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Integrative approaches generate insights
into the architecture of non-syndromic cleft lip
with or without cleft palate
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Summary

Non-syndromic cleft lip with or without cleft palate (nsCL/P) is a common congenital facial malformation with a multifactorial etiology.
Genome-wide association studies (GWASs) have identified multiple genetic risk loci. However, functional interpretation of these loci is
hampered by the underrepresentation in public resources of systematic functional maps representative of human embryonic facial
development. To generate novel insights into the etiology of nsCL/P, we leveraged published GWAS data on nsCL/P as well as available
chromatin modification and expression data on mid-facial development. Our analyses identified five novel risk loci, prioritized candi-
date target genes within associated regions, and highlighted distinct pathways. Furthermore, the results suggest the presence of distinct
regulatory effects of nsCL/P risk variants throughout mid-facial development and shed light on its regulatory architecture. Our inte-

grated data provide a platform to advance hypothesis-driven molecular investigations of nsCL/P and other human facial defects.

Introduction

Current research into the etiology of common disorders is
focused on the identification of genetic susceptibility fac-
tors and the manner in which these risk variants interfere
with biological function. Over the past decade, genome-
wide association studies (GWASs) of common disorders
have identified numerous risk loci. However, success in
the translation of statistical associations from GWASs
into functional mechanisms is only a very recent achieve-
ment.'® A major driver of these advances has been the
availability of large-scale genetic data and the systematic
integration of genetic, transcriptional, epigenetic, and
other -omics datasets from disease-relevant cell types and
tissues.”

Facial disorders rank among the most common birth de-
fects worldwide and represent a substantial burden for
affected individuals, their families, and healthcare sys-
tems.®’ The most frequent facial disorder is non-syn-
dromic cleft lip with or without cleft palate (nsCL/P).
This condition has a global incidence of ~1 in 1,000 live
births” and is characterized by a multifactorial etiology
that includes an overall genetic contribution of around

90%.” ' On an epidemiological level, nsCL/P is associated
with an increased risk for adverse health outcomes.'? How-
ever, this observation remains largely unexplained at both
the clinical and molecular levels. To date, GWASs and
other systematic approaches have identified at least
40 nsCL/P risk loci,'*** which explain up to 30% of the
estimated heritability in Furopean populations.”! Despite
these successes, functional dissection of the associated re-
gions has been limited to only a few loci.?’ % This is
mainly attributable to the systematic underrepresentation
of embryonic facial data in public resources such as
ENCODE,** Roadmap Epigenome,”* and GTEx.”” To over-
come this limitation, researchers have recently profiled
multiple chromatin modifications in cell types and tissues
of relevance to individual time points of mid-facial devel-
opment, a process that is largely completed by week 10
of gestation (Figure 1A). These cell types and tissues
include early human neural crest cells (hNCCs),*” line-
age-specified human cranial NCCs (cNCCs),*® and embry-
onic mid-facial tissue samples encompassing the time
period 4.5-10 weeks post-conception (craniofacial tissue
[CT]; days 32-56 of gestation).>” Previous studies have
demonstrated a significant enrichment of nsCL/P-GWAS
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Human facial development and results of meta-analysis in clefting (MAIC)

(A) Schematic representation. The first phase of facial development (blue shading) is characterized by a substantial contribution of neural
crest cells (NCCs): In early embryogenesis, NCCs arise in the ectoderm, undergo epithelial-to-mesenchymal transition, and begin to
migrate from the dorsal neural tube. An NCC fraction (i.e., cranial NCCs) contribute to the pre-swellings of the face and populate
the future frontonasal prominence as well as the first (purple) and second (green) pharyngeal arches.*® Subsequently, NCC-derived cells
fuse to form those human facial structures that are finalized by the 10'® week of embryogenesis.

(B) MAIC quantile-quantile plot. Observed statistical associations for non-syndromic cleft lip with/without cleft palate (nsCL/P) are
plotted against the association statistics expected under the null hypothesis of no association. The contribution of different ethnicities
in MAIC is shown using a pie chart.

(C) MAiC Manhattan plot. MAiC —log;o(p) association results are plotted along their chromosomal distribution. Blue and red lines indi-
cate suggestive (p < 10~°) and genome-wide (p < 5 x 10~®) significance, respectively. The lowest p value was observed for rs55658222 (p
=8.69 x 1075%), located at 8q24.?” Novel risk loci are highlighted in green (lead variant plus variants in linkage disequilibrium [LD] [r* >
0.6]). Gene names in subscript discriminate novel risk loci in situations where the respective chromosomal band is already listed among

the 40 risk loci.

variants in active chromatin regions from both hNCCs and
CT.21*? To date, however, the fact that these datasets have
been generated from differing sources has precluded the
integrative analyses required for a comprehensive assess-
ment of variant function at different time points of mid-
facial development.

To generate novel insights into the etiology of nsCL/P,
the present study leveraged both existing GWAS data on
nsCL/P and epigenetic data on mid-facial development.
The specific aims of the study were threefold (Figure S1).
First, we generated one of the largest genome-wide genetic
datasets for nsCL/P to date by combining three GWASs,
which collectively encompassed European, Asian, and

Latin American ethnicities. Using this resource, which we
term MAIC (meta-analysis in clefting), we confirmed the
vast majority of established risk regions and detected five
novel loci (the strategy for identification of novel risk
loci is described in the Supplemental Material and
methods). To shed light on potential etiological overlaps
between nsCL/P and other phenotypes, we then cross-
referenced the lead variants at nsCL/P risk loci with
GWAS data on >3,000 common traits and identified a set
of loci with pleiotropic effects. Second, we compiled a
comprehensive epigenetic map of mid-facial development
through joint analyses of available data from hNCCs,
c¢NCCs, and CT. This resource of chromatin segments
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across mid-facial development serves as a platform for the
interpretation of genetic findings for facial disorders and
traits. Finally, we aimed to generate systematic insights
into nsCL/P biology by combining MAiC and epigenetic
data and then adding additional layers on gene expression
in NCCs and global and local three-dimensional (3D)
genomic interactions (i.e., topologically associated do-
mains [TADs],*” promoter-capture HiC [pCHi-C]*'). This
approach revealed tissue- and time-point-specific regulato-
ry effects at GWAS risk loci, prioritized candidate target
genes, and highlighted distinct pathways. To our knowl-
edge, the present report is the first to describe the system-
atic integration of large-scale summary statistics in nsCL/P
and data on the cis-regulatory landscape across several
stages of human mid-facial development.

Material and methods

GWAS meta-analysis MAIC

Cohort description

The meta-analysis included data from three previously published
individual GWASs on nsCL/P (Bonn case-control GWAS cohort,'®
GENEVA trio cohort,”® POFC GWAS cohort;!” Table S1). We
included all nsCL/P summary statistics that were publicly accessible
until June 2018. Data from the Bonn cohort were available in-
house, while both the GENEVA (dbGaP: phs000094) and POFC
(dbGaP: phs000774) datasets were downloaded from dbGaP upon
approved data access, respectively. Previously conducted meta-ana-
lyses included combinations of two of these studies (Bonn and
GENEVA GWAS cohort in Ludwig et al., 2012'° [genotyped vari-
ants] and 2017?' [imputed variants], GENEVA and POFC in Leslie
etal.?%). In the present study we combined the three GWAS cohorts
to generate the largest nsCL/P meta-analysis to date. In accordance
with previous studies,'”*"*® two meta-analyses were performed: (1)
using all individuals with diverse population backgrounds (to in-
crease statistical power by maximizing sample size; in the following
termed as MAIC), and (2) using the European datasets only
(MAiCgyyo, to reduce genetic heterogeneity based on population
differences). Data quality control (QC) included the detection and
removal of overlapping individuals, confirmation of ethnicity,
and data re-analysis. We call this new dataset MAiC to provide a
clear distinction from the previous individual studies and meta-an-
alyses of sub-cohorts. Further details in cohort description and data
QC can be found in the Supplemental information.

Statistical analyses

Statistical analyses were performed separately for case-control co-
horts and case-parent trios, respectively. Imputed data were taken
as provided by dbGaP (POFC) or generated as previously described
(for Bonn and GENEVA),”' respectively, and best-guess genotypes
were assigned based on a posteriori genotype probabilities of >0.6.
In the case-control cohorts, GWAS was performed using logistic
regression performed with SNPTEST and -method expected, by
incorporating five (Bonn and GENEVA cohorts) and 18 (POFC
cohort) dimensions of the multi-dimensional-scaling coordi-
nates,*? respectively. For the case-parent trios, a transmission
disequilibrium test (TDT) was performed on the best-guess geno-
types.*® After data cleaning procedures (Supplemental informa-
tion), we meta-analyzed the GWAS data of all four sub-cohorts
(Bonn case-control, GENEVA case-parent trios, POFC case-control,
and POFC case-parent trios) using METAL.**

The final MAiC dataset (case-control plus case-parent trios) con-
tained 6,825 individuals (including 3,946 affected; MAiCgyso:
3,568 individuals including 1,517 affected; Table S1). The
maximum genomic inflation factor was 1.051 (GENEVA) and
1.056 (POFC case-control) for MAIC and MAiCgy,,, respectively.
All functional downstream analyses are based on MAiC because
of largely increased statistical power. To estimate the single-nucle-
otide polymorphism (SNP)-based heritability (h?) for nsCL/P on
the liability scale, we generated a European case-control-only data-
set (Bonn, POFC, totaling 532 cases and 2,051 controls; Table S1)
and performed linkage disequilibrium (LD) score regression as im-
plemented in ldsr.*> Sample and population prevalence were set to
0.21 and 0.001, respectively.

Gene-based and pathway analyses

Gene-based analyses in MAiC and MAiCgy,, were performed using
MAGMA*® (v.1.06), implemented in FUMA. The input SNPs of
MAIiC were mapped to 17,911 protein-coding genes based to a dis-
tance of O kb upstream/downstream of the genes, resulting in
threshold of test-wide significance of p = 2.79 x 107° (i.e., 0.05/
17,911). To annotate known and novel nsCL/P risk loci in biolog-
ical context, we investigated common expression patterns of the
GWASAp genes and their molecular functions (gene ontology
[GO] terms, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways) using FUMAs “GENE2FUNC” tool in (1) all GWAStap
genes, and (2) a subset of GWAStap genes expressed in NCCs.
This approach allows us to pinpoint risk loci or genes that are func-
tionally involved in the same pathways or molecular processes
and might be useful for gene prioritization.

Analysis of pleiotropic effects using the GWAS ATLAS

For each of the 45 lead SNPs in MAIC, association signals from
large-scale genetic studies (including p value, effect size, and ef-
fect direction) were retrieved from the GWAS ATLAS.*” At time
of analysis (November 2019), the database comprised 4,756
GWASs on 3,302 unique traits. Notably, the unique traits are split
into 28 domains, of which we combined two (environment, ac-
tivities) into one domain to reduce redundancy. All significant
SNP-trait associations at p < 0.05 were considered, and this num-
ber was corrected for the number of GWASs and loci in the
analysis.

Epigenetic datasets for mid-facial development
Identification of datasets relevant to mid-facial development
Human cell-type- and developmental-stage-specific data for mid-
facial development are underrepresented (or not represented at
all) in large consortia data such as ENCODE.** However, available
data in the Gene Expression Omnibus (GEO) covered mid-facial
development from (1) early stages (hNCCs,*” accessed through
GEO: GSE28874), (2) differentiated human cNCCs*® (accessed
through GEO: GSE70751), and (3) embryonic craniofacial human
tissue of different Carnegie stages (CS) (accessed through GEO:
GSE97752).%° In each of these datasets, analyses of chromatin
modifications were performed using chromatin immunoprecipita-
tion followed by sequencing (chromatin immunoprecipitation
sequencing [ChIP-seq]) or are available as imputed datasets.
Detailed information including antibodies used in these studies
is shown in Table S3 and in the Supplemental information. For
hNCCs and cNCCs, ChIP-seq had been performed for chromatin
modifications H3K27ac, H3K4mel, H3K4me3, and H3K27me3.
In CT, for samples of CS13-CS17, ChIP-seq was performed for
H3K27ac, H3K4mel, H3K4me3, H3K27me3, and H3K36me3
(Table S4), and data for H3K9me3 were imputed. For CS20 and
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10 wpc, H3K27ac3 ChlP-seq data were experimentally derived; all
other marks were imputed (Table S3).

Data processing

For hNCCs and cNCCs, raw data were available in fastq format. A
description of data QC is given in Rada-Iglesias et al.*” and Prescott
et al.,*® respectively. ChIP-seq data from craniofacial data in Wil-
derman et al.>* comprise processed formats, including imputed
signals, peaks, and segmentation data. In order to ensure compara-
bility among the three data sources, computational processing of
ChIP-seq data as published in Wilderman et al.>’ (QC, alignment,
peak calling, epigenetic imputation, chromatin segmentation) was
adopted to the hNCC/cNCC bioinformatics pipeline, as described
in the Supplemental information and Table S5.

Chromatin imputation and segmentation

To obtain uniform datasets, chromatin imputation followed by
chromatin state segmentation was performed. First, H3K9me3
and H3K36me3 marks in hNCCs/cNCCs were imputed using
ChromImpute (v.1.0.1),*® based on 127 cell types from the Road-
map Epigenome Project.**

Imputed hNCC/cNCC signal files for each individual chromo-
some and each chromatin mark were binarized, and segmentation
was performed using the core+K27ac 18-state chromatin model
provided by Roadmap with ChromHMM* to predict 18 chromatin
states. Because of the low number of chromatin marks measured in
the NCC samples, epigenetic imputation issues, and the higher risk
of batch effect between hNCCs, ¢cNCCs, and CT, we adopted a
robust strategy and condensed the 18 generated states into eight
states, based on Roadmap definition: three active states (transcrip-
tion starting sites [TSS], transcribed sites, and enhancers [Enh]),
one bivalent state (Poised Enh/bivalent TSS), three repressed states
(Heterochromatin, Repressed PolyComb sites, Zinc finger genes/Re-
peats), and one quiescent state (Quies). Potential batch effects were
analyzed using principal-component analysis (PCA) and hierarchi-
cal clustering of Pearson correlation coefficients.

Other datasets

To identify genome-wide regulatory genomic units, we used TADs
from human embryonic stem cells (hESCs) (H1 cell line) as pro-
vided by the Ren Lab.’” Protein-coding genes were extracted
from UCSC genome browser (hg19) and were mapped to TADs us-
ing positional information. TADs containing an nsCL/P risk locus
were defined as GWASt,p region. Based on previous evidence for
complex regulatory interactions within one TAD, we considered
all genes from the GWAStap region as potential candidate genes
for downstream effects of the associated variants in the 1* > 0.6
region. Expression data from NCCs (two replicates of dayl11hNCC
[GEO: GSE121428] and three replicates of passage2ZhNCC [GEO:
GSE108521]) were retrieved from Laugsch et al. (GEO:
GSE108522).°° For the comparison of genes in TADs of nsCL/P
risk loci and genes expressed in NCCs, we used the average RNA-
seq Fragments Per Kilobase Million (FPKM) across five samples.
To identify functional links between different regulatory features
(e.g., DNA-DNA interactions of enhancers and TSS) at specific
risk loci, we accessed pCHi-C cis-interaction data collected in
hESCs (GEO: GSE86821).*'

Translation of genetic associations into tissue- and time-
point-specific regulatory effects at a systematic level
Enrichment analyses using GREGOR

Based on chromatin segments obtained from hNCCs, cNCCs, and
CT, we used GREGOR (Genomic Regulatory Elements and GWAS
Overlap Algorithm)®' to evaluate the enrichment of significant

SNPs from the MAIC data in the available regulatory features
(i.e., eight predicted chromatin states). As described in the Supple-
mental information, a set of samples from the Roadmap Epige-
nomics project (comprising both fetal and adult tissue samples)
was selected as an independent dataset for comparison. As input,
we used MAiIC nsCL/P variants with p < 0.001 without additional
variants in LD (n = 22,999); this threshold was selected to balance
between adequate statistical power and true-positive association
signals.

CT- and NCC-specific active chromatin sites

To examine specific effects in either NCCs or CT, we filtered in the
chromatin segmentation datasets for active chromatin sites (TSS,
Enhancer or transcribed sites) in NCCs that are repressed/quiet
(Quiescent, Biv_TSS_pois_enh, ReprPC, Heterochromatin) in CT
and vice versa. For robust observations, we only trust in a chro-
matin state if it is present in both NCC samples (hNCCs, cNCCs)
or in five of the six CT (CS13, CS14, CS15, CS17, CS20, 10wpc)
samples. To account for biases in length associated with batch ef-
fects, active sites were only retained if they had a distance of
>500 bp to any chromatin segment of opposite activity status
in the other cell system/tissue. In the following, we combined
the specific active chromatin sites with MAiC associations and
TAD data to filter for TADs with high density of strong associated
genetic variants (pyaic < 5 X 107%) in specific active chromatin
sites at new and known nsCL/P GWAS risk loci.

Characterization of nsCL/P risk variants and candidate
gene prioritization in context of epigenetic mid-facial
timeline

For comprehensive insights in regulatory mechanisms at nsCL/P
risk loci, we finally integrated all available genetic and functional
data (MAIC associations, GWAStap- and 2 > 0.6-region bound-
aries, NCC- and CT-specific active chromatin sites, chromatin seg-
mentation tracks, and pCHi-C cis interactions). Based on this
approach, we attempt to prioritize genetic variants with regulatory
effect and potential downstream target genes and to detect rele-
vant regulatory elements specific for the early (hNCC/cNCC) or
later mid-facial development (CT).

Results

MAIC identifies five novel risk loci

The MAIC dataset was generated by combining GWAS data
from three previous studies (Bonn,'® GENEVA,** POFC'),
following the exclusion of overlapping individuals and
extensive QC. The final dataset comprised 1,247 nsCL/P
cases, 2,879 controls, and 2,699 case-parent trios of multi-
ple ethnicities, and ~7.74 million SNPs. The p value distri-
bution was consistent with a multifactorial inheritance
(Figure 1B; lambda = 1.07). A set of 1,375 SNPs achieved
genome-wide significance (p < 5 x 10~%; Figure 1C). Anal-
ysis of established nsCL/P risk loci in MAIC revealed
genome-wide significant SNPs at 25 of the 40 regions.
These 25 regions comprised 22/26 loci that were previously
identified in GWASs based on largely European samples
and 3/14 loci reported in individuals from the Chinese
population.'*?* At all other nsCL/P risk loci (n = 15), nom-
inal significance (p < 0.05) was observed for individual
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variants that were in strong LD (D’ > 0.8) with the respec-
tive lead SNP (Table S2).

Importantly, the MAiC analyses also identified five novel
risk loci (p < 5 x 107%), thus increasing the number of
identified nsCL/P GWAS risk loci to 45. These novel loci
were located at chromosomes 1p36.13 (sentinel variant
1'534746930), Splzpcplo (IS60107710), 5q13-1PIK3R1 (1'5644
9957), 7p21.1 (rs62453366), and 20q13.12 (1s3091552; Ta-
ble 1). Consistent with previous findings on risk variants
for nsCL/P and other complex traits,”” these lead variants
map to non-coding regions that are adjacent to candidate
genes with functions during facial development, such as
CAPZB>?> and NBLI*® (both at 1p36) and EYA2°* (at
20q13; Supplemental text; Figures S2-56). To identify pop-
ulation-specific effects, a sub-analysis was performed in in-
dividuals from Central Europe (MAiCgy;0; N = 562 cases,
2,051 controls, and 955 case-parent trios). No additional
risk loci were identified at the level of genome-wide signif-
icance (Figure S7; Table S2). Using this European case-con-
trol cohort and LD score regression,*> SNP-based heritabil-
ity was estimated as h®> = 28% =+ 0.1%. This confirmed
previous heritability estimates obtained using the Bonn
cohort only.”!

Gene-based analyses suggest nsCL/P candidate genes
outside of GWAS risk loci

Using MAIiC summary statistics and MAGMA,*® gene-
based analyses yielded 1,357 genes with nominal signifi-
cance (p < 0.05; Figure S8A). A total of 25 genes reached
test-wide significance (p < 2.79 x 107°; Table $6). Of these,
23 map to known GWAS risk loci. For some of these 23
genes, functional evidence strongly supports their involve-
ment in nsCL/P (e.g., IRF6,>> TP63°°). This analysis also
suggested novel candidate genes at GWAS risk loci, such
as ARID3B. In mice, the gene Arid3b is expressed in cranial
mesenchyme structures and has been shown to interact
with Mycn, which is encoded by a strong candidate gene
at another nsCL/P risk locus.*”*® Two genes with a signif-
icant burden of common variants mapped outside all
known GWAS risk loci. These genes, BTN3A3 (Dgene =
6.96 x 1077) and BTN3AI (Dgene = 2.44 x 1079
Figure S9A), are both located at chromosome 6p22.2, and
previous research found that BTN3A3 showed differential
expression in the lip tissue of CL/P phenotypic sub-
groups.”” In MAiCg,, the gene-based analysis revealed
11 genes with test-wide significance (Figure S8B; Table
§7), including three novel candidate genes (LIMCHI,
MSX2, and STRA13; Figures S9B-S9D). Overall, 41 genes
yielded p < 10 in one of the two analyses.

We also analyzed a set of 13 previously identified nsCL/P
candidate genes with: (1) a significant enrichment of low-
frequency variants (four genes), ° (2) an autosomal-domi-
nant inheritance pattern in multigenerational families
(four genes),(’1 or (3) an enrichment of rare coding variants
(five genes).®” Of these, 12 genes were present in the anal-
ysis set. Two of these 12 genes approached test-wide signif-
icance: PRTG (p = 8.44 x 10~°) and CTNNDI (p = 2.17 X

1073; Table S8). These observations indicate that in at least
a subset of genes, both common and rare variations,
contribute to nsCL/P.

Genes located in TAD regions of nsCL/P GWAS loci are
enriched in developmental pathways
Accumulating evidence suggests that most regulatory in-
teractions occur within TAD modules.®*°* Therefore,
genes located within TADs represent candidates for the
downstream effects of the associated common risk vari-
ants. To identify molecular processes of relevance to
nsCL/P, for each of the 45 risk loci, GWASrzp regions
were defined, based on the extent of the respective TAD
in hESC data.”” In total, 407 genes were identified within
the respective TADs (GWAStap genes, range 1 to 29 genes
per locus; Table S9). Enrichment analysis using MAGMA
yielded test-wide significant (p,q; < 0.05) results for 287
GO terms (Table S10). The most significant enrichments
were observed for “tissue development” (p,gj = 8.34 X
1077), “epithelium development” (p,q; = 8.82 x 10~°);
and “appendage development” (p.g; = 7.92 X 1078
Figure S10). Together with additional significant terms,
such as “embryo development,” “tube development,”
and “ear development,” these observations suggest the ex-
istence of common pathways for nsCL/P and other pro-
cesses of organogenesis during embryonic development.

We then prioritized genes expressed in NCCs by adding
available RNA sequencing (RNA-seq) data from hNCCs.®®
In total, 240 of the 407 GWASTap genes were expressed in
NCCs, with strong expression being observed for a subset
of 12 genes (>200 fragments per kilobase mapped; Table
S9). Of these, at least two have been previously implicated
in NCC migration processes (CAPZB,>> TPM1°°). These
240 NCC-expressed genes showed a substantial overlap in
significant GO terms compared with the analysis of all
407 GWASTAp genes (233 out of 287 pathways; Figure 2A;
Table S11). Of those 233 pathways, 157 pathways showed
stronger enrichment in the subset of NCC-expressed GWAS-
tap genes, the strongest of which represent cellular pro-
cesses (Figure S10; Table S12). Among pathways that were
exclusive to GWAST,p genes expressed in NCCs (n = 106),
both regulatory processes and metabolic pathways were en-
riched. In contrast, pathways specific to GWASyp genes
that were not expressed in NCCs (n = 54) included “kerati-
nocyte proliferation” and “epidermis development,” a
finding that is consistent with the substantial contribution
of the epithelial lineage to nsCL/P.>°

We next addressed the potential etiological overlap be-
tween nsCL/P and other common phenotypes that might
contribute to the adverse health outcomes observed in
nsCL/P. We retrieved association signals for each of the
45 lead SNPs in MAIC from large-scale genetic studies, us-
ing the GWAS ATLAS.*’ At the time of analysis (November
22, 2019), this resource comprised 4,756 GWASs on 3,302
unique traits. While all of the 45 variants were available in
the atlas, only 19 showed at least one significant SNP-trait
association when corrected for the number of GWASs and
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Table 1. Novel risk loci for nsCL/P identified in MAiC

Locus Lead variant Position® Allele 1/allele 2° p value RR® 95% Cl

1p36.13 1534746930 19,781,724 C/G 419 x 10°® 1.30 1.18-1.43
5p125Gr10 1560107710 44,577,755 A/G 3.50 x 10°® 1.39 1.24-1.57
5q13pik3r1 156449957 67,483,732 T/C 6.59 x 10°? 1.21 1.13-1.29
7p21.1 1562453366 20,747,107 G/T 7.83 x 1077 0.77 0.70-0.84
20q13.12 153091552 45,440,006 C/G 1.31x 1077 1.38 1.22-1.47

nsCL/P, non-syndromic cleft lip with or without cleft palate; MAIC, meta-analysis in clefting; RR, relative risk; Cl, confidence interval. Gene names in subscript
distinguish novel associated regions from independent risk loci at the same chromosomal band.

Position according to hg19.
PRisk allele is underlined.
“RR provided for allele 1.

loci (p < 2.33 x 10~7; overall number: n = 219; Table S13).
These associations reflect 35 collapsed traits across 12 do-
mains, including height, bone mineral density, hair color,
and body mass index (Table S14). Eighteen traits showed
associations with at least two distinct nsCL/P risk loci.
Interestingly, for some traits, the direction of effect differed
between individual loci (e.g., height and bone mineral
density), while for other traits, the direction of effect was
consistent (e.g., hypothyroidism, glomerular filtration
rate, and hair color; Figure 2B).

NsCL/P-associated variants are enriched in multiple
chromatin states of mid-facial development

Recent analyses in human embryonic CT*° demonstrated
both a significant enrichment of lead SNPs from earlier
nsCL/P GWASs in active enhancers and the presence of
mid-facial specific regulatory elements. To extend this
work, we incorporated data from two NCC states in order
to generate a unified mid-facial development resource of
chromatin modifications (Figure S1). We retrieved data on
ChIP-seq from hNCCs®’ and ¢cNCCs** and applied the
data analysis pipeline used by previous authors for compu-
tational analyses of ChIP-seq data from CT.*” We observed
strong inter-sample correlations between chromatin mark
and developmental stage (Figures S11 and S12). The integra-
tion of 127 non-facial samples from Roadmap®* revealed
local clustering of NCCs and CT along a hierarchical axis
comprising hESCs, induced pluripotent stem cells (iPSCs),
and iPSC-derived cells (Figure S13). Here, the most tissue-
specific pattern was observed for H3K27ac (Figure S14).
Similar to a previous finding for CT,** non-facial fetal tissue
samples (such as brain, kidney, and lung) clustered
distinctly from NCCs (Figure S14), thus emphasizing the
limited utility of many public resources for the interpreta-
tion of genetic findings in facial disorders.

Next, we generated robust chromatin segments in NCCs
using ChromHMM.®” Together with segmentation data
from CT and Roadmap, chromatin segments were
condensed to eight categories in order to increase the
robustness of the subsequent analyses (Figure S15; Table
S15). We then analyzed the positional overlap of all vari-
ants with pyaic < 0.001 in the eight chromatin states
across NCCs and CT (SNPg o1 nsciyp 1 = 22,999), and

compared this to a matched set of non-associated SNPs
(SNPcontrol nscL/p P > 0.1). The results showed that 23%
of the nsCL/P variants (SNPg 001_nscr/p) mapped to active
chromatin states, while 14% mapped to either bivalent
or repressed chromatin states (Figure 3A). This enrichment
was significantly higher compared to the control SNPs,
where 16% and 11% of variants mapped to active, or to
bivalent/repressed, chromatin states, respectively (p <
10716, Fisher’s exact test).

To delineate associations of specific chromatin states
along the time series, enrichment was tested using GRE-
GOR.”! For each of the two SNP sets, every hNCC/cNCC/
CT sample was tested, together with 11 randomly selected
Roadmap samples (both fetal and adult). A significant
enrichment for SNPg o1 nscr/p Was observed in most of
the samples/chromatin states (Figure 3B; Table S16), as
compared to SNPcontrol nscryp (Figure S16; Table S17).
While the fold enrichment (FE) was similar for NCCs and
CT in six of the eight chromatin states (such as those
related to active transcription; Figures 4A-4D;
Figure S17), considerable differences in enrichment be-
tween NCC and CT samples were observed in chromatin
states “active enhancers” and “poised enhancers/bivalent
TSS.” In both states, NCCs displayed a stronger enrichment
than CT samples. For enhancers, the mean FE (FEyfean) in
NCCs was 1.64 (Pyjean = 4.36 X 1078, average of pgrecor),
compared with FEygean = 1.43 in CT (Pygean = 8.09 X 10722
). For “poised enhancers/bivalent TSS,” the corresponding
values were FEyean = 1.65, Prean = 3.39 X 1072° in NCCs,
compared with FEnfean = 1.39, Prean = 4.74 X 107%in CT.
These results may have been driven in part by the hetero-
geneous composition of the CT samples. However, the spe-
cific enrichment pattern observed in two out of eight chro-
matin states suggests a distinct biological underpinning.
Overall, these data confirmed previous findings of an over-
representation of nsCL/P lead variants in enhancer
marks”* and extended this enrichment toward addi-
tional common variants and annotations.

A subset of nsCL/P-associated SNPs show distinct
regulatory effects

To extend the investigation of the contribution of regions
with differing regulatory profiles in NCCs and CT, we
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Figure 2. Systematic assessment of 45 risk loci for nsCL/P
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(A) Enrichment analyses of biological processes. Enrichment of genes located at risk loci identified by genome-wide association studies
(GWASTAp genes, n =407, gray) and the subset of genes expressed in neural crest cells (n = 240, blue) were calculated using MAGMA. Left
panel: While most of the associated pathways overlapped both datasets, a subset of terms was distinctly enriched in one of the groups.
Right panel: Bars represent the top 10 of each specific enrichment (p,qj < 0.05). Numbers reflect nsCL/P risk genes/total number of genes
in the respective gene ontology (GO) term. For the most strongly associated pathways, gene names are provided in the respective box.
(B) Pleiotropic effects of lead variants. For the lead variant of each of the 45 nsCL/P risk loci, associations with common traits were
retrieved from the GWAS ATLAS. Associations with at least two risk loci were observed for 17 traits from 12 domains (y axis). Bar colors
represent direction of effects. *Including birth weight. *Including multiple mass-related measurements. “Lung function as measured by
Forced expiratory volume (FEV)1 or FEV1/Forced vital capacity (FVC) ratio.

created genome-wide maps of active chromatin sites for
both NCCs and CT. A total of 9,897 regions (encompassing
26.67 Mb) with active chromatin states in NCCs (TSS,
enhancer or transcribed sites) were inactive in CT (quies-
cent, repressed, or bivalent; termed NCC-specific active
sites). Similarly, 6,189 regions (29.37 Mb) were active in
CT but inactive in NCCs (CT-specific active sites). The inte-
gration of MAIC association data revealed 62,084 genetic
variants that map in NCC-specific active sites. Of these,
4,022 had pmaic < 0.05. Similarly, 72,556 variants (4,834
of which had pyaic < 0.05) mapped to CT-specific active

sites. In each of the groups of NCC-specific and CT-specific
active sites, the p value distribution differed significantly
from that expected, with a significant enrichment of asso-
ciation signals being observed at the lower tail of the distri-
bution (Figure 5A).

Filtering for the subset of SNPs with pyic < 5 X 107°
identified 112 SNPs that mapped to either NCC-specific
(51 variants), or CT-specific active regions (61 variants;
Table S18). These were distributed over 39 TADs, which en-
compassed both known nsCL/P risk loci (n = 19; e.g., chro-
mosomes 1p22 [Figure S18] and 2p24.2 [Figure S19]) and
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were calculated using GREGOR.®' Abbreviations:
TSS, transcription starting site; Enh, enhancer;
ReprPC, repressed PolyComb; Tx, transcribed
sites; Het, Heterochromatin; TxFInk, transcribed
sites at gene 5’ and 3’; Pois_TSS_Enh, poised en-
hancers and bivalent TSS; ZNF_Rpts, Zinc finger
genes and repeats; FE, fold enrichment. Abbrevia-
tions of tissues as provided by Roadmap.**

some variants (including 152763934 with
Pmaic = 6.53 x 1077) map to a craniofacial
active element near the CLYBL gene pro-

regions with suggestive evidence for association (n = 20;
e.g., chromosome 4p13 [Figure S20]). Interestingly, at six
loci (e.g., chromosomes 1g32.1 [Figure S21] and 15924.1
[Figure S22]), at least two associated variants in LD were
located in different specific elements (Table S19). This rep-
resents a significantly higher enrichment than expected
and suggests that individual variants of risk haplotypes
might affect the regulatory architecture at different stages
of craniofacial development (Figure 5B).

Finally, we assessed how novel hypotheses on nsCL/P
pathogenesis can be generated from the systematic integra-
tion of data concerning: (1) statistical associations (MAiC),
(2) chromatin modifications over time (mid-facial time-se-
ries), and (3) pCHi-C cis-interactions.”’ Examples from
two loci are described here. First, at 5q13piksr1, the lead
variant (156449957, pyaic = 6.59 X 107'°) is located within
an active region upstream of PIK3R1. This region shows ev-
idence of being transcribed but lacks any RefSeq annota-
tion, which might point toward a transcribed enhancer or
an as-yet-undetected transcript. PCHi-C data indicate cis in-
teractions with PIK3R1 and MAST4, both of which are ex-
pressed in hNCCs. In addition, another variant in strong
LD (15921792, pyaic = 1.17 x 107°) maps to a putative
enhancer that is detected in both NCCs and CT
(Figure 5C). As a second example, at 13932.2 (lead variant
152763950, pmaic = 3.03 x 107°, intronic in CLYBL), inter-
actions were observed between the region around the lead
variant and the genes ZIC2, ZIC5, and GGACT. While

30 moter, additional variants (including
rs4525350 with pyaic = 6.39 X 107 map
to several more distantly located NCC-spe-

cific enhancers. Based on pCHi-C data, our data indicate
that in NCCs, risk variants might affect ZIC2 and ZIC5
expression. This hypothesis is further supported by the
finding of active transcription sites in NCCs and a bivalent
state in embryonic and adult tissues. A plausible hypothesis
is that, at later time points of development, additional var-
iants mapping to other enhancer elements act on GGACT,
as suggested by the presence of transcribed sites in CT.
Notably, the transcript region of CLYBL itself has limited ev-
idence for active transcription across all analyzed stages of
mid-facial development, despite the presence of some active
marks in the promoter region (Figure 5D).

At other loci, our data provide evidence for the presence
of tissue-specific gene isoforms (e.g., 4pl3-locus;
Figure S20), or a second, novel candidate gene at previ-
ously reported loci. For example, at chromosome 1p22,
our data suggest that the previously identified gene ARH-
GAP29°° is a target gene with CT-specific expression and
highlight ABCD3 as novel candidate gene (Figure S18).
The data also suggest complex promoter-promoter interac-
tions involving all genes at this locus (ARHGAP29, ABCD3,
and ABCA4). Interestingly, the MAIC top-associated
variant at 1p22 (1535298667, pyaic = 6.86 x 107 ') has
putative enhancer function and maps to the “E2”
element, whose functional role in nsCL/P was confirmed
in previous research.* At another locus (1q32.1), we found
that SERTAD4 is a CT-specific target gene, while the
established causal gene IRF6 was marked as bivalent, which
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Bicpe : . : : - some initial evidence that methyl-
s 110 e 12 10 100 105 1o o115 120 125 ation patterns show population-spe-

cific components,®”’? few studies to
date have performed systematic ana-
is consistent with its established activity in epithelial tis- lyses of how maps of chromatin accessibility (in particular
sue®>®® (Figure S21). Taken together, these results will in mid-facial development) vary across populations. Future
inform future functional studies into nsCL/P and under- studies are required to determine whether population-spe-
score the importance of the thorough genomic annotation cific risk variants from non-European populations show
of relevant cells and tissues. differing enrichment patterns from those observed in the
present study and to identify additional pleiotropic effects
that are present at other risk haplotypes in other popula-
Discussion tions. Importantly, to address these issues, future meta-anal-
ysis should also include recent GWAS data (e.g., from Sub-
Here, we report on a data-driven approach that generated Saharan Africans’' and Colombians’?). In addition, our an-
novel insights into the etiology of nsCL/P. At the genetic alyses were performed for nsCL/P as the central trait. Previ-
level, we identified five novel risk loci via the large-scale ous studies have generated evidence of an (albeit incom-
meta-analysis of common genetic variation. This large plete) etiological overlap between the various nsCL/P
genome-wide resource empowered systematic analyses at  subtypes (e.g., cleft lip, and cleft lip with cleft palate) and
the gene and pathway levels and implicated novel molec-  the genetic heterogeneity of other types of orofacial clefting
ular players in nsCL/P. Our analysis of pleiotropic effects (e.g., cleft palate only).”"**”*’* Application of our integra-
on other common traits revealed a substantial positional tive approach to the investigation of cleft subtypes will facil-
overlap with traits such as height and bone mineral den- itate understanding of their individual etiologies, an issue
sity. At some loci, associated variants showed opposite di- that was beyond the scope of the present study.
rections of effect, which indicates their contribution to One major feature of our approach was that it combined
distinct pathways. We have provided examples of how previous individual data into one joint map of epigenetic
this resource is useful in terms of translating statistical as- chromatin segments of NCCs and CT. This will be highly
sociations into biological insights and illustrated its poten-  useful in terms of the future interpretation of associations
tial for further analyses of facial disorders and traits. in facial disorders/traits. However, due to limited availabil-
While our results are based on a multiethnic cohort, this ity of datasets from other cell types, such as human embry-
still comprises a substantial contribution from the European  onic epithelium, this map does not comprehensively cap-
population. Still, we captured associations at all loci that ture all biological contributors to human craniofacial
had been previously reported in distant ethnicities, such development. Furthermore, our joint analysis of the
as the Chinese population.’® Although these observations different CT stages may have overlooked some effects
suggest that nsCL/P might show less locus heterogeneity = within single stages of CT. Nonetheless, the data obtained
than is the case for other common diseases, allelic heteroge-  at individual loci add to increasing evidence that for nsCL/
neity is likely to contribute in part to the lack of replication P development, risk loci have a complex regulatory

Human Genetics and Genomics Advances 2, 100038, July 8, 2021 9



>

! B

r569908‘93, 8q24

variants
3 8 8 3

8

w
3
1
T

Proporliqn of MAIC

151883332, 1q32.1¢ |-
157841974, 8q24 1000

N
o
1

n—|25 782 {n=7.380

1535298667, 1p22
52064163, 1032.1
54844498, 1932.1
1611994831, 8034 100
1576089065, 1332.1¢ (484727, 1p22
10 rs61820640, 132. 1- coe o ag1931 1) [
SN \vss70925 1p22' 10
\ 152297636, 1p22
54812450, 20p
1
‘0

Observed (-logyg p-value)

Number of TADs

T T T T T & Q
1 2 3 4 5 & &

Expected (-logyo p-value)

&
,,;,Q
@*NU

Figure 5. Interpretation of MAIC associ-
ation results

(A) Quantile-quantile plot of specific
active sites. pyaic values (as —logio) of
SNPs located in NCC-specific (n =
62,084; blue) or CT-specific (n = 72,556;
i : pink) active sites are plotted against ex-
— 3 pected p values. In both datasets, a signifi-
I w22 cant enrichment of associated risk variants

active sites. Variants located within NCC-

4 y and CT-specific regions were retrieved at
@"’ different pymaic cutoffs and aggregated per
topologically associated domain (TAD,

= "2 was observed
(B) Distribution of risk variants in specific
&

o MAIC variants

NCC specific active sites CT specific active sites Both NCC and CT specific active sites numbers in lower panel). TADs were classi-

Cc

y |
FLOGIOPMAIC | gq13, .0

fied according to whether the variants map
ST uniquely to NCC-active elements (blue),

156449957 P,y.=6.59x107 b

7.3 [chr5:66,141,156-67,606,847

0
hESC TADs BRR333333333333333353535
NCC spec.actsites | | 1
CT spec. act. sites [ B

hESC Il B |1 10wy | inomn | [RAER N LRI N |

hNCC I

oNCC |
cs13

cst4 | | |

cs15 |

]
csi7 u
€S20
1owpe | BT | |
HRT.VNT I III 1
BLOOD | I -II\IIII\ [}
GLESO | IWI, [ T H‘ 1 1
SKIN | [ I |
» MASTdH U?O‘v}%l RNase_MRPI r_5481 BC042046H
MAST4
S SAREERAAGN S X
e i
Genes hm“[' 5> t HII(}III

vrom |
MASTA L - bt

|\
i. Ld

hESC pCHi-C —

PIRAY
= .

OWpe.
uatdlAL oo ] i s A R ARG I-Jdl““l'ﬂ M

B3333ERREII33RE00330000IRR0000R00RII0RI0RII000I 320023 RID]

CT-specific elements (pink), or both (pur-
ple). The distribution largely followed the
expected logarithmic distribution. Howev-
er, for a substantial number of loci, different
associated SNPs (at p < 5 x 10~°) mapped
to both NCC- and CT-specific sites within
one TAD.
(C and D) Regulatory architecture at
selected loci. Based on the extent of the
TAD around the respective lead variant
and variants in LD > 0.6 (shown in gray
framed box), different layers of data were
1 :
F"“‘R'wl aggregated and are represented for risk
fikar1 loci 5q13piksr: (C) and 13932.3 (D). Tracks
include (top-down): MAIC p values with
color code based on LD to respective top
variants; extent of NCC-specific (blue)
and CT-specific (pink) sites; chromatin seg-
mentation data from hNCCs, cNCCs, CT

D

[-LOG10(P)] MAIC
53 |

159554620, Pyusc=6.53%107 - 4
159557319, Pyyuc=1.88x10 13¢g32.3

D': 0.20; r%: 0.004 to rs9554620

| D:0.12;r% 0.005 tors9554620
v

o M Il il
\

‘ 51334586, Pyunc=5.15x10+
I

hESC TADs

e itk

(color code as in Figure 3), and selected
samples from Roadmap; RefSeq gene posi-
chr13:100,054,230-101,344,083 tions; and promoter capture (pC) Hi-C cis-

T interactions collected in hESCs.

il
'"h”l\ it Ll
hESC-TAD2326 |

NCC spec.act sites
CT spec. st sies LEELILEE. B MBELEN LY ARHGAP29”%77 and IRF6>°), or exper-
hesc | [Tl (W WL U Wi WSS | 0 NS (00 NNEN W UNESIEE W] WP VUR 1N . . 78
e - gm0 )W m 1 ym imental evidence (e.g., PAX7').
A (IR | R ‘B While we here focused on an in sii
=R TR B RN B ot the retlee
ggg AN 1 omm S ! i |- approach, we hope that the results
1owpe - I | | 1 | M will empower further experimental
“aoos |1 e | 0" | 1 10 R el 1 | — ioati £ ific ri i
eco | e o ikl W 0wl PO (' mma idn investigations of specific risk variants
s -t profl 2GS H  PeCAH———t it —+—H ol that were highlighted among the set
AK123584 1 CLYBL i HH paler | PCCA |! ﬁ i i ﬁ% H i i i }{ T™TC4 H . N . ..
N el ] PCCAFTI2 LSt Sl ‘ weetiyy  Of associated variants. Using the joint
[ T e e 1 | GGACT . . . .
Fizos| SaACT e pipeline, we will continue to update
- rre#H o our resource as chromatin  marks
hESCPCIE e — become available from additional hu-
3 = I — = man tissues and/or cell systems of
relevance to mid-facial development.

architecture, and several genes at single loci might be of
relevance across the different time points of craniofacial
development. Notably, several of the genes prioritized by
our systematic approach have obtained independent sup-
port by other studies, for instance clefting syndromes
(e.g., TP63, EEC syndrome’”), resequencing studies (e.g.,

In addition, the map will be refined

through the use of single-cell technol-
ogies in order to resolve the issue of tissue heterogeneity
encountered in the present study. Finally, the integration
of other layers of genetic information, such as rare variants
identified by whole-exome or -genome sequencing in cleft
cohorts, will further increase our understanding of the eti-
ology of craniofacial development and disease.”"””
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Supplemental Material and Methods

Cohort Description

The meta-analysis included data from three previously published individual GWAS on nsCL/P (Bonn
case-control GWAS cohort!, GENEVA trio cohort?, POFC GWAS cohort?, Table S1). We included all
nsCL/P summary statistics that were publicly accessible until June 2018. In the present study we
combined the three GWAS cohorts to generate the largest nsCL/P meta-analysis to date. In accordance
with previous studies*®, two meta-analyses were performed: (1) using all individuals with diverse
population backgrounds (MAIC, for Meta-Analysis in Clefting) and (2) using the European data sets
only (MAICg,,). Data quality control (QC) included the detection and removal of overlapping

individuals, confirmation of ethnicity, and data re-analysis as described in the following:

Data QC on the individual Bonn and GENEVA cohorts was done as previously described**. For the POFC
GWAS cohort, imputed genotypes were retrieved from dbGaP. Briefly, this data comprised genotypes
for 557,677 single nucleotide polymorphisms (SNPs) in 11,855 individuals of diverse ethnicities
(Ethiopia, Nigeria, China, India, Philippines, Denmark, Hungary, Spain, Turkey, Argentina, Colombia,
Guatemala, Puerto Rico, United States), representing 3,981 families. Based on these genotype data, a
dataset was constructed that had maximal overlap to the original published POFC GWAS?® while
excluding individuals that have already been analysed previously as part of the GENEVA cohort. First
we generated a combined POFC-GENEVA dataset and used KING’ on a set of 115,380 genotyped
variants, to estimate relatedness between individuals. Relationship was defined based on a KING
kinship coefficient 20.0884 (representing 2" degree relationship), and affected individuals or families
were removed from the POFC cohort. In the remaining POFC individuals, we then aimed at maximizing
the number of case-parent trios, resulting in 1,328 complete trios (1,319 had been included in Leslie
et al. 20163; nine additional nsCL/P trios were identified based on inference of family structure). This
data set formed the final POFCy, cohort. From the remaining families (where no case-parent trio had

been drawn from), independent individuals were selected to construct the POFC ase-control CODOTt.



Individuals were designated “cases” if affected with nsCL/P, based on the phenotypic data provided.
In situations when multiple individuals within one family were affected, the individual with the lowest
number of missing genotypes was included. This resulted in 848 cases. For the control set, data from
1,568 families without any affected individual were available. From these families, the individual with
lowest number of missing genotypes was selected as control and included in the POFC ase-control COhOrt

(n=1,568 controls).

Ethnicity was identified based on the information provided in column “country of origin”, and genotype
data. Individuals were classified into “European” and “Non-European” based on the smallest distance
in mean and standard deviation of the first two principal component analysis (PCA)-Eigenvectors, to
the defined Central European country category ‘Denmark/Hungary/Spain/Turkey’. To exclude
individuals that were identical within studies (or were part of a “superfamily” with other individuals in
the cohorts), the relationship between individuals was calculated with KING based on the shared
variants in the Bonn, GENEVA and POFC cohorts. Again, individuals showing a kinship-coefficient of 2
0.0884 were excluded, this resulted in removal of 90 case-parent trios, one case, and seven controls
from the POFC cohort. Thus, the final MAIC dataset resulted in 848 cases, 1,561 controls and 1,238

case-parent trios after sample QC (Table S1).

Statistical analyses

Statistical analyses were performed separately for case-control cohorts and case-parent trios,
respectively. Notably, the Ludwig et al. (2017) meta-analysis had applied the FBAT-dosage method to
generate genotypes for the trio cohorts, lacking individual relative risk (RR) information. In the present
study, best-guess genotypes were assigned based on a-posteriori genotype probabilities of 20.6. In the
case-control cohorts, GWAS was performed using SNPTEST and -method expected, by incorporating 5-
18 dimensions of the multi-dimensional-scaling coordinates?, respectively. For the case-parent trios a
transmission disequilibrium test (TDT) was performed on the best-guess genotypes’. Given the present
sample sizes, we accounted for the limited power of imputation approaches to correctly predict rare

and low-frequency variants by retaining robust SNPs only (info-score >0.4, minor allele frequency



(MAF) >1 % in controls and non-transmitting parents). Moreover, for the case-parent trios, SNPs had
to be present in 275 % of the families. After data cleaning procedures, we meta-analyzed the GWAS
data of all four sub-cohorts (Bonn case-control, GENEVA case-parent trios, POFC case-control and POFC
case-parent trios) using METAL™. METAL combines p-values across studies while considering directions

of effects and effective sub-cohort size, as indicated by Nesr. Here, Nef is defined as

case/control Ngsr = % and trio Nesp = H;l

ncases mncontrols ntrio ntrio

Post-analysis SNPs that were absent from more than one sub-cohort (Bonn case-control, GENEVA case-
parent trios, POFC case-control and POFC case-parent trios) were removed. Thus, the final MAIC
dataset contained 7,744,527 SNPs in MAIC, and 7,690,843 SNPs in MAiCe.r. To estimate the SNP-based
heritability (h?) for nsCL/P on the liability scale, we generated a European case-control-only dataset
that excluded the case-parent trios (Table S1). Using this data set we performed linkage disequilibrium
(LD) score regression as implemented in Idsr'?, for individuals of European ethnicity. Because LD score
regression requires a homologues data structure, it was not possible to apply Idsr on the whole nsCL/P

dataset with mixed ethnicities and complex cohort structure (case/control and case-parent trios).

Identification of novel nsCL/P risk loci

We defined ‘previously identified risk loci for nsCL/P’ as those having reached genome-wide
significance (P<5x10) in either GWAS, meta-analysis or large-scale systematic study before (n=40,
Table S2). For each of the lead variants (as defined in the respective original study) a window of strong
LD (r?=0.6) was defined. The most distant SNPs at this threshold determined the boundaries for known
genetic risk loci. For those of the previously identified risk loci that reached genome-wide significance
in the MAIC dataset (n=26), the 1000 Genome Phase3 reference panel, Central European backbone,
was used to compute r? in the FUMA (Functional Mapping and Annotation of Genome-Wide
Association Studies) platform, v1.3.2". For the remaining 14 loci, r> = 0.6 boundaries were estimated
using LDproxy provided in LDlink 3.2.0 suite®?, in a mixed (European/East Asian) population. ‘Novel risk

loci’ were defined as those with P<5x10®in the MAIC analyses if located outside of the previously



identified loci. For each of the novel risk loci identified in MAIC, we defined the associated region using

the same parameters (Table S2). For follow-up analyses, recent data from GTEx (v8)** were assessed

using the GTEx browser.

Gene-based and pathway analyses

Gene-based analyses in MAIC and MAICg,, were performed using MAGMA™ (v1.06), implemented in
FUMA. MAGMA’s gene analysis uses a multiple regression approach to properly incorporate LD
between markers and to detect multi-marker effects. We run the gene-based analysis with default
parameters (SNP-wide mean model), using 1000 Genome Phase3 as reference panel and the full
distribution of imputed input SNPs of MAIC (N=7,744,527; info-score>0.4; MAF>1%). These were
mapped to 17,911 protein-coding genes based to a distance of Okb upstream/downstream of the

genes, resulting in threshold of test-wide significance of P = 2.79x10°® (i.e., 0.05/17,911).

Epigenetic datasets for mid-facial development

Identification of datasets relevant to mid-facial development

Human cell-type and developmental-stage specific data for mid-facial development s
underrepresented (or not represented at all) in large consortia data such as ENCODE'®. However,
available data in the Gene Expression Omnibus (GEO) covered mid-facial development from (i) early
stages (hNCC", accessed through GSE28874), (ii) differentiated human cNCC® (accessed through
GSE70751), and (iii) embryonic craniofacial human tissue of different CS (accessed through

GSE97752)". Each of the datasets is briefly described in the following section:

(i) Human neural crest cells. For the establishment of hNCCs, an in vitro differentiation model had been
used in which hESC (H9 cell line) were first induced to form neuroectodermal spheres (hNEC) that
subsequently gave rise to migratory cells expressing early NC markers and recapitulating neuronal,

mesenchymal and melanocytic differentiation potential of the neural crest'”?°. Sequential ChIP assays



in hNCCs had been performed from approximately 10’ hNCC cells per experiment*, as described

before?? and included chromatin modifications H3K27ac, H3K4me1, H3K4me3 and H3K27me3.

(ii) Human cranial neural crest cells. Human cNCCs had been differentiated in vitro from iPSCs (H9 cell
line), first forming hNECs which then later attached and gave rise to migratory cNCCs which could be
maintained up to 18 passages®®. In cNCC, ChIPs had been performed using approximately 0.5x107 to
1.0x107 cells per experiment, with the same protocol as described for hNCC. ChIP-Seq had been

performed for chromatin modifications H3K27ac, H3K4mel, H3K4me3 and H3K27me3, as for hNCC.

(iii) Craniofacial tissue from different stages. Human embryonic CT was collected, staged, and provided
by the Joint MRC/Wellcome Trust Human Developmental Biology Resource (HDBR, www.hdbr.org).
Information describing the developmental stage, termination method, collection site, and karyotype
of each embryo and the ChIP protocol is provided in the original study®. Briefly, samples encompassed
CS 13 (4.5 weeks post-conception, wpc, 5 embryos), 14 (5 wpc, 3 embryos), 15 (5.5 wpc, 3 embryos),
17 (6 wpc, 4 embryos) and 20 (8 wpc, one embryo), and one sample of 10 wpc. For samples of CS13-
CS17, ChIP-Seq was performed for chromatin modifications H3K27ac, H3K4me1, H3K4me3, H3K27me3
and H3K36me3 and resulted in a mean of 37.3 million uniquely aligned reads per sample and chromatin
mark (Table S4). Data for H3K9me3 marks were imputed. For CS20 and 10 wpc, H3K27ac3 ChiIP-Seq

data was experimentally derived, all other marks were imputed (Table S3).

ChIP-Seq Data processing

For hNCC and cNCC, raw data were available in fastq format. ChIP-seq data from craniofacial data
Wilderman et al. (2018)* comprise processed formats, including imputed signals, peaks and
segmentation data. In order to ensure comparability between the three data sources, computational
processing of ChlP-seq data as published in Wilderman et al. 2018 (QC, alignment, peak calling,
epigenetic imputation, chromatin segmentation) was adopted to the hNCC/cNCC bioinformatics

pipeline. Scripts have been used as deposited on https://github.com/cotneylab/ChIP-Seq.



Briefly, FastQC (v0.11.7) was used to combine multiple fastq files of one ChIP experiment and perform
QC. Alignment of the single-end reads with length of 36 bp (hNCC) and 36-50 bp (cNCC) to the human
genome (hg19) was performed with Bowtie2 (v2.3.2)?%. Fragment sizes of each library were estimated
using PhantomPeakQualTools (v1.14)**. For hNCC and cNCC, the number of uniquely aligned reads per
sample and chromatin mark is given in Table S5. In the following, analysis of treatment against input
sample was performed to generate p-value based signal tracks and peak files based on estimated

library fragment size using MACS2 (v2.1.1.20160309)".

Chromatin imputation and segmentation.

To obtain uniform data sets, chromatin imputation followed by chromatin state segmentation was
performed. First, H3K9me3 and H3K36me3 marks in both hNCC and cNCC were imputed using
Chromimpute (v1.0.1)*, based on 127 cell types from the Roadmap Epigenome Project?’. Briefly we
used P-value-based signal files for marks H3K27ac, H3K4mel, H3K4me3, H3K27me3, H3K9me3 and
H3K36me3 for 127 tissues and cell types. Conversion from bigWig to bedGraph format was done using
the ENCODE function ‘BigWigToBedGraph’. Both the hNCC and cNCC p-value signals in bedGraph

format as well as the Roadmap reference samples were converted to 25 bp resolution and processed

for model training and generation of imputed signals.

Imputed hNCC and cNCC signal files for each individual chromosome and each chromatin mark were
binarized, and segmentation was performed using the core+K27ac 18-state chromatin model provided
by Roadmap with ChromHMM?® which uses a multivariate Hidden Markov Model that explicitly models
the combinatorial presence or absence of each mark to predict 18 chromatin states. This procedure
can identify tissue-specific regulatory information from initial tissue/cells for which no gene expression
data is available. Because of the low number of chromatin marks measured in the NCC samples,
epigenetic imputation issues and the higher risk of batch effect between hNCC, cNCC and CT, we

adopted a robust strategy and condensed the 18 generated states into eight states.


https://github.com/ENCODE-DCC/kentUtils

Translation of genetic associations into tissue- and time point-specific regulatory effects at a

systematic level

Enrichment analyses using GREGOR

Based on chromatin segments obtained from hNCC, cNCC and CT (see section “Chromatin imputation
and segmentation”), we used the GREGOR software (Genomic Regulatory Elements and Gwas Overlap

algorithm)®

to evaluate the enrichment of significant SNPs from the MAIC data in the available
regulatory features (i.e., eight predicted chromatin states). A set of samples from the Roadmap
Epigenomics project (comprising both fetal and adult tissue samples) was selected as independent
dataset for comparison. These included ESC H1 cell line (ESC.H1), iPS cell line (IPSC.DF.19.11), bone
marrow derived cultured mesenchymal stem cells (STRM.MRW.MSC), primary B cells from peripheral
blood (BLD.CD19.PPC), foreskin fibroblast primary cells skinO1 (SKIN.PEN.FRSK.FIB.01), fetal muscle
trunk (MUS.TRNK.FET), fetal muscle leg (MUS.LEG.FET), fetal stomach (GI.STMC.FET), psoas muscle
(MUS.PSOAS), rectal mucosa donor 29 (GI.RECT.MUC.29), and Hela-S3 cervical carcinoma cell line
(CRVX.HELAS3.CNCR). As input we used MAIC nsCL/P variants with P<0.001 without additional variants
in LD (N=22,999); this threshold was selected to balance between adequate statistical power and true
positive association signals. To test if the observed enrichment is specific for nsCL/P, we configured a

control SNP set comprising an equal number of SNPs with P>0.1 from MAIC data, which were selected

to represent the same MAF distribution as the test input.

Characterization of nsCL/P risk variants and candidate gene priorization in context of epigenetic mid-

facial time line.

For comprehensive insights in regulatory mechanisms at nsCL/P risk loci, we finally integrated all
available genetic and functional data (MAIC associations, GWAStap- and r2>0.6-region boundaries, NCC-
and CT-specific active chromatin sites, chromatin segmentation tracks and pCHi-C cis interactions).

Based on this approach we attempt to prioritize genetic variants with regulatory effect and potential



downstream target genes and to detect relevant regulatory elements specific for the early
(hNCC/cNCC) or later mid-facial development (CT). Chromatin signals that were either only predicted
in individual or few cells/tissues were discarded as artefacts. Risk loci without interpretable chromatin
signals at the associated region (either no chromatin signals or artefacts) and too complex risk loci
(either with many overlapping genes or very broad associated regions that both makes it impossible
to derive clear conclusions on regulatory effects on particular genes) were excluded from this part of

functional interpretation.
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Figure S1 Graphical workflow of the study. 1) Manhattan plot of summary statistics for MAIC in nonsyndromic cleft lip
with/without cleft palate (nsCL/P). Blue and red lines indicate suggestive (at -logio(1x10-5)) and genome-wide (at -logi0(5%10
8)) significance. 2) Available epigenetic datasets for cells and tissue relevant for craniofacial development were processed in
a joint bioinformatic pipeline to generate a comparable map of epigenetic data for the functional analysis of nsCL/P across
mid-facial development. 3) Systematic integration of MAIC association and epigenetic data to analyse the enrichment of
genetic variants, to reveal relevant biological pathways and to study regulatory mechanisms at nsCL/P risk loci. GWA -
Genome-wide association; ChIP-seq - Chromatin immunoprecipitation followed by sequencing; hNCC - human neural crest
cell; cNCC - cranial NCC; CS - Carnegie stage; wpc - weeks post-conceptum; pCHi-C — Promoter capture chromosome capture.
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Figure S2 Regulatory architecture at novel risk locus for nonsyndromic cleft lip with/without cleft palate (nsCL/P) at
1p36.13. A) Regional association plot of chromosomal region 1p36.1 in vicinity of CAPZB, with lead variant rs34746930. Data
from MAIC, plot generated with LocusZoom. B) Zoom into regulatory architecture at 1p36.1. Based on the extent of the
topologically associated domain around rs34746930 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of
data were aggregated. Tracks include (top-down): MAIC association P-values with colour code based on LD to rs34746930;
chromatin segmentation data from early human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of
different Carnegie stages (CS) and 10 weeks post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene
positions; and promotor capture Hi-C cis-interactions collected in hESC (GSE8682133). C) Association structure at 1p36.13,
indicating its independence from the known risk locus 1p36 around PAX7. Further information on the region is provided as
Supplemental Text.
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Figure S3 Regulatory architecture at novel risk locus for nonsyndromic cleft lip with/without cleft palate (nsCL/P) risk locus
at 5p12rer10. A) Regional association plot of chromosomal region 5p12¢sri0 with lead variant rs60107710. Data from MAIC,
plot generated with LocusZoom. B) Zoom into regulatory architecture at 5p12rcri0. Based on the extent of the topologically
associated domain around rs60107710 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were
aggregated. Tracks include (top-down): MAIC association P-values with colour code based on LD to rs60107710; chromatin
segmentation data from early human neural crest cell (hNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie
stages (CS) and 10 weeks post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor
capture Hi-C cis-interactions collected in hESC (GSE8682133). C) Association structure at 5pl2reri0, indicating its
independence from the known risk locus 5p12 previously reported in Chinese individuals. Further information on the region
is provided as Supplemental Text.
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Figure S4 Regulatory architecture at novel risk locus for nonsyndromic cleft lip with/without cleft palate (nsCL/P) risk locus
at 5q13rik3r1. A) Regional association plot of chromosomal region 5q13pi3r: with lead variant rs6449957. Data from MAIC,
plot generated with LocusZoom. B) Zoom into regulatory architecture at 5q13rik3r1. Based on the extent of the topologically
associated domain around rs6449957 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were
aggregated. Tracks include (top-down): MAIC association P-values with colour code based on LD to rs6449957; chromatin
segmentation data from early human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie
stages (CS) and 10 weeks post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor
capture Hi-C cis-interactions collected in hESC (GSE8682133). C) According to JASPAR 2018, rs6449956 (G>T), in high LD with
rs6449957, is predicted to disrupt a binding motif for FEV, a member of the Ets-family of transcription factors. Further
information on the region is provided as Supplemental Text.
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Figure S5 Regulatory architecture at novel risk locus for nonsyndromic cleft lip with/without cleft palate (nsCL/P) risk locus
at 7p21.1. A) Regional association plot of chromosomal region 7p21.1 with lead variant rs62453366. Data from MAIC, plot
generated with LocusZoom. B) Zoom into regulatory architecture at 7p21.1. Based on the extent of the topologically
associated domain around rs62453366 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were
aggregated. Tracks include (top-down): MAIC association P-values with colour code based on LD to rs62453366; chromatin
segmentation data from early human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie
stages (CS) and 10 weeks post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor

capture Hi-C cis-interactions collected in hESC (GSE8682133). Further information on the region is provided as Supplemental
Text.
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Figure S6 Regulatory architecture at novel risk locus for nonsyndromic cleft lip with/without cleft palate (nsCL/P) risk locus
at 20q13.12. A) Regional association plot at chromosomal region 20g13.12, with lead variant rs3091552. Data from MAIC,
plot generated with LocusZoom. B) According to GTEx(v8) data, rs3091552 is an eQTL for EYA2 in artery/aorta tissue, the risk
allele being. C) Zoom into regulatory architecture at 20g13.12. Based on the extent of the topologically associated domain
around rs3091552 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were aggregated. Tracks include
(top-down): MAIC association P-values with colour code based on LD to rs3091552; chromatin segmentation data from early
human neural crest cell (hNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie stages (CS) and 10 weeks
post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor capture Hi-C cis-
interactions collected in hESC (GSE8682133). Further information on the region is provided as Supplemental Text.
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Figure S7 Meta-analysis in clefting (MAIC) performed in the European cohorts. A) In the quantile-quantile-plot, the number
and magnitude of observed associations between single variants and nonsyndromic cleft lip with or without cleft palate
(nsCL/P) is compared to the association statistics expected under the null hypothesis of no association. The lambda value is
1.04. B) In the Manhattan plot, associations of genetic variants across all autosomes and nsCL/P are plotted against the -log10
transformed P-values of MAIC. Level of suggestive significance is highlighted in blue at -log10(1x10), and genome-wide
significance in red at -log10(5x10%). N=716 SNPs at ten nsCL/P risk loci were detected as genome-wide significant, the most
significant locus being the established 8q24 nsCL/P risk locus (Birnbaum et al. 2009). The SNP with the low est P-value in
MAIiCeuro is rs72728734 (chr8:129,933,720, P=3.58x104).
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Figure S8 Gene-based Manhattan plot for the multi-ethnic analysis (A) and the European cohort (B). MAIC summary
statistics for n=7,744,527 (MAIC) / n=7,690,843 (MAiCeuro) SNPs were mapped to 17,921 protein coding genes based to a
distance of Okb upstream/downstream of the genes. Of those, nominally significant gene-based associations (P<0.05) were
obtained for 1,358 (MAIC) and 1,222 (MAiCeuro) genes, respectively. Test-wide significance (indicated by red dashed line) was
defined at P=2.79x10% (Online Methods). Twenty-five (MAIC) and eleven (MAiCeuro) genes, respectively, reached test-wide
significance. Additionally, nine (MAIC) and six (MAiCeuro) genes were significant at suggestive level (2.79x10%<P<107,
highlighted by “*’). Six genes (ABCA4, KIAA1598, PAX7, NTN1, TP63 and THADA; highlighted in green boxes) were identified
with test-wide significance in both analyses. Across both analyses, five genes were identified at test-wide significance
(BTN3A3, BTN3A1; LIMCH1, MSX2 and STRA13; highlighted in black boxes) which do not map to any of the known nsCL/P risk
loci. Data generated in FUMA.
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Figure S9 Regional association plots of genes from gene-based analysis which had not been previously reported. Genes
were detected in gene-based analysis as implemented in FUMA, applied to MAIC and MAiCeuro Summary statistics. Input SNPs
were mapped to 17,911 protein coding genes based to a distance of Okb upstream/downstream. (A) Gene-based analysis in
MAIC revealed two test-wide significant genes BTN3A3 (P=6.96x1077) and BTN3A1 (P=2.44x10%). This region does not map to
any of the known nsCL/P risk loci. (B-D) In MAIiCeuro three test-wide significant genes - LIMCH1 (P=3.31x1038), MSX2
(P=8.80x107) and STRA13 (P=1.99x106) were identified outside of the established risk loci for nsCL/P. Plots were generated
in LocusZoom.
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Figure S10 Gene ontology (GO) analysis of ‘biological processes’ in MAIC data. For each of the 45 nsCL/P risk loci, genes
located within the corresponding topological associating domain (TAD) regions were extracted (GWASTap-genes). This set of
407 genes was cross-referenced with expression data from neural crest cells (NCC; Laugsch et al. (2018) (GSE108522)),
revealing expression of 240 GWASTap genes (GWASTap-genes expressed in NCC). Using the ‘'GENE2FUNC’ application of FUMA
(v1.3.4b), enrichment analysis of both gene sets was performed. A) Number of significant GO-terms (Pagj<0.05) in both
analyses (n=287 and 339, respectively), with their overlap (n=233) indicated. B) Top10 GO biological processes of the
individual analyses for ‘GWAStap’ (gray) and "GWASTap genes expressed in NCC’ (blue). Dashed line indicates the significance
threshold of Pagj=0.05. Within the bars, the numbers of nsCL/P risk loci / genes represented in this pathway are provided. C)
Across both analyses, 233 pathways were shared. Of those, 157 had lower P-values in the subset of "'GWASTab genes expressed
in NCC'. Here, the top10 GO biological processes are shown.
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Figure S11 Chromatin modifications in mid-facial development. Hierarchical clustering of pairwise Pearson correlations of
epigenetic data. ChIP-seq signals of six histone modifications obtained in human neural crest cells (hNCC); cranial NCC
(cNCC, both highlighted in blue); six craniofacial tissue samples (Carnegie stage (CS) 13, CS14, CS15,CS17, CS20, 10 weeks
post-conceptum, all highlighted in red); and three Roadmap samples (embryonal stem cells (ESC) 13, fetal brain, fetal heart,
highlighted in gray).
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Figure S12 Principal component analysis plot of all imputed chromatin mark signals in neural crest cells (NCC), craniofacial
tissue of different Carnegie stages (CS) and selected Roadmap samples. Projection of first vs. second (A), second vs. third
(B) and third vs fourth (C) principal component (PC) as analyses based on genome-wide signal profiles of H3K27ac, H3K27me3,
H3K36me3, H3K4mel, H3K4me3 and H3K9me3 in early human neural crest cells (hNCC), cranial NCC (cNCC), craniofacial
tissue and Roadmap samples of ESC (E001), fetal heart (E083) and fetal brain (E082). Samples are color-coded by chromatin
mark. Percentages of variance explained by each PC are indicated along each axis.



1000~

Mesenchyme
group

@ Adipose
Blood_T_cell
Brain

c¢NCC
Craniofacial
Digestive
hNCC
ENCODE2012
Epithelial
ESC
ES_deriv
Heart
HSC_B_cell
IMRS0

iPSC
Mesench
Muscle
Myosat
Neurosph
Other
Sm_Muscle
Sm._Muscle
S._Muscle

Epithelial

500~

HSC B-cell

PC2 28.1% of variance

Blood T-cell

-500-

o.
8

-500
PC1 30.5% of Variance

Figure S13 Principal component analysis (PCA) plot based on genome-wide H3K27ac signals in early human neural crest
cells (hNCC), cranial NCC (cNCC), craniofacial tissue of different Carnegie stages (CS) all Roadmap samples based on
chromatin mark H3K27ac. PCA projection shows the the first and second component dimensions for genome-wide signal
profiles of H3K27ac in hNCC, cNCC, craniofacial tissue and all 127 Roadmap/ENCODE samples. Samples are grouped and
colour coded as indicated in the legend. Percentages of variance across samples explained by each component are indicated
along each axis.
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Figure S14 Heatmap and hierarchical clustering of pairwise Pearson correlations. (A) H3K27ac, (B) H3K27me3, (C) H3K4mel,
(D) H3K4me3 and (E) H3K9me3 signals. For each chromatin modification, the heatmap was generated based on the
respective genome-wide ChIP-Seq signals measured in early human neural crest cells (NCC), cranial NCC, six craniofacial tissue
samples (Carnegie stage (CS) 13, CS14, CS15, CS17, CS20, 10 weeks post-conceptum) and all 127 Roadmap/ENCODE samples.
Relatedness of epigenomic profiles by sample is indicated by dendrogram along the axes of the heatmap. Red indicates

positive correlation between datasets. The underlying signal comparisons were calculated with deepTools 3.1.3
multiBigwigSummary in bins mode.
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Figure S15 Cumulative percentage of chromatin segments on autosomes in neural crest cells (NCC), craniofacial tissue and
selected Roadmap samples. Based on the 18-state model (A), data was aggregated into eight states to increase robustness
of the analyses (B). For each chromatin state, fractions were calculated in human NCC (hNCC), cranial NCC (cNCC), six
craniofacial tissue samples (Carnegie stage (CS) 13, CS14, CS15, CS17, CS20, 10 weeks post-conceptum) and a selection of
segmentations generated by Roadmap Epigenome (Roadmap Epigenomics Consortium et al., 2015). Color code as presented
in the legends, abbreviation of chromatin states as listed in Main Text.
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Figure S16 Enrichment analysis of a control SNP set in different chromatin states. Based on eight chromatin states retrieved
in two neural crest cell (NCC), six craniofacial tissue (CT) and eleven Roadmap samples, the enrichment of n=22,999 SNPs
(Pmaic>0.1, matched for allele frequency distribution) was calculated using GREGOR (Schmidt et al. 2015). Roadmap samples
(in gray) included three fetal (fetal muscle trunk (MUS.TRNK.FET), fetal muscle leg (MUS.LEG.FET), fetal stomach
(GL.STMC.FET) and eight non-fetal samples (ESC H1 cell line (ESC.H1), iPS cell line (IPSC.DF.19.11), bone marrow derived
cultured mesenchymal stem cells (STRM.MRW.MSC), primary B cells from peripheral blood (BLD.CD19.PPC), foreskin
fibroblast primary cells skin01 (SKIN.PEN.FRSK.FIB.01), psoas muscle (MUS.PSOAS), rectal mucosa donor 29
(GI.LRECT.MUC.29), and hela-S3 cervical carcinoma cell line (CRVX.HELAS3.CNCR)). Enrichment of NCC (blue) and CT (red)
samples is indicated by corresponding chromatin states. Roadmap samples with highest -log10(p) and log2(FE) are annotated
by tissue type and chromatin state. The chromatin state transcription starting site (TSS) includes both active TSS and
upstream/downstream flanking TSS, and the enhancers (Enh) include active and genic enhancers; FE - fold enrichment;
ZNF_Rpts - Zink-finger genes and repeats; Het - heterochromatin; Pois_TSS_Enh - poised enhancers and bivalent TSS. This
Figure complements Figure 3b of the Main Text.
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Figure S17 Association of meta-analysis in clefting (MAIC) data for four chromatin states. Based on eight chromatin states
retrieved in two neural crest cell (NCC, blue), six craniofacial tissue (CT, pink) and eleven Roadmap samples (gray), enrichment
analyses were performed for MAIC risk variants, at Pmaic<0.001 (n=22,999). Individual enrichment results for MAIC risk
variants in four chromatin states. P-values represent difference in enrichment between NCC and CT. A) ZNF genes and
repeats, B) repressed polycomb, C) heterochromatin, and D) quiescent regions. Abbreviations of tissues as provided by
Roadmap. This Figure complements Figures 3c-3f of the Main Text. FE - fold enrichment; ZNF - zinc finger
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Figure S18 Regulatory architecture at nsCL/P risk locus 1p22. Based on the extent of the topologically associated domain
around rs66515264 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were aggregated. Tracks include
(top-down): MAIC association P-values with colour code based on LD to rs66515264; chromatin segmentation data from early
human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie stages (CS) and 10 weeks
post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor capture (pC) Hi-C cis-
interactions collected in hESC (GSE8682133). Black box highlights region of strongest association that contains craniofacial -
tissue specific active sites and 3D connections to the promoter of ABCD3, which is indicated as active.
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Figure S19 Regulatory architecture at 2p24.2. Based on the extent of the topologically associated domain (TAD) around
rs4832655 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were aggregated. Tracks include (top-
down): MAIC association P-values with colour code based on LD to rs4832655; chromatin segmentation data from early
human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie stages (CS) and 10 weeks
post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor capture Hi-C cis-
interactions collected in hESC (GSE8682133). Black box highlights region of strongest association that contains SNPs in strong
LD to rs4832655 which map to an active region across midfacial development (orange, right) and an active site predominantly
in craniofacial tissue (red, left). The presumed enhancer region interacts with diverse genes within the TAD, including MYCN
and DDX1.
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Figure S20 Regulatory architecture at 4p13. Based on the extent of the topologically associated domain (TAD) around
rs67451576 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were aggregated. Tracks include (top-
down): MAIC association P-values with colour code based on LD to rs67451576; chromatin segmentation data from early
human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie stages (CS) and 10 weeks
post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor capture (pC) Hi-C cis-
interactions collected in hESC (GSE8682133). Black box highlights region of strongest association, which maps to a region of
strong craniofacial-tissue specific activity. Chromosomal interactions are indicated to a yet un-characterised genetic region
upstream of the LIMCH promoter. Of note is also the lack of expression for the 3’-part of the LIMCH1 gene in NCC, suggesting
the presence of specific isoforms, whose role will have to be further investigated.
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Figure S21 Complex regulatory architecture at 1g32.1. Based on the extent of the topologically associated domain (TAD)
around rs3753517 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were aggregated. Tracks include
(top-down): MAIC association P-values with colour code based on LD to rs3753517; chromatin segmentation data from early
human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie stages (CS) and 10 weeks
post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor capture Hi-C cis-
interactions collected in hESC (GSE8682133). The region of strongest association maps upstream of the IRF6 promoter,
encompassing a previously identified causal element (Rahimov et al. 2008). Notably, this putative enhancer region is poised
in both NCC and CT, which matches the signals of the /IRF6 coding region (grey box). This is likely due to the established
function of IRF6 in periderm / epithelial lineages, which are underrepresented in NCC and CT.
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Figure S22 Complex regulatory architecture at 15q24.1. Based on the extent of the topologically associated domain (TAD)
around rs8026181 and variants in linkage disequilibrium (LD) r2 > 0.6, different layers of data were aggregated. Tracks include
(top-down): MAIC association P-values with colour code based on LD to rs8026181; chromatin segmentation data from early
human neural crest cell (RNCC), cranial NCC (cNCC), craniofacial tissue (CT) of different Carnegie stages (CS) and 10 weeks
post-conceptum (wpc, colour code as in Figure 3 of main text); RefSeq gene positions; and promotor capture Hi-C cis-
interactions collected in hESC (GSE8682133).



Supplemental Tables:

This document contains Tables S1, S3, S5 and S15. All other Supplemental Tables can be found in the

Spreadsheet.

Table S1 Overview of individual cohorts used in our meta-analysis in clefting (MAIC).

GWAS (PubMed ID) Cohort structure Ethnicity N individuals Nest for MAIC
(case/control, (MAIiCeuro)
in trios)
Bonn (20023658) case/control European 399/1318 1225
GENEVA (20436469) | case-parent trios European 666 2992 (1332)
Asian 795
POFC (27033726) case/control European 163/733 2198 (533)
Asian/Latin | 685/828
American
case-parent trios European 289 2476 (578)
Asian/Latin | 949
American

Three GWAS cohorts comprise four independent sub-cohorts. Abbreviations: N = number after removal of individuals based

on inter-individual relationship, Neff = effective number of individuals, calculated as described in “Statistical analysis”.




Table S3 Antibodies used in ChIP-Seq experiments and information about imputation.

Cell/tissue? | H3K27ac | H3K4mel | H3K4me3 | H3K27me3 | H3K9me3 | H3K36me3 | Reference
Prediction | Enhancer | Enhancer Pro.mo.tor Repressed Heteroj ACtIYe.
activating chromatin | transcription
Rada-Iglesias
hNCC aAb;l729, etal. 2012
cam 39159, 39536, (GSE28874)
Active Active Imputed? Imputed?
39133, Motif Motif Prescott et al.
cNCC Active ab8895, 2015
Motif Abcam (GSE70751)
CT_cs13
CT_Cs14 ab8580, 0;\%9' ab9050, .
CT_CS15 Abcam o Abcam Wilderman et
= TSZ;:’ Millipore | |mputed? al. 2018
CT1_Cs17 (GSE97752)
CT_CS20
Imputed? | Imputed? | Imputed? Imputed?
10wpc

a - Cell/tissue as origin of chromatin immunoprecipitation followed by sequencing (ChIP-seq); hNCC - early human neural
crest cell; cNCC - cranial NCC; CT - craniofacial tissue; CS - Carnegie stage; wpc - weeks post-conceptum. ! - Imputation
performed using ChromIimpute v1.0.1 (Ernst and Kellis, 2015) based on 127 cell types from Roadmap Epigenome Project
(Roadmap Epigenomics Consortium et al. 2015) and the available chromatin marks in hNCC and cNCC in present study. 2 -
Imputation performed using ChromIimpute v1.0.1 (Ernst and Kellis, 2015) based on 127 cell types from Roadmap Epigenome
Project (Roadmap Epigenomics Consortium et al. 2015) and available chromatin marks in CT by Wilderman et al. 2018.




Table S5 Uniquely aligned reads per sample and chromatin mark in neural crest cell samples

Chromatin mark hNCC? cNCC?
H3K27C 19,673,201 | 29,813,573
H3K27me3 15,902,493 | 19,534,085
H3K4mel 17,415,485 | 24,603,013
H3K4me3 18,482,513 | 22,506,230
Input 19,733,798 | 25,999,759
Sum 91,207,490 | 122,456,660
Average 18,241,498 | 24,491,332

a - Number of read in raw data (fastq file) per early human
neural crest cell sample (hNCC) and chromatin mark
downloaded from GEO (GSE28874); Rada-Iglesias et al. 2012. b
- Number of read in raw data (fastq file) per cranial NCC (cNCC)
sample and chromatin mark downloaded from GEO
(GSE70751); Prescott et al. 2015



Table S15 Transfer of 18-state model of ChromHMM to 8-state model.

Original 18 state model

Condensed 8 state model

States® Description Color name RGB code RGB code State?
TssA Active TSS Red 255,0,0 255,0,0 TSS
TssFInk | Flanking TSS Orange Red 255,69,0
TssFIink | Flanking TSS Orange Red 255,69,0

Upstream
TssFink | Flanking TSS Orange Red 255,69,0

Downstream
Tx Strong transcription | Green 0,128,0 0,128,0 Tx
TxWk Weak transcription DarkGreen 0,100,0
EnhG1 | Genic enhancerl GreenYellow 194,225,5 255,255,0 Enh
EnhG2 | Genic enhancer2 GreenYellow 194,225,5
EnhAl | Active Enhancer 1 Orange 255,195,77
EnhA2 | Active Enhancer 2 Orange 255,195,77
EnhWk | Weak Enhancer Yellow 255,255,0
ZNF/Rp | ZNF genes & repeats | Medium 102,205,170 102,205,170 ZNF_Rpts

Aquamarine

Het Heterochromatin PaleTurquoise 138,145,208 138,145,208 Het
TssBiv Bivalent/Poised TSS | IndianRed 205,92,92 233,150,122 TssBiv_Enh
EnhBiv | Bivalent Enhancer DarkKhaki 189,183,107
ReprPC | Repressed PolyComb | Silver 128,128,128 128,128,128 ReprPC
ReprPC | Weak Repressed Gainsboro 192,192,192

PolyComb
Quies Quiescent/Low White 255,255,255 255,255,255 Quies

a - TSS - transcription starting site; Enh - enhancer; ReprPC - repressed PolyComb; Tx - transcribed sites; Het -

Heterochromatin; Pois_TSS_Enh - poised TSS and bivalent enhancers; ZNF_Rpts - Zinc finger genes and repeats.




Supplemental Text - Description of novel risk loci

1) Risk locus 1p36capzs

The 1p36 locus was previously suggested as nsCL/P risk locus without reaching formal statistical
thresholds, in an association study containing a subsample of the present study®’. We here confirm
this association at genome-wide significance. The top associated variant in MAIC is rs34746930,
located within the genic region of the capping protein (actin filament) muscle Z-line, beta gene
(CAPZB). Notably, this locus is independent from another risk locus previously

reported at 1p36, around the PAX7 gene (1p36paxs, leadSNP rs742071)*, as indicated by the location
in two different topologically-associated domains (TAD), and the lack of linkage disequilibrium (LD)
between the two lead variants (Figure S2); CEU: r?=0.0017 / D’=0.12; East Asians: r’=0.0058 / D’=0.18;
South Asians: r?=0.0002 / D’=0.16, assessed using LDpair in LDlink, 1000 genomes phase 3). The TAD
around rs34746930 contains several genes, three of which can be considered strong candidates for an
involvement in nsCL/P:

CAPZB has been shown to be highly expressed in the first pharyngeal arch during human development,
an embryonic structure that hosts cells required for the formation of facial structures®’. A de novo
balanced translocation, disrupting CAPZB, was previously reported in a female individual presenting
with craniofacial defects (e.g., cleft palate, micrognathia, low-set and rotated ears), hypotonia and
developmental delay®. In addition, several deletions of different sizes encompassing CAPZB have been
reported in individuals of the DECIPHER database, all of which presented with some degree of
craniofacial malformation®*. In zebrafish, loss of capzb leads to craniofacial phenotypes, and molecular
data showed cell migration defects in zebrafish larvae, and differential expression of pax3a and pax7a
in zebrafish neural crest cells**. Notably, PAX7 is a candidate gene at the neighbouring 1p36pax7-locus,
suggesting further follow-up-studies including interaction analyses between CAPZB and PAX7.

NBL1 (neuroblastoma, suppression of tumorigenicity 1) encodes a bone morphogenic protein (BMP)
antagonist of the DAN family, the latter is strongly evolutionary conserved. These secreted proteins
are involved as antagonists in the BMP pathway: they bind BMP and, thereby, prevent its interaction
with other receptors. This suggests an important role during growth and development. Recently, a role
for the encoded NBL1-protein in neural crest cell migration was observed: Through in vivo analyses in
the chicken and in silico simulations, it was shown that Nbl1 restrains cell migration through the
regulation of cell speed. Thus, NBL1 is suggested to inhibit uncontrolled neural crest invasion and
promotes collective migration®*.

Finally, the gene HTR6, encoding the Serotonin receptor 6, is located ~220kb away from the sentinel
SNP. No direct evidence for a role of this gene in craniofacial development has yet been reported.
However, it has been suggested that a five-SNP haplotype in HTR6 is associated with the risk of
becoming a smoker*®. Given increasing evidence for smoking being an environmental risk factor for
orofacial clefing®’, this gene might be considered in further analyses of gene-environment analyses
(taking into consideration maternal-fetal interactions). However, epigenetic data across mid-facial
development do not indicate expression of HTR6.

The core associated region (defined as the region containing variants with r>>0.8) extends over 35 kb
and contains 25 common variants. One of these variants, rs6682099 (CEU: r’=0.92 / D’=1.0 to
rs34746930) is highly conserved, has a CADD score >20 and a Regulome-db-Score of 2b. The most
prominent position weight matrix (PWM) altered by the C/T exchange of rs6682099 is a 7bp core motif
for PITX2. Mutations in PITX2 cause Axenfeld-Rieger Syndrome type 1, an autosomal-dominant
disorder affecting primarily facial structures [OMIM 180500]. Patients with Axenfeld-Rieger Syndrome
type 1 present with maxillary hypoplasia, short philtrum and thin upper lip, hypodontia (in particular



maxillary incisors) as well as complex eye phenotypes. In GTEX-data (v8), rs6682099 is an eQTL for
NBL1 (in sun-exposed skin tissue, and stomach), CAPZB (skin and adrenal gland), and PQLC2 (in lung
tissue), together with a set of other SNPs in high LD.

2) Risk locus 5p12¢sr10

The MAIC lead SNP at 5p12, rs60107710, is located about 510 kb away from another previously
reported variant at 5p12, i.e. rs10462065%*. Although both lead variants are located within the same
TAD, there is evidence from haplotype data to be independent from one another, as the lead variants
do not share any LD in the three main investigated populations (i.e., CEU: r*=0.0044 / D’=0.09; East
Asians: r’=0.0017 / D’=0.08; South Asians: r’=0.0024 / D’=0.14, assessed using LDpair in LDlink, 1000
genomes phase 3 data; Figure S3). The 5p12-associated region around rs10462065 (5p12s10462065) iS
located about 320 kb downstream of the FGF10 transcription start site (TSS), while the newly identified
5p12-association region around rs60107710 (5p12ss0107710) Maps about 190 kb upstream of the TSS.
The core associated region of the 5p12 s0107710-r€gion contains ~200 SNPs and extends over 180 kb.
Within that region, the common variant with the lowest Regulome db-Score is rs1482664 (2b),
however, no further annotation is provided in support for this variant being causal (including the
absence of a significant eQTL effect in GTex v8).

Within the TAD around rs60107710, two protein-coding genes are located. FGF10 (fibroblast growth
factor 10) is a signalling growth factor that predominantly acts in mesenchymal and epithelial tissue,
and is required for the development of multiple organs including the craniofacial complex®. FGF10 is
well studied for its role in palatal growth, in particular within the PAX9 palatogenesis pathway*’. When
Fgf10 is conditionally knocked-out in murine neural crest cells, many of the phenotypes observed in
constitutive Fgf10” mice are recapitulated, including the frequent occurrence of cleft palate®.
However, in our epigenetic data FGF10 shows only limited evidence for being actively described in
NCC.

The second gene within this TAD, NNT (nicotinamide nucleotide transhydrogenase), encodes for an
integral protein of the inner mitochondrial membrane. It is ubiquitously expressed. Knocking down
NNT in Hep1l-cells results in impaired homeostasis of cells and reduced cell proliferation®’. So far, no
specific role in craniofacial development or disease has been reported.

3) Risk locus 5g13.1

The association at 5q13.1 is characterized by the lead variant rs6449957, which is located ~28 kb
upstream of the TSS of PIK3R1 (phosphoinositide-3-Kinase regulatory subunit 1, alias: GRB1). However,
the associated region extends into the first coding exons of PIK3R1 (Figure 4c, Figure S4), which is also
the only protein-coding gene located within the TAD.

PIK3R1 has been shown to play an important role in the metabolism of insulin®***. Moreover,
heterozygous mutations in the PIK3R1 gene have been described as causal for SHORT syndrome
[OMIM #269880], clinical symptoms of which include teething delay, short stature, hernia and ocular
depression®. In a recent systems genetics study, PIK3R1 was identified as candidate gene for nsCL/P
based on a re-analysis of a previously published expression dataset that compared dental pulp stem
cells from nsCL/P patients with non-affected control children*®. Moreover, another study employing
systems genetics suggested PIK3R1 as mediator for viral cancerogenesis and interaction with cancer
genes?’, which is noteworthy given some suggestive evidence of orofacial clefting being associated
with an increased risk of different cancer types®.



The association structure at 5q13.1 is described in the Main Text. Briefly, the core associated region
comprises ~30 variants, none of which is an eQTL in GTex v8. However, we observed rs6449957 to be
reported as splice QTL for both PIK3R1 and a long non-coding RNA (LINC02219), respectively, in testis.
The lowest Regulome-db score at 5p13.1 is observed for rs6449956 (score 2b), which is predicted to
disrupt the binding site for transcription factor FEV, a member of the Ets-family of transcription factors
(according to JASPAR2018, Figure S4), however, no role of FEV in craniofacial development has yet
been reported. Interestingly, our integrative data suggests some evidence for MAST4, located in the
adjacent TAD, as second candidate gene at this locus (see Main Text).

4) Risk locus 7p21.1

The 7p21.1 risk region is characterized by its lead SNP rs62453366, which is located intronically within
the ABCB5 gene (Figure S5). The core associated region is very narrow, encompassing 10 kb only. None
of the 20 variants located within the GWASsyp-region is an eQTL in GTEx v8 data, and none of the
variants has CADD>10 or Regulome-score better than 4. Within the TAD, three genes are located —
ABCBS5, SP8 and RPLS23P8, the latter of which is a processed ribosomal protein pseudogene for which
no functional information is available. We therefore here describe the two other genes, which both
can be considered interesting candidate genes for nsCL/P.

ABCB5 (ATP binding cassette subfamily B member 5) represents a member of the ABC transporter
superfamily of integral membrane proteins. ABCB5 is a marker for progenitor cells in both skin and
human melanoma, and plays an important role as regulator of cellular differentiation*®. ABCB5 is also
expressed in specific fractions of limbal stem (LS) cells, lack of which represent a major cause of
blindness*°. LS-cells positive for ABCB5 expression co-express the deltaNp63alpha isoform of p63, but
not the differentiation marker KRT12°. The striking co-expression of ABCB5 and p63 in limbal stem
cells is noteworthy, for the following reasons: (i) p63 is the causal gene for different types of
ectodermal dysplasias (e.g. AEC/EEC-syndrome), (ii) the p63 gene maps to an nsCL/P risk locus itself
(chromosome 3q28), and (ii) p63 has recently been shown to be critically relevant for establishing
enhancer marks at genes relevant in craniofacial development and disease®. Notably, a recent study
identified that p63 is superior to ABCB5 as marker for stem cells, and also associates with LS-cells with
increased pigmentation®?.

SP8 encodes the zinc finger transcription factor SP8. Sp8”-mice show severe defects in limb
development and craniofacial malformations. Specifically, at E14.5, facial prominences of Sp8”" mice
are underdeveloped in both size and structure, which results in severe craniofacial hypoplasia. Later
in development, this is still recapitulated through severe midline defects, exencephaly, cleft palate,
and a loss of neural crest cell. In that study, Sp8 was identified as craniofacial signalling center that
regulates proliferation and apoptosis of NCC, with molecular downstream effects on Fgf8 and Fgf17
expression. Partial rescue of the phenotype in the Sp8” mice was obtained through reduction of Sonic
hedgehog signalling, indicative of role for Sp8 in the Shh-Fgf signalling pathway®*. Recently, a
truncating mutation within SP8 was identified in a patient with nsCL/P (p.S261X) in a resequencing
study®, which is highly interesting as no SP8 loss-of-function variant is currently reported in gnomAD
database.

5) Risk locus 20g13.12

The 20q13.12 risk locus is characterized by its lead SNP rs3091552, which is located upstream of the
gene eyes absent homologue 2 (EYA2). EYA2 is also the only protein-coding gene located in this single-
gene TAD (Figure S6). The core-associated region encompasses rs3091552 and two additional variants



in strong LD (rs12481092: D’ = 1.0 / r* = 0.88; rs6066089: D’ = 1.0 / r* = 0.83). In GTEx (v8), all three
SNPs represent eQTLs for EYA2 in artery/aorta and additional tissues, with the risk alleles being
associated with decreased EYA2 expression. The strongest eQTL effect at this locus is demonstrated
for rs8125695 (D’ = 1.0 / r* = 0.79 to rs3091552, with P=8.6x10", effect size 0.48 in GTExv8).

The gene EYA2 encodes for a transcription factor with profound role in a variety of cellular and
developmental processes, including cardiac®® and muscle®’ development. Members of the EYA-family
(including EYA2) are centrally involved in embryonic organogenesis through the promotion of
proliferation and/or survival of progenitor-cell populations®®, and loss of function mutations have been
shown to cause branchio-oto-renal (BOR) syndrome® which, among others, is characterized by
malformations of anatomical structures derived from the human branchial arches (e.g., ears, OMIM:
#113650). In mice it was shown that during eye morphogenesis, retinoic acid targets the neural crest-
cell-derived mesenchyme in which Eya2-related apoptosis has been observed®. EYA-proteins largely
functions through formation of a protein-complex together with SIX1 and DACH®®, and the important
role for this transcription complex has been shown through both functional assays®® and structural
modelling®®, respectively. Notably, disruption of this process contributes to epithelial-mesenchymal-
transition, and metastasis®’. Recently, it was also shown in mice that disrupting Eya2 phosphatase
activity through chemical inhibits Eya2-mediated cell migration®?.
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