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Summary
Non-syndromic cleft lip with/without cleft palate (nsCL/P) is a highly heritable facial disorder. To date, systematic investigations of the

contribution of rare variants in non-coding regions to nsCL/P etiology are sparse. Here, we re-analyzed available whole-genome

sequence (WGS) data from 211 European case-parent trios with nsCL/P and identified 13,522 de novomutations (DNMs) in nsCL/P cases,

13,055 of which mapped to non-coding regions. We integrated these data with DNMs from a reference cohort, with results of previous

genome-wide association studies (GWASs), and functional and epigenetic datasets of relevance to embryonic facial development. A sig-

nificant enrichment of nsCL/P DNMs was observed at two GWAS risk loci (4q28.1 (p ¼ 8 3 10�4) and 2p21 (p ¼ 0.02)), suggesting a

convergence of both common and rare variants at these loci. We also mapped the DNMs to 810 position weight matrices indicative

of transcription factor (TF) binding, and quantified the effect of the allelic changes in silico. This revealed a nominally significant over-

representation of DNMs (p ¼ 0.037), and a stronger effect on binding strength, for DNMs located in the sequence of the core binding

region of the TF Musculin (MSC). Notably, MSC is involved in facial muscle development, together with a set of nsCL/P genes located at

GWAS loci. Supported by additional results from single-cell transcriptomic data and molecular binding assays, this suggests that varia-

tion in MSC binding sites contributes to nsCL/P etiology. Our study describes a set of approaches that can be applied to increase the

added value of WGS data.
Introduction

Non-syndromic cleft lip with/without cleft palate (nsCL/P)

is the most frequent form of orofacial clefting (OFC), with

an estimated prevalence of 1 in 1,000 European new-

borns.1 Depending on severity, nsCL/P treatment requires

multidisciplinary approaches, including repeated sur-

geries, throughout childhood and adolescence. Together

with an increased life-time risk for morbidity and mortal-

ity,2 nsCL/P represents a major burden for affected individ-

uals and their families.

NsCL/P has a multifactorial etiology, and estimates from

twin studies suggest a heritability of �90%.3 Recent

genome-wide association studies (GWASs) have identified

common risk variants at 45 genomic loci, which explain

about 30% of phenotypic variance in Europeans.4 Research

suggests that further types of genetic variation may also

contribute to disease risk, including variants from the

low-frequency part of the allelic spectrum. For example,

previous studies have identified private and rare risk vari-

ants for nsCL/P in genes underlying orofacial cleft syn-

dromes within multiplex families,5 in genes involved in

epithelial cell adhesion processes,6 and in genes located

within GWAS loci.7–10 In a recent multiethnic study of
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several hundred case-parent trios of OFC (Bishop et al.),11

potentially causal de novo mutations (DNMs) in protein-

coding regions were investigated using data from whole-

genome sequencing (WGS). The cohort included individ-

uals with cleft lip with/without cleft palate (CL/P),

including its subtypes cleft lip only (CLO) as well as cleft

lip and palate (CLP), and cleft palate only (CPO). In that

study, the authors identified a cohort-wide enrichment of

loss of function (LoF) DNMs, in particular in genes ex-

pressed in human neural crest cells (hNCCs). At the indi-

vidual gene level, this study also implicated TFAP2A

(MIM: 107580), IRF6 (MIM: 607199), and ZFHX4 (MIM:

606940) in OFC etiology.11

To date, most analyses of systematic sequencing data

(including Bishop et al.) have been limited to protein-cod-

ing regions, mainly because of the comparable ease of

functional annotation and etiological interpretation for

coding variants. In contrast, few data are available con-

cerning the contribution of rare variants or DNMs located

in non-coding regions. Evidence that non-coding variants

are involved in nsCL/P has been generated by studies that

identified causal non-coding mutations in individual ped-

igrees,10,12,13 and reports of a burden of low-frequency var-

iants in non-coding enhancer regions that are active in
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developing craniofacial tissue.14,15 The aim of the present

study was to identify etiologically relevant DNMs for

nsCL/P, with a focus on strategies to prioritize DNMs in

non-coding regions.
Material and methods

This study used prior published data, no human or animal subjects

were involved. Respective datasets were analyzed upon approved

data access and following the criteria laid out in the respective

data use agreements in the NIH database of Genotypes and Pheno-

types (dbGaP). Informed consent and ethical approval were ob-

tained by the investigators of the original studies. The molecular

and computational studies did not involve any human material.

All procedures followed biological safety and ethics standards.

Subjects and data resources
WGS raw sequence and phenotypic data for 1,236 individuals

from a European OFC cohort were retrieved from the Gabriella

Miller Kids First (GMKF) Project, upon approved access (section

‘‘Web resources’’). Based on available pedigree information,

220 complete parent-offspring pairs (‘‘trios’’) containing both

unaffected parents and a child with nsCL/P were identified. Addi-

tionally, a set of 330 trios with children being affected by Ewing

sarcoma (ES) was obtained from GMFK. This cohort was used as

a non-cleft reference (NCR) cohort. Further information can be

found in the supplemental methods.

WGS data analysis and variant calling
For each individual, WGS reads were aligned to GRCh37, and

variant calling was performed using both Unified Genotyper and

Haplotype Caller. To generate a high-quality variant DNM call

set, data processing required the complete absence of reads

in any parent, and support of variant calls by both calling algo-

rithms (supplemental methods). All DNMs were annotated with

information (1) on frequency (gnomAD v3.1, all populations),

(2) on genomic location (exonic, intronic, intergenic; based on

GENCODE Basic gene annotation version33.hg19), and (3) with

each of six in silico prediction scores that are applicable to both

non-coding and coding variants: CADD,16 ReMM,17 FATHMM,18

DANN,19 LINSIGHT,20 and ncER21 (supplemental methods). No

general frequency filter was applied (Figure S1). As our nsCL/P

cohort represents a subcohort of Bishop et al. that was analyzed us-

ing a different quality control (QC) and variant calling pipeline,

coding DNMs were compared between both studies, based on

available information (Table S3 by Bishop et al., participant IDs

provided by GMKF) and annotations provided by the Ensembl

Variant Effect Predictor22 (VEP; section ‘‘web resources’’).

The statistical comparison of DNM distribution between nsCL/P

and NCR included the average number of DNMs per sample

(Mann-Whitney U (MWU) test for total DNMs and subgroups of

exonic, intronic, and intergenic DNMs), the distribution of in silico

prediction scores for nsCL/P and NCR DNMs, and the proportion

of DNMs with in silico prediction scores over individual or com-

bined thresholds (supplemental methods).

Analysis of DNM enrichment in genomic features
To study the enrichment of DNMs across the entire genome,

diverse genomic datasets were retrieved. For each of those datasets,

DNM enrichment was calculated using the R package FunciVar,23
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which compares inter-cohort enrichment probabilities for func-

tional elements using a Bayesian approach (see FunciVar in section

‘‘web resources,’’ supplemental methods). The datasets included

genome-wide maps of eight chromatin states from hNCCs,24 cra-

nial neural crest cells (cNCCs),25 and human facial embryonic tis-

sues,26 which had been aggregated in a previous study by our

group.4 Furthermore, general genomic features with a priori

evidence for functional relevance or evolution were included;

i.e., (1) 4,307 evolutionarily highly conserved non-coding ele-

ments (CNEs) based on a prior publication,27 and (2) 1,570

enhancer regions from the VISTA enhancer browser28 (supple-

mental methods).

Analysis of topologically associating domains
To detect local enrichments of non-coding DNMs independent of

genomic features (comparable with gene-burden tests for protein-

coding variants), DNMs were combined based on their location

within regulatory units; i.e., topologically associating domains

(TADs). Positional data were retrieved for 2,991 TADs from human

embryonic stem cells, as described elsewhere,4 and enrichment of

DNMs in TADs was tested using FunciVar (supplemental

methods). Given the considerable burden of multiple testing

with regard to the present sample size, we additionally defined a

set of 45 candidate TADs on the basis of recent GWAS results, as

previously described4 (TADsGWAS, Table S1).

Analysis of DNMs in TF binding sites
Position weight matrix (PWM) information representing 810 tran-

scription factor binding site (TFBS) motifs was retrieved from JAS-

PAR2020.29 Using a modified version of a previously published

pipeline (see denovoLOBGOB, sections ‘‘Web resources,’’ ‘‘data

and code availability’’), changes in transcription factor (TF) binding

between reference and alternative alleles were qualitatively pre-

dicted and quantified for eachDNM (after excluding insertions/de-

letions (indels); n¼28,773DNMs). Statistical analysesof individual

PWMs were performed to determine (1) differences in how

frequently a specific PWM matches the genomic region around

the DNMs (Fisher’s exact test), and (2) quantitative differences in

predicted binding strength (MWU test). For the latter, for each

DNM, the effect of the variant allele was calculated as described

above, and the difference from the reference allele was determined

as an absolute change of binding. Then, absolute change values

were combined for all DNMs of one PWM and compared between

the two cohorts. In addition, for each analysis (1) and (2), log2-

fold changes (log2FC) between nsCL/P and NCR were calculated.

Further information can be found in the supplemental methods.

Single-cell expression data
Single-cell expression data obtained from murine embryos were

downloaded from (1) the Mouse Organogenesis Cell Atlas

(MOCA), which includes a time series of developmental organogen-

esis from E9.5 to E13.5 (section ‘‘Web resources’’); and (2) the lamb-

doidal junction at day E11.5, which represents the time point for

the fusing of facial structures.30 Both datasetswere re-analyzed using

a joint in-house computational pipeline (supplemental methods).

Electrophoretic mobility shift assays
Foreachof theDNMsobservedwithinMSCbinding sites, gainor loss

of binding was predicted based on the allelic change within the

motif: gain of binding (if PWM-ref < PWM-alt), loss of binding

(PWM-ref > PWM-alt), and silent effects (PWM-ref ¼ PWM-alt).
023



Table 1. Distribution of DNMs in nsCL/P and NCR trios

nsCL/P NCR Combined

Total DNMs 13,522 17,968 31,490

SNVs 12,335 16,438 28,773

Small insertions/deletions 1,187 1,530 2,717

Protein-coding DNMsa 222 (1.05)c 338 (1.19)c 560

LoF DNMsb 22 (0.10)c 19 (0.07)c 41

Nonsense DNMs 10 11 21

Frameshift DNMs 12 8 20

Missense DNMs 129 (0.61)c 246 (0.87)c 375

Synonymous DNMs 71 (0.34)c 73 (0.26)c 144

DNMs, de novo mutations; nsCL/P, non-syndromic cleft lip with/without cleft palate; NCR, non-cleft reference cohort; LoF, loss of function.
aExonic DNMs based on GENCODE Basic gene annotation version33.hg19, including non-coding parts of gene sequences (e.g., 30/50 UTRs).
bEffect combinations from Variant Effect Predictor output were reduced to classes (see Table S4 for grouped effect names). LoF DNMs include nonsense and frame-
shift DNMs.
cIn brackets: relative frequency of this type of DNM in the respective cohort.
Then, five candidate binding sites were selected from the set of

DNMs; i.e., twomotifs locatedatnsCL/PDNMswitheither thestron-

gest loss (chromosome [chr.] 6, chr. 10) or strongest gain (chr. 7, chr.

16), and the motif with the strongest predicted binding change

byDNMinNCR(chr. 5;TableS2). For eachof thefivecandidatebind-

ing sitesofMSC, thegenomic context around theDNM(i.e., anaddi-

tional20bpup- anddownstream)was retrieved. Each targetoligonu-

cleotide was designed with the respective duplex reference and

alternative motif, and each contained p32 marks at the 50 end of

the top strand. Following cloning of MSC into the pET-28a vector,

expression in Escherichia coli, and purification, the protein was incu-

bated with binding buffer and oligonucleotides, for 30 min. Then

10 nM DNA was incubated with five different concentrations of

MSC (range 0–1 mM). Binding effects were monitored according to

the presence of protein-oligo dimers at predicted molecular size on

native gels, and potential allele-specific effects were indicated by

gel mobility changes (supplemental methods, all tested sequences

in Table S2). All analyses were performed in triplicate.
Results

High-confidence variant set of coding and non-coding

DNMs

After sample- and variant QC (Figures S2, S3, and S4), the

final dataset contained 211 nsCL/P trios (52 of which

were CLO, and 159 CLP; Figures S5 and S6), 284 NCR trios,

and 31,490 autosomal DNMs (13,522 in nsCL/P; 17,968 in

NCR; Table 1). Among those, 28,773 DNMs were single-

nucleotide variants (SNVs), and 2,717 were small indels.

Sixteen DNMs were recurrent (four within nsCL/P, seven

within NCR, and five were observed in both cohorts;

Table S3). Overall, an average of 63.6 autosomal DNMs

was observed per trio, consistent with expectations.31 No

significant difference in the average number of DNMs

was observed between nsCL/P and NCR trios (64.1 versus

63.3; p ¼ 0.47; Figure S7), and both cohorts showed a

similar distribution of DNMs across exonic, intronic, and

intergenic regions (Figure 1A).
Human
Within the nsCL/P cohort, 222 of the exonic DNMs

mapped within protein-coding sequences according to

VEP (Tables 1, S4, and S5; supplemental methods). This

included 22 LoF (12 frameshift, 10 nonsense), 129

missense (together denoted as protein-altering DNMs),

and 71 synonymous variants. No splice site DNM was

observed. Notably, 159 of the 222 coding DNMs were

previously reported by Bishop et al. (¼71.6%, supple-

mental methods). This indicates convergence of the

identified DNMs between both studies, taking into ac-

count the differences in variant calling pipelines and

quality parameters. An aggregation of all coding DNMs

of this study and the study by Bishop et al. can be found

in Table S6.

Identification of deleterious variants in craniofacial

genes

We next annotated each of the 31,490 DNMs with six in

silico prediction scores (i.e., CADD, ReMM, FATHMM,

DANN, LINSIGHT, and ncER). Comparison of score dis-

tributions did not reveal conclusive differences between

nsCL/P and NCR (Figures 1B, S8, S9, and S10;

Tables S7, S8, S9, S10, S11, S12, S13, and S14), and

filtering for DNMs with CADD R 20 did not show a sig-

nificant difference between cohorts (p ¼ 0.18, 144 DNMs

in nsCL/P [1.06%], 226 DNMs in the NCR cohort

[1.26%]; Table S15). Notably, DNMs in numerous cranio-

facial genes, such as WNT4 (MIM: 603490),32,33 ALPI

(MIM: 171740),34 and MYO10 (MIM: 601481)35–37 were

observed with high CADD scores of R30 in nsCL/P. In

addition, one DNM (CADD score of 45) was observed

in PLEKHA6 (MIM: 607771), which is a paralog of

PLEKHA7 (MIM: 612686). Pathogenic variants in

PLEKHA7 were reported in a previous investigation of

multiply affected nsCL/P families6; thereby, this result

further supports the role of the PLEKHA-family in

nsCL/P etiology.
Genetics and Genomics Advances 4, 100166, January 12, 2023 3
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Figure 1. Comparative analyses of de novo mutations
(A) De novo mutations (DNMs) observed in non-syndromic cleft lip with/without cleft palate (nsCL/P) case-parent trios (red) and NCR
trios (blue) were annotated according to genomic location (i.e., exonic/intronic/intergenic). Exonic DNMs were defined based on exons
of protein-coding genes in the GENCODE Basic gene annotation version33.hg19, including non-coding parts of gene sequences (e.g., 30/
50 UTRs). DNMs were equally distributed between the two cohorts.
(B) DNMs were annotated with each of six distinct in silico prediction scores, and their distribution was compared between the two co-
horts. No significant differences were found.
Limited evidence for enrichment of non-coding DNMs in

genomic features

We first tested the hypothesis that DNMs are significantly

enriched in epigenetic and functional datasets of relevance

to embryonic facial development. No analysis-wide enrich-

ment was observed, with the exception of a nominal sig-

nificant finding in bivalent/poised transcription start sites

and bivalent enhancers of Carnegie stage 15 of human

facial embryonic tissue26 (74 DNMs [0.55%; Table S16]

in nsCL/P versus 68 DNMs in the NCR cohort [0.38%],

p ¼ 0.03; Figure 2A; Table S17). While this enrichment is

noteworthy, the failure of reaching robust levels of statisti-

cal evidence precludes a conclusive statement.

No enrichment was observed for 34 nsCL/P DNMs that

mapped to any of 4,307 CNEs (Figure 2B, 15 in nsCL/P

versus 19 in NCR cohort; Tables S18, S19, and S20;

p ¼ 0.88). Regarding the 40 DNMs mapping to VISTA en-

hancers, again, no significant difference was observed
4 Human Genetics and Genomics Advances 4, 100166, January 12, 2
between the nsCL/P and NCR cohorts (14 versus 26;

p ¼ 0.31; Tables S21 and S22). This finding remained un-

changed when DNMs were grouped for tissue-specific ef-

fects (activity in 16 of 23 different tissue types; Figure 2B;

Table S23). Furthermore, no nsCL/P DNM was localized

in both a CNE and a VISTA enhancer.

Convergence of non-coding DNMs at twoGWAS risk loci

As TADs are considered the general regulatory units of the

genome,38 the aggregation of DNMs within its boundaries

provides a systematic approach to aggregate DNMs with

similarmechanistic effects. Based on the overall variant da-

taset, 29,629 DNMs were unambiguously mapped within

2,961 individual TADs (supplemental methods). While

there was no test-wide significant difference between

nsCL/P and NCR in terms of enrichment or depletion of

DNMs in any of these TADs, we observed that 174 of

the individual TADs showed a nominally significant
023



A B

C D

Figure 2. Enrichment of non-syndromic cleft lip with/without cleft palate de novo mutations in genomic candidate regions
(A) DNMs were mapped in eight chromatin states derived from human neural crest cells (hNCCs), cranial neural crest cells (cNCCs), and
human embryonic facial tissue. FunciVar enrichment results are indicated by dot color. Dot sizes illustrate enrichment probabilities
(increasing values represent increased statistical significance), and significant findings are encircled.
(B) Non-coding elements with previous evidence for functional relevance were retrieved from conserved non-coding elements (CNEs)
and enhancer activity assays from VISTA (n¼16 tissues). DNMs mapping to these regions were tested for n enrichment in nsCL/P using
FunciVar, similar to (A), and enrichment was depicted with their respective 95% credible interval (dots indicate median). The gray
dashed line indicates a difference of zero.
(C) DNMs were mapped within boundaries of topologically associating domains (TADs), and a subset of 45 TADs was defined based on
the presence of associated common nsCL/P risk variants (TADsGWAS). Two loci (4q28.1, 2p21PKDCC, see panel D) carried significantly
more DNMs in nsCL/P. TAD boundaries are highlighted in green, with surrounding regions in gray. Gene locations are shown in yellow,
together with GWAS-SNPs (dot) and GWAS credible SNP regions (bar) in blue. The positions of DNMs are indicated in red for nsCL/P and
dark blue for NCR cohort. Two superimposed DNMs at 4q28.1 are indicated by an asterisk (*).
(D) Same graphical depiction as in (B), except for the TADs located at the 45 nsCL/P GWAS risk loci. Nominal significant p values are
indicated with an asterisk (*), and p values significant after correction for 45 tests are indicated by a double asterisk (**).
enrichment (n ¼ 98) or depletion (n ¼ 76) of DNMs in

nsCL/P compared with NCR (Table S24). Restricting the

analysis to 45 TADsGWAS, we observed 544 DNMs in total

(221 nsCL/P versus 323 NCR), with two TADsGWAS

showing significant enrichment of DNMs in nsCL/P; i.e.,

2p21PKDCC
39 and 4q28.140 (Figure 2C; Tables S25 and

S26). At the 4q28.1 locus, seven DNMs were observed in

seven different individuals with nsCL/P, while no DNM

in this region was observed in the NCR cohort (p ¼
8 3 10�4). At the 2p21PKDCC locus, eight DNMs were

observed in seven nsCL/P individuals and two DNMs in

the NCR cohort (p ¼ 0.02). Notably, the eight DNMs in
Human
nsCL/P clustered within 175 kb around the GWAS lead

variant rs6740960. The enrichment at the 4q28.1 locus re-

mained significant after correction for multiple testing for

the number of TADGWAS (Figure 2D). No TADGWAS showed

a significant depletion of nsCL/P DNMs. These results sug-

gest at least two loci where both common and rare variants

may contribute to nsCL/P risk, at 2p21PKDCC presumably

through regulatory effects on PKDCC (MIM: 614150).41,42

Identification of candidate TFs

Analyses were performed to test the hypothesis that

DNMs contributing to nsCL/P might converge into
Genetics and Genomics Advances 4, 100166, January 12, 2023 5



15: Endothelial cells

3: ambiguous

12: Myocytes

1: Connective tissue progenitors

13: Sensory neurons

8: Chondrocyte progenitors

4: Premature oligodendrocytes

18: Excitatory neurons

5: Postmitotic premature neurons

0: Chondrocytes & osteoblasts

2: Radial glia

14: Schwann cell precursor

11: Epithelial cells

6: Cardiac muscle lineage
10: Neural progenitor cells

7: Inhibitory neurons

20: Definitive erythroid lineage

21: Type II spiral ganglion neurons

19: Primitive erythroid lineage

23: Hepatocytes

9: Type IC spiral ganglion neurons

16: Oligodendrocyte progenitors

17: Notochord cells

22: White blood cells

−10

0

10

−10 −5 0 5 10
UMAP_1

U
M

A
P

_2

A C

D

E

B

F

ATF3

MSC
HES5

HES7

OVOL1

NRF1

HEY2

TFEC

Motif name
TFAP2A(var.3)

Hits nsCL/P:NCR
4:0

Motif name
TFAP2A(var.3)

Hits nsCL/P:NCR
4:0

Motif name
TFAP2A(var.3)

Hits nsCL/P:NCR
4:0

Motif name
TFAP2A(var.3)

Hits nsCL/P:NCR
4:0

0.0

0.5

1.0

1.5

2.0

2.5

0 1 2 3 4
log2 fold change

MEF2A

ESRRB

TBX20

Motif name
ONECUT2

BC ratio

JDP2(var.2)
MSC
ATF3

2.44
2.32
2.42
2.93

Motif name
ONECUT2

BC ratio

JDP2(var.2)
MSC
ATF3

2.44
2.32
2.42
2.93

Motif name
ONECUT2

BC ratio

JDP2(var.2)
MSC
ATF3

2.44
2.32
2.42
2.93

Motif name
ONECUT2

BC ratio

JDP2(var.2)
MSC
ATF3

2.44
2.32
2.42
2.93

0

1

2

3

0 1 2 3
log2 fold change

FC significant not significant Significant Fishers Exact (A), MWU−Test (B) Significant Test and FC

0: anterior and medial maxillary prominence

1: mesenchymal palatal shelf

2: cholinergic neurons

3: posterior and medial lateral nasal prominence

4: anterior and medial lateral nasal prominence

5: cells adjacent to fusing ectoderm

6: palatal epithelium

7: cells adjacent to surface ectoderm

8: ectodermal surface

9: red blood cells

10: endothelial cells of vasculature

11: ambiguous

12: periderm

13: monocytes / macrophages

14: Schwann cell progenitors

Msc
Features

Id
en

tit
y

Percent Expressed

0.00
0.05
0.10

0.15

0.20

−0.5
0.0
0.5
1.0
1.5
2.0

Average Expression

E

T

T

T

T T
T

T
T
T
T
T
T
T T

T
T
T
T
T

T
T T

T
T

T
T
T
T
T
T

A
A
A
A

A
A
A

A
A
A
A
A

A
A

A A
A
A
A
A
A
A
A
A

A
A

A

C
C
C

C
C
C
C
C
C
C

C

C
C
C
C

C
C
C
C
C
C
C
C
C

C
C

G

G
G

G
G

G

G G
G
G
G
G
G
G

G
G

Cohort

nsCL/P NCRNCR

BC

/

/

/
/

/
/

/
/

/

-8.43

-8.43

-5.85

-4.43

1.93

5.93

8.43

8.43

8.43

Figure 3. Identification of Musculin as a player in non-syndromic cleft lip with/without cleft palate etiology
(A) Qualitative analysis of DNMs in transcription factor (TF) binding sites (TFBS). Using 810 position weight matrices from JASPAR2020,
the relative enrichment of non-syndromic cleft lip with/without cleft palate (nsCL/P) DNMswas assessed using log2FC (on y axis) versus
Fisher’s exact tests (�log10(p value) on x axis). Insert represents motif TFAP2a (var.3) that had log2FCR 1 but lacked observations in the
control cohort.
(B) Quantitative assessment of allelic effects on TF binding. For each DNM, the binding change (BC) of alternative versus reference allele
was assessed via the Mann-Whitney U (MWU) test (on x axis) and log2FC (on y axis, calculated using the ratio of mean change of bind-
ing between cohorts). All motifs with R3 hits per cohort and sufficient variability in BCs were used for MWU testing. Inserts represent
motifs that lacked sufficient observations for MWU testing, but had log2FC R 1 and R5 hits.
(C–E) Single-cell transcriptomic data confirm a role for Msc during murine embryonic development.
(C) Re-analysis of MOCA data (Cao et al., 2019) identified 24 cell clusters at day E11.5.
(D) Expression levels for Musculin (Msc) in single-cell data from MOCA at E11.5 in cell clusters showed specific expression in myocytes
(cell cluster 12 in C). Note: cluster numbers (x axis) correspond to cell cluster numbers in the UMAP plot in (C).
(E) Single-cell expression data of different cell clusters of the lambdoidal junction at E11.5 are shown as dot plot. For each cell cluster, the
percentage of cells expressingMsc is indicated by dot size, while the average expression level is indicated by color. This illustrates expres-
sion of Msc in palatal epithelium and maxillary prominences.
(F) Nine DNMs mapped to the MSC motif (MA0665.1; seven in nsCL/P and two in NCR cohort). The sequences of the nine regions are
illustrated per genomic region, as sorted according to BC, and with colored dots highlighting the cohort in which they were observed. At
each position of a DNM, the allelic change is indicated in the order ref/alt.
molecular pathways through their location in transcrip-

tion factor binding sites (TFBSs). Based on 28,773

DNMs and 810 PWMs, a total of 119,275 DNM-PWM

hits were observed in the entire cohort. These

pairs included 710 different PWMs and 21,043 DNMs

(i.e., for 73.1% of the analyzed DNMs, the respective

genomic context was located at a binding site of at least

one PWM; Figure S11). After stringent filtering (supple-

mental methods), 88,129 DNM-PWM hits remained in

the analysis. These showed a similar distribution in
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both cohorts (37,695 in nsCL/P versus 50,434 in NCR,

p ¼ 0.56).

At the level of individual PWMs, we observed four TFs

whose PWMs showed a nominally significant excess in

the nsCL/P trios (Figure 3A, HES7/HES5/ATF3/MSC; all

p < 0.05), and a log2FC R 1. In addition, 24 PWMs were

identified for which at least one TFBS was predicted at a

DNM region in the nsCL/P cohort, but none in the NCR

cohort. These motifs included TFs with an established role

in craniofacial development, such as TFAP2alpha (vers.3;
023



4 DNMs in nsCL/P, none in NCR; insert Figure 3A). When

we aimed at identifying TF motifs with a significant differ-

ence in binding change (as opposed to frequency), one

nominally significant hit (MEF2A, p ¼ 0.03) was observed,

togetherwith an additional set of 17motifs that had log2FC

R 1, but lacked the prerequisites for formal MWU calcula-

tions (supplemental methods; Figure 3B). Seven TFs were

shared between the two approaches, including TFs Muscu-

lin (MSC; Table S27) and Activating Transcription Factor 3

(ATF3; Table S28). Notably, MSC and ATF3 were the only

of these sevenTFs for which anominally significant Fisher’s

exact test resultwas generated (Table S29), prioritizing them

as candidate TFs.

Analyses of single-cell expression data support a role for

Musculin

Next, analyses were performed to determine the expression

of the orthologs for MSC ([MIM: 603628]; Msc) and ATF3

(Atf3) in single-cell data fromthedevelopingmouseembryo

during E9.5 to E13.5 (MOCA43; UniformManifold Approx-

imation and Projection [UMAP] plots in Figure S12). Atf3

showed strong expression in endothelial cells, while being

sparsely expressed in almost all other cell types

(Figure S13). In contrast, our analyses revealed a specific

expression pattern for Msc starting at E10.5. On day E10.5,

Msc was expressed in sensory neurons but also in connec-

tive tissue progenitors and myocytes (Figure S14). Expres-

sion remained abundant in connective tissue progenitors,

sensory neurons and myocytes on day E11.5 and was

accompanied by expression in chondrocytes/osteoblasts

and cardiac muscle lineage (Figures 3C and 3D). On day

E12.5, Msc was most expressed in neural progenitor cells

but also in sensory neurons and jaw and tooth progenitors.

On day E13.5Msc was expressed mainly in neural progeni-

tor cells (Figure S14). While the MOCA data provide infor-

mation on global expression in whole embryonic mice,

their resolution concerning specific facial tissues is limited.

Therefore, additional analyses were performed on single-

cell data from the murine lambdoidal junction at day

E11.5. Again, this revealed a low, but anatomically specific,

expressionofMsc, particularly in thepalatal epitheliumand

the anterior andmedial maxillary prominences (Figure 3E),

while expression of Atf3 was restricted to monocytes/mac-

rophages and endothelial cells of vasculature (Figure S15).

DNMs in MSC binding sites affect binding in vitro

Based on those findings, we focused onMSC as candidate TF

fornsCL/P.Detailed inspectionof theMSCbindingmotifs re-

vealed that the seven DNMs in nsCL/P were located at more

central positions within the motifs, compared with the only

two DNMs in the NCR cohort (Figure 3F; Table S27). To

confirm that MSC binds to the predicted binding motif,

and that binding is altered by theDNMs as predicted in silico,

electrophoreticmobility shift assays (EMSAs)wereperformed

for five selected DNMs, in triplicates.

For all five sequences, EMSA analysis confirmed the bind-

ing of MSC to either the reference and/or the alternative
Human
motif (Figure S16A; Table S30): for three of the five se-

quences, the observed direction of effect was consistent

with predictions (i.e., gain of binding for chr. 16, loss of

binding for chr. 5 and 10). For two regions, limited evidence

was found for either anybinding change at all (chr. 6), or the

effect was observed in the opposite direction (chr. 7). Closer

analysis of the respective genomic sequence revealed that,

in the region of the DNM at chr. 7, a second MSC binding

motif was present, which might have affected the predic-

tion outcome (Figure S16B). The present data confirm that

MSC binds to the predicted motif and suggest that this

binding could be affected by mutations in vitro.
Discussion

WGSallows for a systematic investigationof geneticvariants;

i.e., across the allelic spectrum and variant types. Therefore,

WGS data are a powerful resource to expandour understand-

ing of susceptibility factors for nsCL/P, in particular when

both coding and non-coding variants are analyzed jointly.

However, the large number of rare variants in individual ge-

nomes challenges the identification of causal variants at

the statistical level, and this is further hampered by our

incomplete knowledge regarding regulatory processes occur-

ring in the non-coding genome. In the present study, we

analyzed DNMs as a specific class of variants, in a Euro-

pean-based nsCL/P cohort of 211 trios, and included both

coding and non-coding variants in our investigation. While

the cohort size is small compared with other traits of multi-

factorial etiology, it is similar to the cohort size included in

the first nsCL/P GWAS that reported a genome-wide signifi-

cant locus.44 Three main findings emerged from our WGS

study on nsCL/P.

First, while our study design included systematic ap-

proaches to enrich for true-positive signals, we failed to

detect robust associations in our hypothesis-driven ana-

lyses. We observed some nominally significant findings,

but these warrant further replication in order to allow for

firm conclusions (in particular, for those findings that are

based on singleton observations). Future studies including

more trios and ethnicities but also additional control co-

horts might be an important avenue to follow. The lack

of systematic evidence in our study might indicate either

that DNMs in the selected regions do not contribute to

nsCL/P or that our analyses were statistically underpow-

ered. Importantly, next to sample size, the power of our

studymight have been limited by the selection of the refer-

ence cohort, which comprised individuals with ES for

which WGS data were generated within the same project.

While this is a technical advantage for comparative ana-

lyses, some epidemiological data have suggested some

shared etiology between OFC and cancer in general.45 Still,

so far, no evidence is available for a shared etiology be-

tween ES and nsCL/P from epidemiological or molecular

data.2 Furthermore, most current in silico prediction scores

are trained on input data that are biased for deleterious
Genetics and Genomics Advances 4, 100166, January 12, 2023 7



protein-coding variants and, therefore, are ineffective for

non-coding regions. This limits their usage for WGS data,

as illustrated in our study by the comparably low number

of observed non-coding DNMs with high CADD scores.

Second, despite the limited evidence for overall enrich-

ments, we identified a convergence of DNMs at loci that

had prior evidence for an involvement in nsCL/P. Most

interestingly, we observed a significant overrepresentation

of DNMs in regions that were previously implicated in

nsCL/P etiology by common variants. Specifically, two

risk loci, 4q28 and 2p21PKDCC, harbored significantly

more DNMs in nsCL/P trios than the reference cohort. At

2p21, the variants clustered within a region of 175 kb, in

close vicinity to rs6740960, which has been suggested as

the sole causal variant at this locus.39,46 As another

example, we observed two intronic DNMs in the nsCL/P

candidate gene, ZFHX4,11 for which a frameshift mutation

was previously reported (Table S31). While the exact func-

tional effect and molecular mechanisms of these non-cod-

ing DNMs at GWAS loci or within candidate gene loci

remain unclear, these findings illustrate the presence of

allelic heterogeneity at established loci and pave the way

for functional follow-up studies.

Finally, our results suggest that differential binding of

Musculin (MSC, or MyoR) to its binding sequence might

be of relevance to nsCL/P etiology. MSC is a basic-helix-

loop-helix TF that is involved in the development of orofa-

cial branchiomeric muscles (OBMs).47 Interestingly, previ-

ous studies have identified sub-epithelial alterations in a

specific OBM type,musculus orbicularis oris, as a subclinical

phenotype in the relatives of individuals with nsCL/P, and

these alterations are considered an intermediate pheno-

type of nsCL/P.48–51 Notably, the network of TFs regulating

OBM development includes several TFs that are encoded

by genes implicated in nsCL/P via their presence at

GWAS risk loci; i.e., NOG (MIM: 602991),52 PAX7 (MIM:

167410),53 FGF10 (MIM: 602115),4 and GREM1 (MIM:

603054)54 (Figure S17). However, the exact coordination

of this gene regulatory network and the context-specific ef-

fects of the binding changes remain unclear at the

moment and require further investigation.

In summary, we here provide a genome-wide analysis of

DNMs in nsCL/P that includes variation in the non-coding

genome. While our study illustrates the challenges associ-

ated with our understanding of non-coding variation, we

also provide evidence for causal DNMs at nsCL/P GWAS

loci and suggest that common and rare variants in the

muscle developmental pathway might be involved in

nsCL/P etiology.

Data and code availability

Original data concerning thepresent genetic and functional analyses

canbe accessed as follows:WGSdata for nsCL/P andNCRcohorts are

available at dbGaP phs001168.v1.p1 and phs001228.v1.p1, respec-

tively. Chromatin state segmentation data for craniofacial tissue

(CT) are available at Gene Expression Omnibus (GEO), under acces-

sion number GSE97752. Chromatin state segmentation data for
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hNCC and cNCC are available at Zenodo (https://doi.org/10.5281/

zenodo.3911187). CNEs are available on GitHub (https://github.

com/pjshort/DDDNonCoding2017/tree/master/data). Original data

of TADs are available at GEO under accession number GSE35156.

Original data for single-cell expression from whole mouse embryos

are available under https://oncoscape.v3.sttrcancer.org/atlas.gs.

washington.edu.mouse.rna/downloads (Processed/Sampled/Split

Data; gene_count_cleaned.RDS). Single-cell expression data for the

lambdoidal junction are available at GEO under accession number

GSM3867275. The accession number for the code of the modified

versionofdenovoLOBGOBreported inthispaper ispubliclyavailable

at Zenodo (https://doi.org/10.5281/zenodo.5601707).
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