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Abstract

Genome‐wide association studies (GWAS) have generated unprecedented insights

into the genetic etiology of orofacial clefting (OFC). The moderate effect sizes of

associated noncoding risk variants and limited access to disease‐relevant tissue

represent considerable challenges for biological interpretation of genetic findings.

As rare variants with stronger effect sizes are likely to also contribute to OFC, an

alternative approach to delineate pathogenic mechanisms is to identify private

mutations and/or an increased burden of rare variants in associated regions. This

report describes a framework for targeted resequencing at selected noncoding risk
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loci contributing to nonsyndromic cleft lip with/without cleft palate (nsCL/P), the

most frequent OFC subtype. Based on GWAS data, we selected three risk loci and

identified candidate regulatory regions (CRRs) through the integration of credible

SNP information, epigenetic data from relevant cells/tissues, and conservation

scores. The CRRs (total 57 kb) were resequenced in a multiethnic study population

(1061 patients; 1591 controls), using single‐molecule molecular inversion probe

technology. Combining evidence from in silico variant annotation, pedigree‐ and

burden analyses, we identified 16 likely deleterious rare variants that represent

new candidates for functional studies in nsCL/P. Our framework is scalable and

represents a promising approach to the investigation of additional congenital mal-

formations with multifactorial etiology.

K E YWORD S

cleft palate, connective tissue biology, craniofacial anomalies, craniofacial biology/genetics,
developmental biology, epidemiology, genetics, genomics, orofacial cleft(s)

1 | INTRODUCTION

Orofacial clefting ranks among the most common birth defects and im-

poses a substantial burden on affected individuals and their families. The

most frequent subtype is nonsyndromic cleft lip with or without cleft

palate (nsCL/P), with a prevalence of around 1 in 1000 live births

(Mangold et al., 2011). NsCL/P has a multifactorial etiology, whereby

both environmental and genetic factors contribute to disease risk. Im-

portantly, genetic factors play a major role in nsCL/P, with heritability

estimates being reported as high as 90% in twins (Grosen et al., 2011).

Recent systematic approaches, such as genome‐wide association

studies (GWAS) and meta‐analyses thereof, have yielded un-

precedented insights into the genetic etiology of many multifactorial

diseases. For nsCL/P, these analyses have led to the identification of

around 40 risk loci (e.g., Leslie et al., 2017; Ludwig et al., 2017;

Thieme and Ludwig, 2017; Yu et al., 2017). As for many other com-

mon diseases (Maurano et al., 2012), these studies have revealed

that the common nsCL/P risk variants: (i) are mainly located in

noncoding regions of the human genome; (ii) have low to moderate

effect sizes; and (iii) are often highly correlated with one another (as

reflected through strong linkage disequilibrium (LD; Thieme and

Ludwig, 2017). These characteristics render the inference of causal

variants and/or causal regulatory mechanisms challenging. For many

multifactorial disorders, approaches such as expression quantitative

trait loci analyses, whereby genetic risk variants are correlated with

the gene expression levels, have proven successful (Gamazon et al.,

2018). However, this methodology requires the availability of

disease‐relevant cell types and tissues from multiple donors. In

nsCL/P, access to relevant human tissue is limited due to the em-

bryonic time point of face formation. Therefore, to date, identifica-

tion of the functional effects of common nsCL/P risk variants has

been achieved for only a limited number of nsCL/P risk loci (Leslie

et al., 2015; Liu et al., 2017; Rahimov et al., 2008).

Increasing evidence suggests that rare variants play a role in the

etiology of nsCL/P. This includes the observation of stable prevalence

rates, despite strong evolutionary negative selection (Mossey andModell,

2012) and the lack of explained heritability after accounting for common

risk variants (Ludwig et al., 2017). Rare variants can be located in yet

undescribed genomic regions, where their identification might suggest

novel risk loci that contribute to the genetic architecture of nsCL/P.

However, rare variants may also be found in previously identified risk loci

characterized by common variants (Rivas et al., 2011). At these loci, rare

variants can facilitate follow‐up analyses based on (i) the absence of

strong LD, and (ii) the presumably larger effect sizes. So far, the majority

of rare variant analyses in nsCL/P have focused on the protein‐coding
regions of the human genome, using approaches, such as whole‐exome

(Basha et al., 2018; Cox et al., 2018) and candidate gene (Marini et al.,

2019; Savastano et al., 2016) sequencing. For noncoding regions, avail-

able results for rare variants are largely limited to those generated from a

small number of individual families (Cvjetkovic et al., 2015; Fakhouri

et al., 2014). However, two recent studies have shed light on the role of

low‐frequency, private noncoding mutations in large study populations of

nsCL/P patients. In 2015, Leslie et al. (2015) resequenced a selected set

of GWAS/linkage loci in a trio‐based cohort and identified de novo

variants in 8% of the patient study population. For one variant, an allele‐
specific effect on enhancer activity was demonstrated. In another study,

Shaffer et al. (2019) analyzed low‐frequency variants obtained from SNP

arrays and observed a suggestive enrichment for variants in a putative

craniofacial enhancer on chromosome 9q22.33.

The present report describes an alternative framework for the de-

lineation of functional rare candidate variants at GWAS loci

(Figure S1), based on the resequencing of large case‐control study po-

pulations. While whole‐genome‐sequencing represents the most un-

biased, systematic method of sequencing, large‐scale use of this approach
is currently unaffordable. Targeted resequencing approaches have

emerged as an alternative option. However, the requirement of an a
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priori selection of candidate regions represents a considerable challenge,

in particular as GWAS loci can encompass several 100 kb. Here, we

propose a framework for nsCL/P that first use functional data to identify

relevant candidate regions at GWAS loci, including chromatin accessi-

bility and histone modifications in tissues of relevance to craniofacial

development, such as human neural crest cells (hNCCs; Rada‐Iglesias
et al., 2012) and human craniofacial tissue (Wilderman et al., 2018).

Subsequently, resequencing is performed using single‐molecule mole-

cular inversion probes (smMIPs) in a multiethnic case‐control study po-

pulation. SmMIPs‐based resequencing has previously been shown to be

cost‐efficient, and reliable in the variant calling (Neveling et al., 2017).

Both factors are important for the analysis of large‐scale study popula-

tions when laboratory‐based verification of all detected variants is

virtually impossible.

We apply this framework to three GWAS candidate loci for

nsCL/P, which had shown (i) suggestive evidence of association in

prior GWAS and (ii) independent replication in different ethnicities

(Ludwig et al., 2017). Identified rare variants were annotated using

diverse noncoding variant annotation tools, analyzed for inheritance

patterns and combined for burden analyses. Following these differ-

ent lines of evidence, 16 variants with a putative role in the etiology

of nsCL/P were identified.

2 | MATERIALS AND METHODS

2.1 | Study population

The present study was approved by the ethics committees of the

respective medical faculties, and all participants provided written

informed consent before inclusion. The study population comprised a

total of 1061 nsCL/P patients from Bonn, Yemen, and Mexico, and

1591 ethnically matched controls (Table 1). The Bonn case‐control
sample comprised 694 independent nsCL/P patients of Central

European (CEU) ethnicity, and 858 unaffected volunteer blood do-

nors (Mangold et al., 2010). Of the 694 patients, 398 (57%) had been

included in a previous GWAS (Mangold et al., 2010). A detailed de-

scription of recruitment strategies and DNA extraction in the Bonn

sample is provided elsewhere (Mangold et al., 2009). For around 70%

of the Bonn sample, DNA was available from first‐degree relatives.

This includes 432 complete patient‐parent trios, allowing for the

identification of putative de novo variants (Table S1). A total of 135

patients from the Bonn sample were members of multiply

affected families and could be used for co‐segregation analyses.

Recruitment strategies for the case‐control study populations from

Mexico (150 nsCL/P patients, 312 controls; Rojas‐Martinez et al.,

2010) and Yemen (217 nsCL/P patients, 421 controls; Aldhorae et al.,

2014) are described in the respective reports. For these two‐study
populations, no additional family members were available.

2.2 | Selection of candidate regulatory
regions (CRRs)

We selected three loci based on recent data from our in‐house
nsCL/P meta‐analysis (Ludwig et al. 2017). Each locus had shown

suggestive evidence of association with nsCL/P (5 × 10−08 <P < 5 ×

10−06) and, importantly, an association of the common risk variants

had been replicated in the same multiethnic sample as used in the

present study (Table 2). The latter supports these loci as true nsCL/P

risk regions across ethnicities and increases the a priori chance of

detecting rare variants at these loci in different populations.

Next, for each of the loci, the 99% credible SNP set was defined

based on the respective lead SNP, as described previously (Ludwig

et al., 2017; Wellcome Trust Case Control Consortium, 2012). The

region was then extended by ±10 kb to allow the inclusion of func-

tional regions at each end. At each locus, functional CRRs were

identified based on information on vertebrate sequence conserva-

tion and epigenetic data of relevance to craniofacial development.

For humans, the following data were accessed: data on chromatin

conformation (topologically associated domains [TADs]; human em-

bryonic stem cells (GEO: GSE35156); DNase I hypersensitive sites

from embryonic facial prominences (GEO: GSE90336); chromatin

states from embryonic craniofacial tissue (GEO: GSE97752); and

both histone modifications (H3K4me1, H3K4me3, H3K27ac) and

transcription factor binding profiles (EP300, TFAP2A) from hNCCs

(GEO: GSE28876, GSE24447). These data were complemented by

mouse craniofacial data concerning histone modifications

(H3K4me1, H3K4me3, H3K27ac; E11.5 facial processes, E13.5 and

E14.5 palatal shelves; Dixon Laboratory, unpublished data); and

p300‐binding profiles (GEO: GSE49413; Attanasio et al., 2013).

2.3 | Confirmation of enhancer activity for
8q21.11_CRR1

To obtain some insight into whether our approach identifies true func-

tionally relevant elements, one approximately 1 kb large region from

chromosome 8q21.11_CRR1 (chr8:76581086‐76582089; hg19) was

tested in a lacZ‐based enhancer assay (n=1). We generated a transgene

TABLE 1 Overview of the study
cohorts

Ethnicity nsCL/P patients Controls References

Central European 694 858 Mangold et al. (2010)

Mexican 150 312 Rojas‐Martinez et al. (2010)

Yemeni 217 421 Aldhorae et al. (2014)

Abbreviation: nsCL/P, nonsyndromic cleft lip with or without cleft palate.
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destination vector based on Poulin et al. (2005), which comprised the

LacZ reporter gene with a minimal Hsp68 promoter downstream of AttP

flanked ccdB gene for Gateway cloning. The candidate enhancer se-

quence was amplified with AttB tags and BP Clonase shuttled into the

destination vector. After sequence verification, the plasmid was linear-

ized by SphI digestion followed by sepharose column purification in

sterile injection buffer (10mM Tris (pH 7.5), 0.1mM ethylenediamine-

tetraacetic acid (pH 8.0), 100mM NaCl) (Gong and Yang, 2005). DNA

was injected into C57BL6/J (Envigo) zygote pronuclei using standard

protocols (DeMayo et al., 2012), at 2ng/µl. Zygotes were cultured

overnight and the resulting two‐cell embryos were surgically implanted

into the oviduct of Day 0.5 postcoitum pseudopregnant mice. Embryos

were harvested at embryonic day (E)11.5 and E13.5 and stained and

genotyped as previously described (Poulin et al., 2005).

2.4 | Design of smMIPs

SmMIP design was performed using an in‐house pipeline based on the

program “MIPgen” (Boyle et al., 2014), with the following modifications: ‐
min_capture_size 160; ‐max_capture_size 195; ‐ext_min_length 13 (aver-

age target region per smMIP: 144 bp). SmMIPs comprised a 35 bp

backbone (including a 5‐bp tag of “N” nucleotides), and variable‐length
extension and ligation arms. For common variants (dbSNP b150) present

in extension or ligation arms, a second smMIP was designed toward the

respective variant allele. During quality control (QC), smMIPs with high

extension/ligation arm copy numbers (product of both >50), and smMIPs

with logistic scores <0.3, were removed and redesigned. Following visual

inspection of the smMIPs in the UCSC Genome Browser (Kent et al.,

2002), oligonucleotides (100µM) were ordered from Integrated DNA

Technologies (IDT).

2.5 | Library preparation

DNA samples were prepared from 20 ng/µl dilutions, and the pre-

sence of double‐stranded genomic DNA concentration was verified

(Quant‐iT PicoGreen dsDNA Assay; Thermo Fisher Scientific). Re-

action input was 100 ng. Individual smMIPs were pooled and phos-

phorylated as described elsewhere (Eijkelenboom et al., 2016), with

minor modifications. The smMIP to DNA ratio was set at 800:1. To

adjust for over‐ and under‐performing smMIPs, two rebalancing

rounds were performed using up to five test samples and the Illumina

MiSeq system. The final smMIP pool was then generated and phos-

phorylated for use in the high‐throughput stage of the study.

Library preparation was performed as described elsewhere

(Eijkelenboom et al., 2016), with the following modifications: hy-

bridization was performed with 0.03 µl of dNTPs (0.25mM) and in-

cubated at 60°C for 22.5 h. PCR was performed in a total volume of

25 µl, which contained 5 µl of the exonuclease‐treated product; 2x

iProof HF Master Mix (Bio‐Rad Laboratories); 0.125 µl forward pri-

mer (100 µM, IDT); and 1.25 µl sample‐specific barcoded reverse

primer (10 µM, IDT). Forward and reverse primers specific toT
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Illumina sequencers were used (O'Roak et al., 2012). The PCR pro-

gram was as follows: 98°C for 30 s; 20x (98°C for 10 s, 60°C for 30 s,

72°C for 30 s); 74°C for 2min; and 4°C indefinitely.

2.6 | Sequencing

PCR products were combined in individual pools containing 88 samples

each. These were then purified with a 0.7x volume of Agencourt AMPure

XP beads (Beckman‐Coulter). The yield and the purity of the pools were

assessed on an Agilent 2200 TapeStation system using D1000 Screen-

Tapes. Sets of four pools each were combined into individual mega‐pools

and sequenced on an Illumina HiSeq. 2500 devices in high output mode

(2 ×125 bp each), respectively. Before sequencing, standard Illumina

sequencing primers were replaced by custom sequencing primers (IDT;

O'Roak et al., 2012), in accordance with Illumina's protocol.

2.7 | Data analysis

Base call files from the sequencing devices were demultiplexed and

converted into FASTQ files using the bcl2fastq conversion software. The

following nonstandard parameters were applied: ‐‐no‐eamss, ‐‐
mismatches 1. Variant‐calling was performed as described in Hiatt et al.

(2013), with minor modifications. Briefly, paired‐end reads were merged

using Paired‐End reAd mergeR (PEAR; Zhang et al. 2014), and aligned to

the hg19 reference genome using BWA‐MEM (Li and Durbin, 2009).

Trimming and collapsing of smMIPs were performed using available

MIPgen scripts (Boyle et al., 2014). During this step, reads carrying the

same molecular tag (introduced during the synthesis of the smMIPs as

five degenerate bases) were collapsed into single reads, thus represent-

ing individual hybridization events. This approach creates higher quality

consensus sequences and reduces PCR artifacts. Variant calling was

performed using GATK UnifiedGenotyper (Van der Auwera et al., 2013).

Annotation of the retrieved variants was performed using ANNOVAR

(Wang et al. 2010). Further data processing and annotation were per-

formed using samtools 0.1.19 (Li et al., 2009); vcftools 0.1.15 (Danecek

et al., 2011); and the tidyverse 1.2.1 package collection in RStudio

1.0.143 (R version 3.4.0).

Samples were excluded when less than 90% of the target region

reached at least 30x of collapsed coverage. For variant‐level analysis,
variants were excluded if they had a quality‐by‐depth of less than 10

(conservative threshold as suggested by Hiatt et al., 2013, to reduce the

number of false positives); or when genotype calls were generated in less

than 90% of the samples. In addition, candidate variants were visually

inspected in the .bam‐files using Integrative Genomics Viewer (Robinson

et al., 2011; Thorvaldsdóttir et al., 2013).

2.8 | Annotation of noncoding variants

Annotation scores for noncoding variants (Table 3) were downloaded

from the respective websites, and integrated into the ANNOVAR

variant annotation pipeline (Wang et al., 2010). To assess the degree

of redundancy between the individual tools, the correlation between

the five different annotation scores was calculated using Spearman's

rank correlation coefficient for pairwise complete observations.

2.9 | Combined burden and variance‐
component test

To test the association between rare variants in each CRR and nsCL/P,

the optimal sequence kernel association test SKAT‐O (Lee et al., 2012)

was used. SKAT‐O combines burden and variance component analysis to

test for associations that are robust with respect to the percentage of

causal variants and the presence of both trait‐increasing and trait‐
decreasing variants (Lee et al., 2014). To avoid any bias secondary to

population structure, a region‐based association test was performed. This

involved a separate analysis of the nsCL/P CRRs for each of the three

study populations (CEU, Mexican, and Yemeni). Variants used for this

were only filtered for QC criteria. The analyses were performed using R

package SKAT (version 1.3.2.1) with default parameters, which included

default minor allele frequency weighing. The results of the test were

reported as p values obtained with the parametric bootstrap option

(n=1000). To correct for multiple testing, adjusted p values were cal-

culated by using the Holm‐Bonferroni method (Holm, 1979).

2.10 | Selection of putative functional variants in
individual families

For the Bonn study population, additional analyses were performed to

identify rare variants with a potentially strong functional impact in in-

dividual families. Variants that met the following criteria were prioritized:

(i) a maximum frequency in controls of 0.1% (selected based on nsCL/P

prevalence in the general population); (ii) above‐threshold functional

impact for at least one score (Table 3); and (iii) validated via Integrative

Genomics Viewer visual inspection. To identify de novo and

co‐segregating variants, samples from available relatives of the affected

TABLE 3 In silico prediction tools for noncoding variants used in
the present study

Annotation score

Annotation score

reference Thresholda

CADD 1.3 Kircher et al. (2014) ≥15

LINSIGHTb Huang et al. (2017) ≥0.9

FATHMM‐MKL

noncoding

Shihab et al. (2015) ≥0.9

DANN Quang et al. (2015) ≥0.9

ReMMb Smedley et al. (2016) ≥0.9

aThresholds used to predict “likely functionally relevant” status, as based

on previously published recommendations (Smedley et al. 2016).
bIn situations where multiple annotation values were provided (e.g., for

some insertion and deletions), only the largest value was retained.
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individuals were analyzed using Sanger sequencing. In addition, to de-

termine the potential of each variant on potential transcription factor

binding sites, in silico annotation was performed using RegulomeDB

(Boyle et al., 2012).

3 | RESULTS

3.1 | Identification of functional CRRs at three
nsCL/P risk loci

Based on the credible SNP set definition (Tables S2 and S3), the sizes of

the target regions were 106kb (2q35); 321 kb (8q21.11); and 121 kb

(9q22.2). Integrating functional datasets within each of these regions, we

identified several smaller regions with evidence of functional activity.

Prioritizing those regions with robust evidence from different datasets

revealed 5 (2q35), 4 (8q21.11), and 3 (9q22.2) CRRs (Table 2 and

Table S4), which encompass 56.7 kb in total. An exemplar plot for the

8q21.11 locus is provided in Figure 1, while plots for 2q35 and 9q22.2

are provided in Figures S2 and S3, respectively. Initial results from a lacZ‐
based enhancer assay in embryonic mice indicate that the 1 kb region

within 8q21.11_CRR1 is an active enhancer in the nasal epithelium at

E11.5. At E13.5, enhancer activity is observed in the midline nasal tissue,

in addition to the neural tube and brain structures (Figure S4).

3.2 | Identification and annotation of rare variants
within candidate regions

A set of 496 smMIPs was designed to cover the entire set of target

sequences (56.7 kb). Upon assay optimization, overall probe perfor-

mance showed balanced performance and even coverage of all

F IGURE 1 Identification of functional candidate regions at the 8q21.11 risk locus. (a) The credible SNP region at 8q21.11 is indicated in
blue as an “Associated region,” within the context of neighboring genes and the topologically associated domain (TAD) from hESC. (b) Zoom‐in
of the associated region depicted in (a), showing tracks of the functional data used for the selection of candidate regions. These included (from
top to bottom): conservation in vertebrates, DNaseI hypersensitive sites in facial prominences, chromatin modifications in neural crest cells,
chromatin states in facial tissue, and data from mouse palatal shelves. Candidate regulatory regions (CRR) for resequencing are highlighted in

brown shading (CRR1 through CRR4)
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12 CRRs (Figures S5 and S6). Of the 2652 samples, a total of 2630

fulfilled QC criteria (>99%; 19 controls and 3 patients were ex-

cluded). Mean coverage was 1093x before and 242x after collapsing

into single‐molecule reads. Overall, 2181 variants were identified. Of

these, 1566 passed variant‐level QC. Upon in silico variant annota-

tion, noncoding annotation scores were correlated across the variant

set (Figure S7). None of the pairwise combinations showed a corre-

lation of more than 0.9, the strongest correlation was found between

the FATHMM‐MKL noncoding and the LINSIGHT scores (0.80). The

weakest correlation was found between the FATHMM‐MKL non-

coding and the DANN scores (0.50). Overall, the majority of variants

did not show an above‐threshold score for any of the five annotation

tools, while 14 variants met this criterion in all five scores (Figure 2

and Table S5).

3.3 | Variant prioritization and pedigree analysis

In the Bonn study population, 964 post‐QC variants were identified. Of

these, 667 were observed in patients, with a subset of 289 being rare in

the in‐house controls. The annotation pipeline returned 102 variants (in

116 families) with high scores according to at least one in silico prediction

tool (Figure S8). A total of 99 of the 102 variants (97.0%) were validated

by Sanger sequencing. Annotation with RegulomeDB identified 12 var-

iants with a score of 2a or 2b, indicative of a likely effect on transcription

factor binding (Figure S9 and Table S6). Eight of these 12 variants

mapped to CRR2 at 8q21.11, including four variants that were

located within a 1 kb interval. Among those is one variant

(NC_000008.10:g.77585212G>A) that is predicted to disrupt the binding

motif of Pitx2, a transcription factor with an established role in murine

palatogenesis (Lu et al., 1999).

Of the 79 variants that underwent pedigree analysis, the ma-

jority (n = 75) were present in at least one unaffected family member.

This also includes 11 of the 12 variants with high RegulomeDB

scores. Four variants were carried by at least one additional affected

family member, were not present in additional unaffected family

members and absent from gnomAD (three variants) or reported with

a frequency below 0.01% (one variant, Table S6). These four variants

mapped to two of the three GWAS loci (2q35, 8q21.11, Table 4), in

different CRRs.

F IGURE 2 Overview of variants exceeding the thresholds set for each of the annotation scores individually and in combinations. (a) number
of variants that reach the annotation score threshold in 0–5 annotation scores (independent of which annotation score). (b) UpSet plot
illustrating the overlap between the individual annotation scores; overlap categories with no entries are omitted. Set size: number of variants
exceeding the set threshold per annotation score. Intersection size: number of variants exceeding the set thresholds for combinations of
annotation scores

TABLE 4 Results of the combined burden and variance‐component
analyses

Region

p Value (Central

European)

p Value

(Mexican)

p Value

(Yemeni)

2q35_CRR1 .836 .160 .539

2q35_CRR2 .028 .117 .130

2q35_CRR3 .437 .015 .330

2q35_CRR4 .119 .067 .515

2q35_CRR5 .366 .183 .618

8q21.11_CRR1 .056 .049 .441

8q21.11_CRR2 .262 .158 .697

8q21.11_CRR3 .924 .007 .112

8q21.11_CRR4 .124 1 .562

9q22.2_CRR1 .039 .922 .714

9q22.2_CRR2 .781 .840 .227

9q22.2_CRR3 1 .721 .682

Note: Nominally significant results are indicated in bold.
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3.4 | Combined burden and variance‐
component test

For each CRR and each study population, a combined burden and

variance component analysis was performed. No CRR was sig-

nificantly enriched for rare variants after correction for multiple

testing (Table 4). Nominal significance (p < .05) was observed for

regions 2q35_CRR2 and 9q22.2_CRR1 in the Bonn study population,

and 2q35_CRR3, 8q21.11_CRR1, and 8q21.11_CRR3 in the Mexican

study population.

4 | DISCUSSION

The present report suggests a framework for the parallel identifi-

cation of private and rare variants that might contribute to the

etiology of nsCL/P. This approach involves an a priori definition of

CRRs, their cost‐efficient resequencing in large case‐control study
populations, and subsequent pedigree‐ and burden analyses. Al-

though multiple exome‐ and candidate‐gene sequencing studies of

nsCL/P have been recently performed to shed light on the con-

tribution of rare variants in protein‐coding genes, few investigations

have focused on those located in noncoding regions. Leslie et al.

(2015) sequenced targeted GWAS regions in 1498 nsCL/P patient‐
parent trios and identified multiple de novo variants that represent

candidate variants for nsCL/P. In that study, the lack of functional

data integration resulted in the sequencing of a large fraction with-

out a functional role. Using a study population of 2216 patients with

OFC and 1576 controls, Shaffer et al. (2019) genotyped around

16,000 low‐frequency variants in regions of functional relevance to

craniofacial development (i.e., putative craniofacial enhancers). Al-

though the authors demonstrated suggestive enrichment for one

element on 9q22.33, no follow‐up pedigree analyses were performed

to identify rare variants with large effect sizes in individual families.

The design of this latter study precluded the analysis of private

variants, and the results may have been biased by the limited quality

of low‐frequency variants obtained from SNP arrays (Wright et al.,

2019). In our present approach, we combine the advantages of each

of the two studies. First, CRRs were selected for resequencing using

diverse annotations from publicly available datasets that are of re-

levance to craniofacial development. The results of the in vivo assay

supported our in silico strategy, even though we cannot entirely rule

out a potential positional effect due to a limited number of embryos

analyzed. While we expect this approach to increase the chance of

identifying functionally relevant variants cost‐efficiently, some var-

iants might have been missed due to the current incompleteness of

regulatory maps of craniofacial tissues and the manual assignment of

CRRs. The former limitation might be addressed by increasing the

availability of datasets in other tissues/cell systems. The latter war-

rants a bioinformatic solution with sensitive parameters to balance

between functionally relevant and nonrelevant annotations. Other

systematic approaches, such as integrating RegulomeDB scores, have

also been suggested (Jones et al., 2019). In the present study, we

investigated three GWAS loci at which common variation was found

to be associated across different populations (Ludwig et al., 2017).

However, we anticipate that our strategy can also be applied to

populations that have not (yet) shown robust associations in GWAS,

as rare variants do not share strong LD with common variants and

can, therefore, exert their effects in a biologically independent

manner.

Technically, our resequencing data confirmed the previously

demonstrated robustness of the smMIP method (Eijkelenboom et al.,

2016), indicated by a low number of samples failing QC and a mean

coverage that was comparable across all regions. For variant calling,

we had set the QC at conservative levels to minimize the risk of false

positives. The high validation rate observed in our study, which

corresponds to a previously reported positive predictive value of

98% (O'Roak et al., 2012), confirms this strategy and allowed for the

identification of a large number of variants with sufficient con-

fidence. After QC, we identified over 1500 variants across the entire

dataset, with a linear correlation found between the number of

variants and the size of the target region. As in most rare variant

studies, the inherent challenge is to distinguish between benign

variants and rare variants that contribute to nsCL/P risk. While

protein‐coding variants can be annotated based on their effect on

protein sequence and/or structure, no systematic “regulatory code”

has yet been established for noncoding variants. Moreover, since

regulatory elements are often tissue‐specific, functional effects can

be assumed to vary between different tissues, which increases the

demand for tissue‐specific annotation scores. Indeed, previous au-

thors have suggested that no current annotation score for noncoding

regions performs well in all circumstances (Kircher et al., 2019), and

in silico experiments have shown that this limitation reduces the

power to identify noncoding regulatory elements of relevance to

specific diseases (Short et al., 2018). Our correlation analyses—which

confirmed previous observations—and other available data suggest

that variant prioritization should include complementary approaches,

for which the presence of a single high annotation score would be

sufficient to prioritize a variant. However, this also means an in-

crease in the number of potentially causative variants, and a sub-

stantial fraction of these would represent variants likely not

associated with the disease under study. While we tried to reduce

the number of those “false positives” using current state‐of‐the‐art
tools (e.g., annotation/frequencies), our framework is scalable to in-

clude additional measures when they become available, which would

then allow for better discrimination between benign and deleterious

variants.

In the present study, we used two approaches to narrow down

potentially relevant variants. First, a family‐based analysis was per-

formed, grounded on the hypothesis that high‐penetrance private

variants will be present in individual families, as shown recently for

noncoding regions around IRF6 (Fakhouri et al., 2014), FZD6

(Cvjetkovic et al., 2015), and FGFR2 (Leslie et al., 2015). We did not

detect any de novo variant in our study, which may be attributable to

two reasons. First, the limited size of the sequenced regions, which

might have missed some etiological variants that are located outside
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of the credible SNP set region or the same TAD as the GWAS locus.

Second, parental DNA was only available for a limited number of

variants, thus potential de novo variants might still be present among

the variants but have not been analyzed (despite the availability of

DNA from both parents for 62.5% of the cohort). As expected, the

vast majority of variants were also present in unaffected family

members. This either suggests reduced penetrance for this variant,

which might be driven by the polygenic background or a second hit in

the coding region on the same haplotype (Castel et al., 2018). Al-

ternatively, these variants do not contribute to nsCL/P. We also

detected six variants that were not present in seven additional af-

fected family members but observed an equal or larger number of

affected structures in six out of the seven comparisons. Notably, we

also identified four variants that occurred in all affected relatives

(and none of the unaffected relatives) within the respective families,

and an additional set of 12 variants that showed reduced (n = 11) or

inconclusive (n = 1) penetrance but strong functional support from in

silico scores and RegulomeDB. The latter included a variant that is

predicted to disrupt the binding motif of Pitx2, a transcription factor

with an established role in murine palatogenesis (Lu et al., 1999).

While the number of co‐segregating variants is in line with the

number expected by chance, overall, these 16 variants represent

candidates for functional studies, which are beyond the scope of this

study (Table 5). While these analyses can help to decipher the pa-

thomechanism at the respective loci, the translation of these findings

to individual counseling remains limited.

The second approach involved the investigation of enrich-

ment of rare variants within individual CRRs, to highlight po-

tential relevant functional elements. No test‐wide enrichment of

rare variants was found. In three regions, this analysis revealed

nominally significant findings, which is consistent with previous

findings from Shaffer et al. (2019), who also generated nominally

significant results only, and emphasizes the need for the in-

vestigation of larger sample sizes. Notably, in all three regions,

rare variants were more frequent among controls, suggesting

that rare variants are protective in these regions, but this hy-

pothesis warrants further investigation. Importantly, functional

regions with an excess of rare variants that obtain further sup-

port by independent studies represent good candidates for fu-

ture integration into diagnostic gene panels, provided that

improved annotation and interpretation scores for noncoding

variants become available.

In summary, the present study demonstrated the feasibility

of a novel framework for the further analysis of risk loci for

multifactorial diseases. By combining GWAS results with func-

tionally relevant data, candidate CRRs were selected, and re-

sequenced in a large multiethnic study population to identify

rare, putative functionally relevant variants. In its current form,

our framework is designed to detect rare variants at noncoding

GWAS loci and could be applied to other traits, in particular de-

velopmental diseases in which (i) access to relevant tissue is

limited; and (ii) a contribution of rare variants is hypothesized.

However, the approach could also be extended to other sets of

noncoding CRRs, such as craniofacial‐specific enhancers

(Wilderman et al., 2018), and to include the TADs of all genome‐
wide significant and suggestively significant risk loci. In our

study, we identified 16 rare variants with high in silico annota-

tion scores, which now represent promising candidates for future

functional analyses, such as quantification of the allele‐specific
effects on regulatory activity and the identification of the bio-

logical effect on downstream genes. While it is anticipated that

whole‐genome sequencing (WGS) will make a preselection of

CRRs and the resequencing strategy obsolete in the future, our

present strategy is highly valuable until computational and fi-

nancial constraints that currently prevent WGS to be performed

in large cohorts are overcome.
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