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Abstract

Non-syndromic cleft lip with or without cleft palate (NSCL/P) is a common, severe craniofacial malformation that imposes significant
medical, psychosocial and financial burdens. NSCL/P is a multifactorial disorder with genetic and environmental factors playing
etiologic roles. Currently, only 25% of the genetic variation underlying NSCL/P has been identified by linkage, candidate gene and
genome-wide association studies. In this study, whole-genome sequencing and genome-wide genotyping followed by polygenic
risk score (PRS) and linkage analyses were used to identify the genetic etiology of NSCL/P in a large three-generation family. We
identified a rare missense variant in PDGFRA (c.C2740T; p.R914W) as potentially etiologic in a gene-based association test using
pVAAST (P = 1.78 × 10−4) and showed decreased penetrance. PRS analysis suggested that variant penetrance was likely modified
by common NSCL/P risk variants, with lower scores found among unaffected carriers. Linkage analysis provided additional support
for PRS-modified penetrance, with a 7.4-fold increase in likelihood after conditioning on PRS. Functional characterization experiments
showed that the putatively causal variant was null for signaling activity in vitro; further, perturbation of pdgfra in zebrafish embryos
resulted in unilateral orofacial clefting. Our findings show that a rare PDGFRA variant, modified by additional common NSCL/P risk
variants, have a profound effect on NSCL/P risk. These data provide compelling evidence for multifactorial inheritance long postulated
to underlie NSCL/P and may explain some unusual familial patterns.

Introduction
Non-syndromic cleft lip with or without cleft palate
(NSCL/P) is a common craniofacial malformation affect-
ing 1/700 live births and 135 000 newborns worldwide
each year. NSCL/P requires lifelong medical, dental,
speech and psychosocial interventions thus imposing
familial and public health burdens. A multifactorial
etiology has long been hypothesized with genetic and
environmental factors and their interactions playing a
role (1,2). Family studies provide strong evidence for a
genetic component; however, a specific Mendelian pat-
tern of inheritance is rarely identified. Linkage, mutation
screening, candidate gene, genome-wide association
studies (GWAS) and recent whole-exome sequencing
(WES) studies have identified ∼40 NSCL/P genes/loci
(1,3). However, most of the identified NSCL/P risk variants
have modest effects that collectively account for a small
fraction (∼25%) of variance in NSCL/P risk (4–12). More
recently, a combination of rare and common variants

has been proposed to explain the etiology of complex
heterogeneous conditions, such as NSCL/P (13,14). These
findings underlie the challenges in identifying all of
genetic variation contributing to NSCL/P and impact
accurate risk assessment and genetic counseling.

In this study, we performed whole-genome sequencing
(WGS) and genome-wide genotyping followed by poly-
genic risk score (PRS) analysis to identify the genetic
etiology of NSCL/P in a large multigenerational fam-
ily. In vitro functional characterization experiments and
zebrafish mutants were used to evaluate the effects of
the putatively causal variant.

Results
Platelet-derived growth factor receptor alpha (PDGFRA)
was identified as the second-highest ranking gene
(P = 1.78 × 10−4) in our whole exome gene-based
pVAAST analysis (Supplementary Material, Table S1).
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The observed signal at PDGFRA was driven by a rare
variant in exon 20 (Chr4: 55155031; c.C2740T; p.R914W)
with a VAAST score of 19.07 and a logarithm of the
odds (LOD) score of 1.2. This variant had not previously
been reported among 141 456 individuals in the gnomAD
database and is located in a highly conserved region
(Supplementary Material, Fig. S1). Sanger sequencing
was used for variant segregation analysis on 15 individu-
als with available DNA. For individual I-1 whose DNA
was not available, genotypes were inferred based on
the haplotype inheritance pattern to confirm paternal
inheritance of the c.C2740T variant by the affected
individuals in the second generation. The variant was
found in all five affected individuals (II-2, II-5, II-7, III-
1 and III-2) and in three (I-1, III-5 and III-6) of the 11
unaffected individuals (Fig. 1A).

Although the segregation pattern of PDGFRA c.C2740T
was consistent with autosomal dominant inheritance,
the inheritance pattern observed in the siblings from
generation III (III-5 and III-6) suggested the introduc-
tion of protective variants in modifier genes from the
marry-in parent in generation II (II-4). This pattern was
hypothesized to occur by genetic interaction(s) between
PDGFRA c.C2740T and common variants known to influ-
ence NSCL/P risk. To test the hypothesis of polygenic
contribution to NSCL/P, a population-specific polygenic
risk score (PRS) analysis for NSCL/P was performed using
29 risk NSCL/P variants identified in previous GWAS
(9,10,15,16) with allele frequencies of the affective allele
ranging from 0.014 to 0.567 and odds ratios (ORs) ranging
from 0.23 to 2.26 (Supplementary Material, Table S2).
The predictive performance of this PRS was validated
in an independent set of 46 cases and 72 496 controls
obtained from the BioVU repository (17). Our results
showed significantly higher PRSs among affected individ-
uals (P = 1.19 × 10−4) with an area under curve (AUC) of
0.66 (Fig. 1B and C). PRSs were then calculated for 16 indi-
viduals in the pedigree (Supplementary Material, Tables
S3 and S4) and the scores compared with controls in
BioVU (Fig. 1D and E). All affected individuals exhibited
a PRS substantially above the population mean, with
scores ranging from 4.0 to 4.8, corresponding to a 3.7- to
9.1-fold increased risk of NSCL/P (relative to the mean
PRS in BioVU). Among the three unaffected individuals
with the c.C2740T variant, I-1 had an inferred PRS of
4.1, corresponding to a 3.9-fold increased risk. Two unaf-
fected individuals (III-5 and III-6) had PRSs of 1.41, and
0.88, corresponding to 3.7- and 7.1-fold decreased risk,
respectively.

The PRS results support a multifactorial disease model
(2) of NSCL/P in this family. To quantify the evidence
supporting this model, linkage analysis was conducted
with and without conditioning on the PRS. Under the
assumption that the penetrance of the causal variant
is fixed regardless of genetic background, the estimated
penetrance was 0.62 with a LOD score of 1.3 at c.C2740T.
Alternatively, under the assumption that PRS and a rare,
high-penetrance variant are independent risk factors for

NSCL/P in a logistic regression model, the estimated
penetrance of c.C2740T for the five affected individuals
ranged from 0.86 to 0.94, whereas the estimated pene-
trance for the two unaffected individuals was 0.31 and
0.19 (Supplementary Material, Table S5). The LOD score
in the PRS model was 2.2, indicating that the alternative
model is 7.4-fold more likely under the assumption that
the PRS and c.C2740T independently influence NSCL/P
risk. In the genome-wide linkage analysis conditioned on
PRS, a region with a higher LOD score than c.C2740T was
observed at chr14:33M-51M (LOD = 2.4, Supplementary
Material, Fig. S2). However, WGS identified no rare vari-
ants in this region with predicted function to explain the
phenotype (Supplementary Material, Table S6 and Sup-
plementary Material, Fig. S3). In contrast, individually,
the NSCL/P PRS variants confer modest changes in risk
but collectively they result in up to a 5-fold difference in
the penetrance of c.C2740T; p.R914W.

To determine the effects of the PDGFRA c.C2740T vari-
ant on gene/protein function, in silico and in vitro func-
tional characterization experiments were performed,
and the pdgfra locus was genetically altered in zebrafish
embryos. A published structure (PDB5K5X) shows that
the wild-type (R914) forms direct hydrogen bonds with
I909, Y913 and W933 plus three additional amino acids
(I909, G912 and S935) via bridged interactions [Fig. 2A;
(18)]. Alphafold2 predicts that the R914W substitution
eliminates all seven hydrogen bonds bridging two regions
of the C-terminal kinase domain and that 914W is
rotated out of the groove causing a hydrophobic bump
and subtly alters the surface charge of that domain [(19);
Supplementary Material, Fig. S4].

PDGFRA point mutations were generated to assay the
functional consequence of R914W (Fig. 2B). All mutants,
including R914W, decreased cell-surface PDGFRA protein
compared with wild-type (Supplementary Material, Figs
S5A and S6). PDGF ligands were assayed for their ability
to activate an EGFP reporter in the context of wild-type or
mutant PDGFRA. As expected, PDGFRA cell-surface levels
dipped with ligand addition and receptor internaliza-
tion (20). Confirming previous reports, K627R and D842V
behaved as dominant-negative and constitutively active
mutations, respectively [Fig. 2C; (18)]. Strikingly, R914W
eliminated the ability of PDGFRA to respond to its lig-
ands (Fig. 2C); adding R914W to the constitutively active
D842V background nearly eliminated signaling from the
double mutant. When controlled for cell-surface recep-
tor levels, the R914W variant overrides the activating
effect of D842V (Supplementary Material, Figs S5B and
S7). Overall, these results show that the R914W variant
has a dominant-negative effect and is a functional null
mutation with respect to PDGF signaling.

Genetic alteration of the pdgfra locus using CRISPR/-
Cas9 in transgenic zebrafish embryos with the surface
epithelium (or periderm) fluorescently labeled revealed
a vertical groove in the upper lip in 65% compared with
0% in uninjected (negative) or tyrosinase-injected (pos-
itive) controls (Fig. 3, Supplementary Material, Fig. S8).
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Figure 1. The penetrance of PDGFRA variant is modified by PRS from known NSCL/P risk loci in a multigenerational family. (A) WGS and PRS results
for a three-generation NSCL/P family. Individuals with NSCL/P are depicted by solid black rectangles and circles. The red dashed rectangle indicates
the individual with imputed genotypes. Gray dashed rectangles indicate individuals without available DNA or genotype information. The colored bar
to the right of each individual shows the PRS-derived relative risk (RR) of NSCL/P on a log2 scale. RR is calculated as the ratio of estimated PRS of each
individual versus the average PRS of 72 496 non-Hispanic European individuals from BioVU. The red star indicates carrier status for PDGFRA c.C2740T.
Individuals I-2, II-1, II-5, II-7, III-1 and III-2 were submitted for WGS. (B) Violin plots of the distributions of PRS in 46 cases and 72 496 controls from BioVU.
(C) Receiver operating characteristic (ROC) curve for PRS for the diagnosis of NSCL/P in BioVU samples. ROC was performed for PRS using NSCL/P patients
and controls from BioVU. (D–E) The comparison of PRS of the NSCL/P family and the background distribution of controls from BioVU. Each vertical line
represents one individual in the family: red lines indicate affected individuals with PDGFRA c.C2740T variant, green lines indicate unaffected individuals
with PDGFRA c.C2740T variant, and blue lines indicate unaffected individuals without PDGFRA c.C2740T variant.
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Figure 2. The R914W mutation is a functional null mutation. (A) Image showing the hydrogen-binding contacts (dashed lines) of R914 in the intracellular
domain of PDGFRA. R914 and all interacting amino acids are labeled. Individual red circles are water molecules from the solvent. Image from the
RCSB PDB (rcsb.org) of PDB 5K5X (18). (B) Schematic showing the domain structure of PDGFRA. Key domains and tested mutations are shown. IgL,
immunoglobulin-like domains; JM, juxta-membrane domain; TK #1, tyrosine kinase domain 1; TK #2, tyrosine kinase domain 2. (C) Summary of flow
cytometry data measuring the responsiveness (total EGFP signal) of the receptors to PDGF ligands. The horizontal dashed line indicates the baseline
signal (WT receptor, no ligand). Data shown are the means ± SD of three independent biological replicate experiments. The results were evaluated using
two-way ANOVA (alpha = 0.05) and all tested variables show a P-value < 0.0001 (Supplementary Material, Tables S9 and S10).

Pharmacological inhibition of pdgfr generated a similar
phenotype to the pdgfra F0 CRISPR-injected embryos (93%
in inhibitor versus 0% controls had vertical groove) (Sup-
plementary Material, Fig. S9), demonstrating the influ-
ence of pdgfra signaling on the formation of a vertical
groove in the upper lip. The observed ventral groove for-
mation in the upper lip of the F0 zebrafish embryos was
consistent with previous studies of pdgfra in zebrafish
(21) that mainly focused on the palatal abnormalities.

Discussion
Recent evidence suggests that multiple rare and/or
common variants (each with a modest marginal effect)
together explain a large proportion of the genetic basis
of NSCL/P and other common complex disorders (1,22).
Here, we identified a rare missense variant in PDGFRA
(c.C2740T; p.R914W), exhibiting decreased penetrance,
as potentially etiologic. PRS analysis suggested that
variant penetrance was modified by common NSCL/P
risk variants, with lower scores found among unaffected
carriers.

Various signaling pathways regulate the development
of craniofacial structures across vertebrates, including
the platelet-derived growth factor (PDGF) signaling path-
way. PDGFRA is a cell-surface receptor tyrosine kinase for
platelet-derived growth factors that plays an important
role in craniofacial and neural crest development and
palatogenesis (23,24). Expression of PDGFRA in a tem-
poral and spatial manner is required for proper neu-
ral crest cell migration and murine embryonic develop-
ment (21,25). Further, variation in this gene has been

Figure 3. Perturbation of pdgfra in developing zebrafish embryos is suf-
ficient to promote formation of a hypoplastic lip with a ventral groove.
Maximum intensity projections of confocal images of uninjected (A) and
pdfrga gRNA-injected (B) Tg(Krt4:GFP) transgenic zebrafish embryos coun-
terstained with DAPI (A′–B′) to label nuclei. Arrow denotes hypoplastic
upper lip with a ventral groove (B′). Scale bar size = 20 μm.

associated with various congenital developmental abnor-
malities including neural tube closure defects and orofa-
cial clefts (26,27).

Although the PDGFRA variant was found in all affected
individuals suggesting autosomal dominant inheritance,
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it was also found in three unaffected individuals sug-
gesting that this variant alone could not account for the
NSCL/P segregation pattern in this family and that addi-
tional genes/variants might be influencing NSCL/P risk.
To identify additional variants contributing to NSCL/P,
we developed a PRS for a population of non-Hispanic
European ancestry (NHEA) considering 29 NSCL/P risk
variants from previous GWAS (6,9,10,12,15,16,28). The
predictive performance of this PRS was validated using
samples from the BioVU repository. Although all individ-
uals in the study carried multiple NSCL/P risk alleles,
individuals with NSCL/P in the BioVU repository had
significantly higher PRSs than controls (P = 1.19 × 10−4).
Polygenic risk scores have provided evidence that disease
risk may be the result of the effects of common vari-
ants in an individual’s genome. Furthermore, it provides
an estimate of the genetic propensity to a trait at the
individual level (14). Our results showed significantly
higher PRSs among affected individuals in the studied
family (all whom had the c.C2740T variant), which were
also markedly above the population mean for predicted
NSCL/P risk. Interestingly, for those unaffected individ-
uals who also had the c.C2740T variant, PRSs were sig-
nificantly lower and associated with decreased risk of
NSCL/P.

Our PRS model adopted the standard assumption
that common risk variants independently contribute to
NSCL/P risk under an additive model. In addition, our
linkage model assumed independent contributions to
disease risk from PRS and c.C2740T. Alternatively, and as
observed in other diseases (29), it is possible that only
a few of the 29 PRS variants act as strong modifiers of
c.C2740T. These observations could potentially explain
the unaffected status of the grandfather in generation
I (I-1), who had the c.C2740T variant and a PRS of 4.1,
corresponding to a 3.9-fold increase in risk. However,
among the 29 common NSCL/P risk variants identified
from GWAS, there were no unique genotypes shared by
the grandfather (I-1) and the two unaffected individuals
with the c.C2740T variant in generation III (III-5 and
III-6). We further explored whether PDGFRA shares
one or more pathways with a subset of the genes
implicated in GWAS, observing a modest enrichment in
the MAPK signaling pathway involving PGFRA, MKNK2
and GADD45G, although the result was not significant
(P = 0.06, Supplementary Material, Table S7) and the risk
variants in MKNK2 and GADD45G did not segregate with
affected status (Supplementary Material, Tables S2 and
S4). Somatic/germline mosaicism in the grandfather is
another possible explanation for his unaffected status,
but all offspring in generation II with the c.C2740T
haplotype were carriers of c.C2740T (Supplementary
Material, Fig. S10), providing no indication that c.C2740T
was mosaic in the grandfather. Unfortunately, this
mechanism cannot be explored further due to the lack of
available biospecimens from the grandfather. Assuming
independent risks, we estimate that the penetrance of
c.C2740T after adjusting for the grandfather’s PRS is

0.87 (Supplementary Material, Fig. S10), and thus the
probability that the grandfather would be unaffected is
0.13. With the available evidence, we conclude that the
incomplete penetrance with independent contributions
to risk from PRS and c.C2740T is the most likely
explanation for the observed inheritance pattern.

To better understand the impact of mutant PDGFRA
on PDGF signaling, we tested the effects of single- and
double-point mutations on PDGFRA activation. The
results suggest three possible mechanisms to explain
how R914W eliminates PDGF signaling. First, with
seven hydrogen bonds serving as a bridge between
two regions of PDGFRA, R914 is likely a lynchpin for
the local structure of the protein. Two other crystal
structures show that drugs (crenolanib and sunitinib,
6JOK and 6JOJ, respectively) that bind PDGFRA some
distance away can disrupt some (but not all) of these
interactions (30,31). The R914W variant would eliminate
most or all of those bonds, possibly destabilizing
vital protein:protein interactions required to maintain
the activity of PDGFRA’s C-terminal tyrosine kinase
domain. Another possibility is that R914W would disrupt
hydrogen-bonding interactions with W933 and S935,
which likely help maintain the proper orientation of the
internalization sequence predicted to span amino acids
944–958. Indeed, the increase in cell-surface PDGFRA
in the D842V + R914W mutant is consistent with this
hypothesis. Second, interference with the kinase activity
of the receptor, either dependent upon- or independent
from- receptor dimerization, is another possibility.
Finally, as PDGFRA is glycosylated, the mutation may
somehow impair the glycosylation of the receptor during
or after processing (32).

Lastly, our in vivo analysis showed that genetic pertur-
bation of pdgfra in developing zebrafish embryos resulted
in the formation of a hypoplastic lip with a ventral groove,
consistent with previous studies (21). Taken together, our
study suggests that disruption of PDGF signaling is suffi-
cient to promote clefting and generation of a hypoplastic
lip, supporting our observations in this three-generation
NSCL/P family.

Our findings have significant implications for under-
standing the genetic etiology of NSCL/P and other com-
plex birth defects. Here, we show that the penetrance of
a rare PDGFRA variant is modified by common NSCL/P
risk variants further supporting the multifactorial model
of NSCL/P. This finding provides a paradigm for iden-
tifying the missing genetic liability of NSCL/P and an
explanation for multiplex families segregating NSCL/P in
a non-Mendelian pattern. Importantly, these results have
the potential to improve recurrence risk estimates for
NSCL/P.

Materials and Methods
Study subjects
The UTHealth Committee for the Protection of Human
Subjects approved this study (HSC-MS-03-090). DNA

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac037#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac037#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac037#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac037#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 14 | 2353

(saliva or blood) was collected from 15 individuals
(5 affected with NSCL/P and 10 unaffected) of self-
reported NHEA (Fig. 1) as part of our ongoing NSCL/P
study that has previously been described (5,8,33,34). The
family members were completely phenotyped and no
other anomalies were identified. I-1 was deceased but
reportedly had no orofacial anomalies. Family members
II-2 and III-2, III-1 had complete left NSCL/P and II-5 and
II-7 had left CL only.

Data generation and acquisition
WGS was performed on DNA samples of four affected
(II-5, II-7, III-1 and III-2) and two unaffected (I-2 and II-
1) individuals using the Illumina HiSeq, Illumina Inc.,
San Diego, CA, platform by Hudson Alpha Institute for
Biotechnology (Huntsville, AL). Genome-wide genotyp-
ing was conducted on all samples using the Illumina
Expanded Multi-Ethnic Genotyping Array (MEGAEX) at
Vanderbilt University Medical Center. Controls consisted
of WES data from 3764 individuals of European ancestry
from the National Database for Autism Research (NDAR).
The controls from NDAR were unaffected parents of
offspring with Autism Spectrum Disorder (ASD). Other
than ASD status, NSCL/P phenotype information was
unavailable for the controls and thus a small proportion
may have been misclassified, although the potential mis-
classification bias would have only a modest effect on
statistical power.

Sequencing data process
Genome alignment was conducted using GRCh37 as the
reference genome for the WGS data of the NSCL/P fam-
ily and for the WES data of the NDAR controls (35,36).
Genome Analysis Toolkit (GATK) Best Practices workflow
(37) was then used to conduct joint genotype calling
and variant quality recalibration (VQSR). XPAT (cross-
platform association toolkit) (38) was employed to con-
duct quality control for cross-platform data and to iden-
tify variants potentially influenced by cross-platform
biases. VQSR tranche score thresholds were set as 99.9
for single-nucleotide variants (SNVs) and 98.0 for inser-
tions and deletions (INDELs). XPAT was used to con-
duct an external principal component analysis (PCA)
to project individuals onto a reference panel of 1000
genome project samples, verifying the European ethnic-
ity of NSCL/P family and selecting 3764 European con-
trols among NDAR samples. After that, XPAT was used
to conduct an internal PCA for cases and controls only
excluding the reference panel to characterize the popu-
lation stratification of samples involved in this study.

Gene-based association analyses
pVAAST (the Pedigree Variant Annotation, Analysis, and
Search Tool) (39), a unified test that combines linkage,
case–control association and a priori functional variant
prioritization, was used to perform gene-based analyses.
All rare protein-coding variants that passed QC stan-
dards and with a minor allele frequency (MAF) < 0.005

among populations of non-Finnish Europeans in gno-
mAD (40) were evaluated. The first five PCs from the
internal PCA in the previous step were incorporated as
covariates in the association analysis to control popu-
lation and technical stratification. Both LOD score and
CLRT score calculated by pVAAST were used to select
informative sites. pVAAST simulated genotype error in
the data with an error rate of 10−5. The maximum preva-
lence was set to be 0.001. pVAAST scores only genes with
a positive LOD score. See the Supplementary Material,
Table S1 for the list of nominal significant genes (P < 0.05)
in pVAAST analysis.

Calculation of polygenic risk scores
To develop an NHEA-specific polygenic risk scores (PRS)
for NSCL/P, 29 variants were identified from prior GWAS
(6,7,9,10,12,15,16,28) that met the following criteria: (i) the
association was genome-wide significant (P < 5 × 10−8)
in one or more NHEA GWAS, or (ii) the association was
genome-wide significant in a multi-ethnic GWAS and
was significant after Bonferroni correction (adjusted
P < 0.05) in an NHEA GWAS (Supplementary Material,
Table S2). If multiple variants at a given 1 Mb locus
met these criteria, the variant with the lowest P-value
at the locus was included. The potential for multiple
independent signals at each locus was evaluated, but for
each locus, all other significant variants were in linkage
disequilibrium (r2 < 0.1) with the lead variant (calculated
using LDlink, https://ldlink.nci.nih.gov).

The MEGAEX included six of the 29 NSCL/P variants
included in the PRS. The remaining 23 SNPs were
imputed using the Michigan Imputation Server (https://
imputationserver.sph.umich.edu) with the European
ancestry Haplotype Reference Consortium (HRC) refer-
ence panel (r1.1 2016; Supplementary Material, Table
S3). For three variants with imputation scores < 0.7,
we verified the genotypes based on the haplotype
inheritance pattern observed in individuals with WGS
data based on the phased data from the Michigan
Imputation Server (Supplementary Material, Table S4).

Because DNA was not available for individual I-1, the
genotypes were inferred based on the haplotype inheri-
tance pattern of generations I and II (Fig. 1). For each vari-
ant, the haplotypes in 500K region of the target variant in
samples I-2, II-5 and II-7 were collected. Each of the two
haplotypes from offspring II-5 and II-7 were compared
with their maternal haplotypes (I-2) and the inherited
haplotype was determined according to the proportion of
consistent genotypes, which was >99.9%. The remaining
haplotypes (not inherited from sample I-2) were then
compared with determine our ability to infer one or two
alleles of sample I-1. If a genotype could not be reliably
imputed using either the Michigan Imputation Server or
haplotype inheritance patterns, the alleles were assigned
dosages based on the allele frequency of non-Finnish
Europeans from gnomAD.

Individualized PRSs were then calculated as the sum
of the natural logarithm of the per allele OR multiplied
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by the number of alleles. To reduce the winner’s curse
bias, the OR for each variant was obtained from the most
recent NHEA GWAS. The PRSs were tested with individ-
uals from the BioVU repository (https://www.vumc.org/
dbmi/biovu), including 46 cases diagnosed with cleft lip
and palate or cleft lip, unspecified cleft type and 72 496
controls.

Penetrance estimate
To conduct linkage analysis conditioned on PRS, indi-
vidual penetrance for all samples with known geno-
types were estimated (41). To establish individual pen-
etrance estimates that account for background PRS in
each individual, the PRS estimates were centered around
the population mean PRS (2.72). Thus, individuals with
below average PRS estimates had reduced estimated pen-
etrance, whereas individuals with above average PRS
estimates had increased estimated penetrance. Taking
as the vector of observed sample phenotypes and as
the vector of observed risk allele carriers, penetrance
can then be estimated for each sample as, where is
the estimated coefficient (log-odds) for the risk allele in
a logistic regression model with intercept fixed to the
population incidence, and PRS is the vector of centered
PRS estimates.

Linkage analysis
MEGAEX data for all genotyped individuals was cleaned to
remove variants with call rate < 95% and monomorphic
variants, followed by confirmation of pedigree structure
using PRIMUS (42). Variants with Mendelian errors were
identified using PedCheck (43) and removed. Multipoint
parametric linkage was performed using ALLEGRO (44)
with individual-specific penetrance estimates based on
the PRS for each individual (Supplementary Material,
Table S5). Variant frequency in ALLEGRO input was spec-
ified as the frequency in the PRIMUS-generated maxi-
mally unrelated subset (< 0.09) of the HapMap 3 CEU
population.

Two-point linkage using the genotypes at the PDGFRA
variant, c.C2740T, including the imputed genotype for
individual I-1, was also conducted using ALLEGRO. Anal-
yses were performed with family-wide penetrance esti-
mates of f0,1,2 = 0.0014, 0.625, 0.625 and with individual
PRS-based penetrance estimates.

Rare variant identification in chr14:33M-51M
In the GWAS analysis of this NSCL/P family, the region
of chr14:33M-51M was reported to have a strong asso-
ciation with the phenotype. All rare variants from the
six samples with WGS data were identified in order to
investigate potential disease susceptibility variants or
haplotype(s) in this region. To identify rare variants, vari-
ants with reported allele frequencies > 0.1% in genomAD
database (v3.1.1) that contains 76 156 whole genomes
were excluded. CNVnator (45) was used for CNV detec-
tion for samples with WGS data using default parame-
ters. Abnormal read depth distribution was observed for

sample I-2 (likely due to the quality of the original blood
specimen) and was excluded from CNV analysis. Only
fully segregating variants among four affected and two
unaffected individuals in the pedigree were considered.
To reduce low-quality variants, variants in repeats and
low complexity regions were removed as well as variants
with alternative allele of A (T, G or C) and next to poly-A
(poly-C, poly-G and poly-T) region (> 8 nt).

Variant functional annotation was conducted using
ANNOVAR (46). TraP score (47) for non-intergenic vari-
ants and pre-computed combined annotation depen-
dent depletion (CADD)-based scores [C-scores; (48)] were
obtained for all variants (Supplementary Material, Table
S6). AliBaba 2.1 (49), Patch (http://gene-regulation.com/
pub/programs.html#patch) and PROMO (50) were used to
predict transcription factor binding sites in the promoter
region induced by the rare variants identified in the
upstream region of a gene.

Structural modeling
The crystal structure of the intracellular domain of
PDGFRA (PDB 5K5X) was previously described (18),
accessed, and rendered using the RCSB protein data
bank https://www.rcsb.org/3d-view/5K5X [Fig. 2A; (51)].
The effects of the R914W mutation were modeled using
Alphafold2 https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb#scrol
lTo=kOblAo-xetgx. Specifically, the salient portion of the
intracellular domain of PDGFRA (amino acids 541–1020)
with and without the R914W substitution was used
as the input amino acid sequence for Alphafold2 (19).
Five models were generated for each sequence using
the MMseqs2 (UniRef+Environmental) setting and the
3D structure was generated with the ‘show_sidechains’
setting selected. Alphafold2’s structure for the wild-
type (WT) sequence recapitulated the observed crystal
structure. Further analyses were performed and graphics
generated with UCSF ChimeraX (52). Briefly, Alphafold2-
generated models were uploaded into ChimeraX and
aligned via chimera’s matchmaker command using
default parameters. Hydrogen bonds for residue 914 were
analyzed and visualized using ChimeraX’s H-Bonds tool
(default parameters except for retaining pre-existing H-
Bonds). Hydrophobicity and electrostatic potential maps
were also generated using Chimera’s tools with default
parameters.

Molecular cloning
A pCEP4-PDGFRA-reporter plasmid containing WT
human PDGFRA (with an extracellular Myc-tag) and a
PEST-tagged EGFP reporter was obtained from Addgene
[#136 456; (53)]. Single and double PDGFRA point muta-
tions (K627R, D842V, R914W, K627R + R914W, D842V +
R914W) were constructed using the QuikChange Light-
ning Site-Directed Mutagenesis Kit (Agilent) and all
point mutations were confirmed by Sanger sequenc-
ing (see https://doi.org/10.6084/m9.figshare.15077172).
Oligonucleotide sequences and plasmids used are listed
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in Supplementary Material, Table S8. All plasmids used
in this study are available via Addgene (ID#: 136 456,
172 596–172 600).

Cell culture, transfection and receptor activation
Expi293F suspension cells (Gibco, Waltham, Massachus-
setts) were cultured in Expi293 Expression Medium
(Gibco) at 37◦C in 8% CO2 and under constant rotation
(135RPM) as previously described (53). Approximately
2 × 106 cells were transfected with either wild-type
or mutant PDGFRA + Reporter (500 ng DNA per ml of
culture) plasmids using Expifectamine (Gibco). Cells were
stimulated by adding either 7.5 μl (PDGF-BB) or 15 μl
(PDGF-AA, AB and CC) of recombinant PDGF ligands
(2 μm, R&D Systems, Minneapolis, MN) or water (mock)
during transfection into 6-well dishes with 1 ml of media.
Cells were collected 24 h post-transfection and split into
two pools for use in staining and flow cytometry, and
other assays.

Flow cytometry
Cell staining and flow cytometry were performed as
previously described (53) with slight modifications. Alexa
647-conjugated anti-Myc antibody (1:50 dilution, Invit-
rogen, Carlsbad, CA) was used to measure Myc-tagged
surface receptor (APC-A channel) and functional GFP-
PEST expression (FITC-A channel) in a BD FACS Fortessa
flow cytometer (BD Biosciences, Franklin Lakes, NJ). At
least 20 000 cells were counted for each replicate and
three independent biological replicate transfections were
assayed for each condition. Gating parameters for EGFP
and Myc signals were determined by independent pilot
experiments and remained uniform for all replicates.
The numerical values of counted cells were entered into
Graphpad software (San Diego, CA) and the resulting
values were tested using 2-way ANOVA (Supplementary
Material, Tables S9 and S10). All replicate and numerical
data for flow cytometry experiments are available via
Figshare.

Zebrafish studies
CRISPR/Cas9 genome editing was used to perturb the
pdgfra locus in developing zebrafish embryos (Sup-
plementary Material, Table S11). Sixty-two embryos
were injected with 5 um of guide RNA and 2 ug/ml
of Cas9 enzyme (51 survived, 37 were imaged and 24
had a vertical upper lip groove compared with 0/24
control embryos). DNA was extracted from individual
CRISPR-injected animals and subsequently used for
genotyping. Targeted bar-coded deep sequencing (54)
detected deletions in exon 6 ranging from 3 to 24 bps,
confirming alteration of the pdgfra locus (Supplementary
Material, Table S11). A three primer PCR strategy as
described by (54) was used to add a unique 6 bp barcode
to each individual embryo. Then, 6 μl from each of the
uniquely bar-coded embryos was pooled and the pooled
sample run through a MinElute Reaction Cleanup Kit
(cat. no. 28 204, Qiagen, Hilden, Germany). The resulting

solution was subjected to deep sequencing on a MiSeq
instrument using a V2, 500 cycle kit at the University
of Texas MD Anderson Advanced Technology Genomics
Core Facility (Houston, TX). The raw reads obtained
from the deep sequencing were de-multiplexed using
the FASTQ/A Barcode Splitter tool from the FASTX-
Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.
html). To estimate the amount of CRISPR-mediated
gene editing observed in each embryo, fastq files for
individual animals were run though the command line
version of the CRISPResso2 software pipeline (55) in the
amplicon mode.

To determine the impact of pharmacological inhibition
of PDGFRA signaling, Tg(Krt4:GFP) transgenic embryos
were immersed in 0.6 um Pdgfr inhibitor V (Calbiochem,
San Diego, CA) in E3 from 10 to 30 h post-fertilization
(hpf). Embryos were fixed at 5 days post-fertilization
(dpf), stained with DAPI and mounted rostrally for imag-
ing. The resulting phenotype was dose-dependent, with
no effect at 0.125 um and gross severe abnormalities at
2 um. At 0.6 um, 37/40 had a vertical groove in the upper
lip compared with 0/14 controls.

Supplementary Material
Supplementary Material is available at HMG online.
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