent with autosomal
dominant inheritance with variable penetrance meeting our criteria for predicted functional
consequence and passing Sanger validation, see Methods section for further clarification) in
3 or more families. Details regarding these variants can be seen in Table I1.
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Candidate variants in ACSS2 and PHYH segregated with NSCLP in 3 or more families

One candidate variant was identified in ACSS2, and was seen in three different families. A
single T>C missense variant in ACSS2 was identified in three families at chromosome (chr)
20:33509608. This variant, rs59088485, has a SIFT score of 0.01, PolyPhen2 score of 0.999
and a GERP score of 5.37 [Kumar et al., 2009]. This variant was found in the 1000 genomes
database at a frequency of 0.0014, but in their Amerindian subpopulation at a frequency of
0.01. This variant is seen in the Exome Aggregation Consortium (ExXAC) browser at a
frequency of 0.001850 but is not seen in the ESP database [Exome Aggregation Consortium
2015]. Because this variant was observed at a relatively high frequency in the 1000 genomes
Amerindian subpopulation, we genotyped it in our entire set of Honduran controls. We
found 4 of 215 individuals were heterozygous for this variant, giving a population frequency
of 0.0093. The evidence for co-segregation within the families carrying this variant can be
seen in Figure 1. ACSS2 has a Residual Variation Intolerance Score (RVIS) of 22.7% based
on the 1000 genomes project and 18.34% based on EXAC, meaning in the general
population, this gene is among the 22% least tolerant of mutations [Petrovski et al., 2013].
The probability of both affected members of M45 sharing a single variant is p = 0.3333, for
both affected members of M67 is p = 0.06667, and for M94 is p = 0.0323. This gives an
overall p-value for all affected members of all three families sharing candidate variants in
ACSS2 of p=7.18 x 1074,

Three candidate variants in PHYH were identified, each in a different family. The evidence
for co-segregation between NSCLP and these PHYH variants is shown in Figure 2. The
family M46 variant is an A > AGAT insertion resulting in an inframe codon gain at
¢chr10:13320305. This variant, rs566116760, does not have a SIFT or PolyPhen2 score, but
has a GERP score of 5.67. It is not seen in the 1000 genomes project, but exists in the ESP
database at a frequency of 0.002 and in EXAC at a frequency of 0.002. The family M28
variant in PHYH is a C>T missense mutation at chr10:13325784. This variant, rs62619919,
has a SIFT score of 0.004, a PolyPhen score of 0.577 and a GERP score of 4.85. It is seen in
the 1000 genomes project general population at a frequency of 0.0018, but not in the
Amerindian subpopulation. It is seen in the ESP database at a frequency of 0.0045 and in
EXAC at a frequency of 0.007841. The family M45 variant is a G>C missense and splice site
variant at chr10:13337497. This variant, rs145404396, has a SIFT score of 0.02, PolyPhen2
score of 0.815 and GERP score of —10.5. It is seen in the 1000 genomes project at a
frequency of 0.0018, and in the African subpopulation at a rate of 0.01. It is seen in in the
ESP database at a frequency of 0.0016 and in the EXAC database at a frequency of
0.0004131. This gene has an RVIS score of 83.36% based on 1000 genomes or 72.37%
based on EXAC, meaning in the general population, variants in this gene are in the 83.36%
least tolerated compared to the rest of the genome. Family M46 has a p-value of 0.06667 for
both affected members sharing a variant, family M28 has a p-value of 0.1428 and M45 has a
p-value of 0.3333. This gives an overall p-value for all affected members of all three families
sharing candidate variants in PHYH of 3.175 x 1073.
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Candidate variants identified in VWA8 and HKDC1 did not consistently segregate with

NSCLP

Two candidate variants were identified in HKDC1, with one candidate variant found in three
families, and the other found in only one family. The pedigrees carrying variants in HKDC1
can be seen in Figure 3. The first variant is a C>T missense mutation at chr10:71007342.
This variant, rs201518882, has a SIFT score of 0.02, PolyPhen2 score of 0.654, and GERP
score of 4.84. It is not seen in the 1000 genomes database. It is seen in the ESP database at a
frequency of 0.00007 and the EXAC database at a frequency of 0.000648. The family 94
variant in HKDC1 is a C>T stop gain at chr10:71020980. This change does not have SIFT or
PolyPhen2 scores, but it has a GERP score of 2.79. It is not seen in the 1000 genomes
database nor the ESP database. It is seen in the EXAC database at a frequency of 8.243 x
1076. HKDC1 has an RVIS score of 70.88% based on 1000 genomes or 32.29% based on
ExAC, meaning that in the general population, this gene is in either the 70% or 32% least
tolerant of variation, depending on the reference data set chosen. For family M36, the p-
value for both affected individuals carrying a single mutation is p = 0.0323, for M71 itis p =
0.33333 and for M94 it is also p = 0.0323. All affected family members in all four families
did not carry candidate variants in HKDCL1, therefore this gene did not meet our strictest
criterion for significance. However, we calculated the probability that out of four families
with at least one member carrying a candidate variant in HKDC1, in at least three of these
families all affected members did carry the candidate variant, as described in the methods
section, which came to 5.462 x 1074,

Five candidate variants were identified in VWAS, each in only one family. However, these
variants did not consistently and completely segregate with CL/P. The pedigrees carrying
variants in VWAS can be seen in Figure 4. The family M16 variant is a C>T missense
mutation at chr13:42189142 with SIFT score of 0.05, PolyPhen score of 0.99 and GERP
score of 6.08. The family M1 variant is a G>A stop gain at chr13: 42245135 and GERP
score of 4.73. The variant found in family M32 is an A>G splice region variant at chrl3:
42266081 with GERP score of 7.42, but it is only carried by two of three affected
individuals. Within family M55, a frame shift insertion of a G at chr13:42306268 with
GERP score of 1.88 was found in one affected individual but not in her affected sister.
Lastly, family M36 contains a C>T missense variant at chr13:42385421 with SIFT score of
0.05, PolyPhen2 score of 0.99 and GERP score of 5.37. The p-value for both members of
M16 carrying the same variant is 0.3333, for M1 is 0.3333, and for M36 is 0.0323. Because
not all affected family members in all families where a candidate variant in VWAS8 was
found were positive for that candidate variant, this gene did not meet our strictest criteria for
significance. We did, however, calculate the probability that all affected individuals in three
or more families would carry candidate variants in VWAS given that at least one affected
individual in five families carry candidate variants, which came out to 4.333 x 1073,

After eliminating variants failing Sanger validation or common polymorphisms on further
testing, only one candidate variant in a single family was left in the genes LRBA, NEFH and
DENNDA4B, therefore they did not qualify as candidate genes. Four variants were initially
called in LRBA. Two of these failed Sanger validation and another was found to be a
common polymorphism. Because the remaining candidate variant was found in only one
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family (M71), we excluded it from further analysis. Furthermore, the two affected members
of M71 are full siblings, so have a high likelihood of sharing any variant due to chance alone
(p-value = 0.3333). Two variants were called in NEFH, one of which was found to be a
common polymorphism. The verified candidate variant was found in only one family, M55.
Similarly, two variants were called in DENND4B, one of which was found to be a common
polymorphism. The verified candidate variant was found in only one family, M55. Because
these two variants were each found in only one family, we excluded them from further
analysis. In addition, the affected individuals in family M55 where candidate variants in both
NEFH and DENND4B were found are brothers; they therefore have a high likelihood of
sharing any variant due to chance alone (p=0.3333).

Variants identified in LFNG, DARS, ATP6V1D, PRKCSH, DCP1B, ASB10, MAGEF1 and
MAGI1, were common polymorphisms in difficult to sequence areas, as verified by
sequencing Honduran control subjects unaffected by NSCLP. Four variants were initially
identified in GIGYF2, three of which failed Sanger validation, and the last of which was a
common polymorphism. Five variants were initially identified in GOLGAZ2, four of which
failed Sanger validation, and the last was a common polymorphism. Two variants were
identified in EPHB6, HOMEZ and C90rf156; in each case, one failed Sanger validation, and
the other was a common polymorphism. Three variants were initially identified in DHX34;
two failed Sanger validation and the third was a common variant. Two variants in HSPBP1
both failed Sanger validation. Two variants were initially called in ZIC2, one of which was
discovered to be a common variant. We were unable to get clean sequencing results for the
second ZIC2 variant, despite trying several different methodologies. We sequenced controls,
and had the same difficulties with the region. We therefore believe this was a likely
sequencing error. In addition, this variant was only initially identified by whole exome
sequencing in one affected individual in each of two families.

DISCUSSION

Segregation of CL/P with rare variants predicted to be damaging within a family provides
evidence that the gene in which the variants are found may be directly related to NSCLP.
Identification of likely damaging variants in the same gene in all affected members of
several multiplex families strengthens that evidence.

Previous studies suggest a biologically plausible relationship between these genes and CL/P.
Several previous studies have uncovered evidence that variants in ACSS2 may be related to
NSCLP. Loikkanen et al. showed ACSS?2 is differentially expressed in specific tissues at
discrete times during embryogenesis, suggesting that this gene is likely involved in
embryonic development [Loikkanen et al., 2002; Smith et al., 2014]. They also demonstrated
ACSS?2 is specifically expressed in mouse facial tissue during development. ACSS2 interacts
with several genes previously identified by Jugessur et al. as genes possibly related to
clefting: ALDH1AL, ATIC, CTH, DARS, MTHFDL1, CBS, and LPL [Jugessur et al., 2009;
Kalathur et al., 2013]. PHYH has been associated with rhizomelic chondrodysplasia
punctata, which can include craniofacial anomalies such as micrognathia and high arched
palate [Jansen et al., 1997; Barr et al., 1993] PHYH has been shown to interact with PEX7, a
previously identified gene possibly linked to clefting [Jugessur et al., 2009; Kalathur et al.,
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2013]. PEX7 has also been implicated in rhizomelic chondrodysplasia punctate [Braverman
etal., 1997].

This analysis focused on the probability that a rare, damaging variant in the same gene
would be shared by two or more distantly related individuals affected by NSCLP in two or
more families. Historically, most papers using this approach have not attempted to calculate
p-values for such data. We have chosen to use a method based on Bureau et al. to calculate
pedigree specific P-values. We then calculated the probability that the specific multiplex
families included in our study would share damaging variants in a given gene in a
methodology that is a variation on their method. The assumptions underlying the calculation
of p-values included that there is only one founder mutation per family. This assumption is
more certain because the frequencies of the alleles in the population are very low and
founders are not so substantially related as to be likely to share the mutation identical by
descent. Bureau et al. suggested that variants with frequencies of 2% or less were suitable
for the calculations, and our candidate variants meet this criterion.

By only including genes with likely damaging variants in at least three families, it is possible
that we excluded additional causal genes. By prioritizing only those variants that appeared to
be autosomal dominant with high or medium predicted impact and GERP scores >3 and/or
Polyphen2 scores <0.8, it is also possible that we have excluded causal variants. However,
we focused on this subset of variants in order to make the best use of limited resources.

Sanger sequencing demonstrated that unaffected family members also carry these likely
damaging variants, suggesting incomplete penetrance. This is not unexpected, as the
distribution of affected relatives in our pedigrees clearly requires incomplete penetrance for
any simple Mendelian mode of inheritance. While the variant we identified in ACSS2 is
relatively common (with a rate of 0.01) the rate of NSCLP in this population is around
0.002. This would mean about 1 in 5 individuals with the variant would need to have
NSCLP, which appears plausible given this incomplete penetrance and the distribution of
NSCLP in the observed pedigrees.

HKDC1 is mutated in only one affected individual in family M32 and therefore did not meet
our strict inclusion criteria; however this individual has a more severe phenotype than other
affected individuals in the family, with bilateral complete cleft lip and palate as opposed to
unilateral cleft lip only. This can be interpreted as evidence for HKDC1 being involved in
NSCLP, but suggests some genetic heterogeneity within and between families.

As shown by our p-values, any gene with variants predicted to be damaging that segregate
with NSCLP in more than one family is likely due to a biological relationship between this
gene and NSCLP. Therefore, the two genes in our study meeting this criteria, PHYH and
ACSS2, warrant further follow up and inclusion in future studies investigating genetic
causes of non-syndromic cleft lip and palate.
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Family-specific p-values for candidate genes.

Table |

gene location of variant(s) families family p-values overall p-value
45 0.3333
ACSS2 chr20: 33509608 67 0.0667 7.18 x 1074
94 0.0323
chr10:13325784 28 0.1428
PHYH chr10:13337497 45 0.3333  3175x 1073
chr10:13320305 46 0.0667
32 0.00314
chr10:71007342 36 0.0323
#HKDC1 *5.462 x 107
71 0.3333
chr10:71020980 94 0.0323
chr13: 42245135 1 0.3333
chr13:42189142 16 0.3333
#\ywag  chrl3: 42266081 32 0.00314  *4333x 103
chr13:42306268 36 0.0323
chr13:42385421 55 0.3333

does not meet criteria for significance because not found in all affected members of all families

*
alternative method for probability calculation in genes not meeting criteria

for significance as noted in methods section
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