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Mutations in the Epithelial Cadherin-p120-Catenin
Complex Cause Mendelian Non-Syndromic
Cleft Lip with or without Cleft Palate

Liza L. Cox,1,2,3 Timothy C. Cox,1,2,4,31,* Lina M. Moreno Uribe,5 Ying Zhu,6,7 Chika T. Richter,5

Nichole Nidey,8 Jennifer M. Standley,8 Mei Deng,9 Elizabeth Blue,10 Jessica X. Chong,11 Yueqin Yang,12

Russ P. Carstens,12,13 Deepti Anand,14 Salil A. Lachke,14 Joshua D. Smith,15 Michael O. Dorschner,16,17

Bruce Bedell,8 Edwin Kirk,6,18 Anne V. Hing,1,19 Hanka Venselaar,20 Luz C. Valencia-Ramirez,21

Michael J. Bamshad,11,15 Ian A. Glass,9,11 Jonathan A. Cooper,3 Eric Haan,22,23 Deborah A. Nickerson,15

Hans van Bokhoven,24,25 Huiqing Zhou,24,26 Katy N. Krahn,27 Michael F. Buckley,6 Jeffrey C. Murray,8

Andrew C. Lidral,28 and Tony Roscioli18,29,30,31,*

Non-syndromic cleft lip with or without cleft palate (NS-CL/P) is one of the most common human birth defects and is generally consid-

ered a complex trait. Despite numerous loci identified by genome-wide association studies, the effect sizes of common variants are rela-

tively small, with much of the presumed genetic contribution remaining elusive. We report exome-sequencing results in 209 people

from 72multi-affected families with pedigree structures consistent with autosomal-dominant inheritance and variable penetrance. Here-

in, pathogenic variants are described in four genes encoding components of the p120-catenin complex (CTNND1, PLEKHA7, PLEKHA5)

and an epithelial splicing regulator (ESRP2), in addition to the known CL/P-associated gene, CDH1, which encodes E-cadherin. The find-

ings were also validated in a second cohort of 497 people with NS-CL/P, comprising small families and singletons with pathogenic var-

iants in these genes identified in 14% ofmulti-affected families and 2% of the replication cohort of smaller families. Enriched expression

of each gene/protein in human and mouse embryonic oro-palatal epithelia, demonstration of functional impact of CTNND1 and ESRP2

variants, and recapitulation of the CL/P spectrum in Ctnnd1 knockout mice support a causative role in CL/P pathogenesis. These data

show that primary defects in regulators of epithelial cell adhesion are the most significant contributors to NS-CL/P identified to date and

that inherited and de novo single gene variants explain a substantial proportion of NS-CL/P.
Introduction

Cleft lip with or without cleft palate (CL/P) is one of the

most common human birth defects with an incidence of

1 in 700–1,000 people.1 Much of the insight into CL/P

pathogenesis has come from the identification of genes

harboring mutations that cause syndromic forms of CL/P,

including van der Woude syndrome (IRF6 [MIM:

607199], GRHL3 [MIM: 608317]), Opitz GBBB syndrome

(MID1 [MIM: 300552], SPECC1L [MIM: 614140]), ectrodac-
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tyly, ectodermal dysplasia, cleft lip/palate (EEC) syndrome

(p63 [MIM: 603273]), branchio-oculo-facial syndrome

(TFAP2A [MIM: 107580]), and familial gastric cancer with

CL/P (CDH1 [MIM: 192090]).1 Additionally, variants in

CTNND1 (MIM: 601045) and CDH1 were recently identi-

fied as the cause of blepharocheilodontic syndrome, of

which CL/P is a variable feature of the syndrome.2 How-

ever, approximately 70% of case subjects are non-syn-

dromic (NS-CL/P) in nature. Concordance rates in mono-

zygotic twins of 25%–45%,3,4 variable expressivity, and
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reduced penetrance in families has led NS-CL/P to be

considered a complex trait due to genetic, environmental,

and stochastic factors.5 GWAS and meta-GWA studies on

NS-CL/P have implicated 40 genomic loci, each of rela-

tively small effect size,5–7 and include only a few syn-

dromic CL/P-associated genes, such as IRF6. However,

other association studies have also found evidence of a

contribution of single-nucleotide variants in CDH1 in

NS-CL/P.8–11 In addition, recent studies have identified

pathogenic variants inARHGAP29 (MIM: 610496) in famil-

ial cleft palate.12–14 While progress has been made in iden-

tifying genetic etiologies, a biological pathway for NS-CL/P

has hitherto not been established.

Here, we report the results of a large whole-exome

sequencing (WES) study in a NS-CL/P discovery cohort of

72 multigenerational families, the findings of which we

have replicated in a second NS-CL/P cohort of 497 individ-

uals from 444 families (both singleton and familial case

subjects). Twenty pathogenic or likely pathogenic variants

were identified in five functionally linked genes, encoding

proteins regulating the assembly of the epithelial cadherin-

catenin complex. Variants in four of these genes are now

implicated as a cause of CL/P in humans. These studies

reveal that dysregulation of the epithelial adhesion com-

plex is a significant primary mechanism responsible for

NS-CL/P.
Material and Methods

Recruitment and Sample Collection
Seventy-two multiplex families with non-syndromic cleft lip with

or without cleft palate were ascertained by the J.C.M. and A.C.L.

laboratories, as well as clinics in Sydney, Australia. Families were

selected from a larger cohort by pedigree analysis for apparent

segregation consistent with multigenerational autosomal-domi-

nant inheritance, with or without reduced penetrance limited to

one or two linking individuals. A smaller number of families

with apparent autosomal-recessive or X-linked recessive pedigree

structures were also enrolled. TheWES cohort consisted of families

from the Philippines (n ¼ 41), Colombia (n ¼ 15), European

origins in the USA and Australia (n ¼ 15), Hispanic (n ¼ 1), and

of unknown origins (n ¼ 2). The replication cohort consisted of

individuals from the Philippines (n ¼ 356), USA (n ¼ 135),

Guatemala (n ¼ 1), and of unknown origins (n ¼ 5). Informed

consent was obtained prior to sample testing and the procedures

followed were in accordance with the ethical standards of the

responsible committee on human experimentation (institutional

and national). DNA was extracted using standard protocols and

sample quality-control steps were taken including co-efficient of

inbreeding and XY genotyping.
Exome Sequencing and Genomic Data Generation
DNA samples from three affected individuals from each multi-

generational family were selected for exome sequencing which

was performed at the University of Washington, Center for Men-

delian Genomics, University of Washington, Seattle. A Roche/

Nimblegen SeqCap EZ v2.0kit was used for enrichment capture

and samples sequenced using the Illumina HiSeq 2500. The raw
1144 The American Journal of Human Genetics 102, 1143–1157, Jun
sequences from 209 libraries, which met quality standards, were

aligned to the human genome build hg19 using BWA software.15

Single-nucleotide variant (SNV) and insertion/deletion (indel)

calls were performed using PICARD, SAMTOOLS, and

GATK.16–18
Bioinformatics and Genomic Data Analysis
Files from each individual were joint-called using GATK to pre-

sent all variant types within a single VCF file. SNVs and indels

were analyzed in joint-called VCF files for each individual. As

the GATK Unified Genotyper16 provides missing genotypes

(i.e., ‘‘no calls’’), homozygous reference sites were embedded in

missing genotype sites by single-sample calling variants. This

allowed variants at high frequency within the cohort to be de-

prioritized as being unlikely to be the etiology in multiple fam-

ilies with Mendelian forms of CL/P. Variants were annotated

with the Ensembl Variant Effect Predictor (VEP)19 and then

filtered using GEMINI20 according to a standardized set of

criteria to identify rare and pathogenic variants. The majority

of families were assessed as having an autosomal-dominant

(AD) form of CL/P and therefore a heterozygous model of inher-

itance was used for analysis. Variants in families where auto-

somal-recessive (AR) inheritance patterns were possible accord-

ing to pedigree structure were also filtered for homozygous

and compound heterozygous forms of inheritance. Candidate

variants in each family were identified from a subset of variants

derived using clinical and bioinformatics criteria, including

filtering for population frequencies and in silico pathogenicity

scores. As there is no database of genomic variants from Filipino

control subjects, we used comparative data from closely related

populations from East Asia, principally Han Chinese. After stan-

dard filters for variant quality, candidate variants were priori-

tized based on rarity in the general population, conservation

of the affected sites, and predicted functional impact. In general,

nonsense mutations, splice acceptor/donor site mutations,

frameshift insertions, or deletions were considered to be loss-

of-function variants. The likely pathogenicity of missense vari-

ants and their effects on protein function were predicted by us-

ing in silico tools such as PolyPhen-2, SIFT, and v.1.3 CADD,

with a threshold score for the latter set at >15, which is the me-

dian value for all possible canonical splice site changes and non-

synonymous variants. Gene tolerance to variation was calcu-

lated for all variants using the residual variation intolerance

score (RVIS) and then combined with the PROVEAN scores for

missense variants, which combines Grantham and conservation

scores. Evolutionary conservation, effects on protein structure,

very low frequency, absence in controls, the presence of patho-

genic variants in the same gene in multiple families, and the na-

ture of the mutation were taken into account to increase the pri-

ority of a candidate gene. External population control databases

used included the 1000 Genomes database, the Seattle-based

Exome Variant Server (EVS) database, and the BROAD-based

Exome Aggregation Consortium (ExAC and gnomAD) (see Web

Resources). Genes harboring candidate variants in more than

one family were also identified and prompted reassessment of

these genes for variants of interest in additional families where

variants may not have met criteria for pathogenicity. The top

candidate variants were then assessed for segregation within

families using Sanger sequencing. All individuals for whom

DNA was available were tested in the segregation analyses.

Mutated protein models were constructed in HOPE and PyMOL.
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Prioritization of Candidate Genes
Genes of interest were classified as likely or possible candidates

through the following criteria: consistent zygosity for familial in-

heritance pattern, rarity, location in a functional protein domain,

the availability of an animal model with a consistent phenotype,

links to a known biological pathway for CL/P, and expression in

embryonic orofacial tissues in mouse and humans. For analysis of

mouse gene expression, the bioinformatics tool SysFACE (Systems

tool for craniofacial expression-based gene discovery) was used to

analyze microarray-based genome-level gene expression profiles

from various dissected embryonic day 10.5 orofacial epithelia and

neuroepithelia. The following Affymetrix Mouse Gene 1.0 ST

array datasets, available in the FaceBase repository, were analyzed:

medial neuroepithelium (FB00000106), central neural epithelium

(FB00000349), flanking neural epithelium (FB00000350), lateral

eminence neural epithelium (FB00000351), medial eminence neu-

ral epithelium (FB00000352), mandibular columnar epithelium

(FB00000353), and maxillary columnar epithelium (FB00000354).

Analysis was performed using an in-house script to obtain gene

level normalized expression intensities.
Sanger Sequencing
Sanger sequencing was used to validate identified variants in

affected and unaffected relatives. The accession numbers for the

genes described in this study were GenBank: NM_001085460.1

(CTNND1), NM_175058.4 (PLEKHA7 [MIM: 612686]), NM_

019012.5 (PLEKHA5 [MIM: 607770]), NM_024939.2 (ESRP2 [MIM:

612960]), and NM_004360.3 (CDH1). Primers around the genomic

region of the variants of interest were designed using Primer 3

with primer sequences and conditions are available upon request.

PCR products were sent for sequencing using an ABI 3730XL (Func-

tional Biosciences). Chromatograms were transferred to a UNIX

workstation, base-called with PHRED (v. 0.961028), assembled

with PHRAP (v. 0960731), scanned by POLYPHRED (v. 0.970312),

and viewed with CONSED program (v. 4.0).
Targeted, Biotinylated Probe Hybridization-Based

Capture
The five genes described in this study were targeted for sequencing

in the validation cohort of 497 people. This included 296 single-

tons with CL/P and no family history as well as a further 201 peo-

ple, one each from a multi-affected family. Sample libraries for

genes of interest were constructed using the KAPA HyperPlus kit

(KAPA Biosystems). Reactions were assembled using a SciClone

G3 (Perkin-Elmer) liquid handling robot with 500 ng of input

DNA for each sample using a laboratory-adapted version of the

manufacturer’s manual protocol. All samples were dual-indexed

with standard Illumina-compatible adapters. Libraries were pooled

(up to 24 per pool) prior to target enrichment. Custom xGen (IDT)

probes were designed and purchased to target the exons and puta-

tive cis-regulatory regions. Following enrichment, pools were com-

bined to produce a sequencing template containing up to 192 li-

braries. Paired-end sequencing (2 3 100 bp) of the templates was

performed using Rapid Run v2.0 (Illumina) chemistry on a HiSeq

2500 (Illumina) sequencer according to the manufacturer’s recom-

mended protocol. Resulting sequences were aligned to the human

genome reference (hg19) using the Burrows-Wheeler Aligner

(BWA) and variants identified with the Genome Analysis Tool

Kit (GATK). A joint VCF was generated for subsequent annotation

using the same bioinformatic platform as described for WES anal-

ysis in this study.
The America
Tissue Collection and Immunohistochemistry
Human fetal tissues were recovered, with the age of specimens esti-

mated by gestational ultrasound and/or fetal foot measure-

ments.21 Specimens ranging in age from 57 to 70 days after

conception were used as these represent the time period during

which the secondary palate fuses. Younger specimens spanning

the time of primary palatal fusion were not available. Embryonic

tissues were embedded in paraffin and 4-micron sections cut in

the coronal plane. Sections were then stained with various pri-

mary antibodies—CDH1/E-cadherin (BD Biosciences #610181),

CTNND1/p120Ctn (isoform 1: SantaCruz #sc23873 [6H11]; pan-

isoform: SantaCruz #sc23872 [15D2]), PLEKHA5 (SantaCruz

#sc390311), PLEKHA7 (OneWorldLabs #bs13730R), and ESRP2

(Novus Biologicals #NBP2-13972)—followed by an HRP-conju-

gated secondary antibody of the appropriate species as previously

described.22
Generation of Expression Constructs
Full-length mouse Ctnnd1 (p120Ctn) cDNA (isoform 1A) was a kind

gift of Dr. Konstantin Birukov (University of Chicago) with

permission from Dr. Al Reynolds (Vanderbilt University). The

completeCtnnd1-1A open reading framewas amplified and cloned

into pCR8-TOPO (Invitrogen). Each CTNND1 mutation identified

in the initial cohort of families was found to affect residues

conserved between humans and mice, and so each of these vari-

ants was independently introduced into the full-length

mCtnnd1-pCR8-TOPO clone using either overlap PCR or by

swapping out a restriction fragment from a synthesized fragment

containing the specific mutation of interest (Genscript). Primer

sequences used for all amplifications are available upon request.

Each pCR8-TOPO clone was then transferred into the following

Gateway vectors: pcDNA3.1 (no tag), pDEST53 (N-terminal GFP

tag), and pDEST-myc (N-terminal myc tag). All clones were vali-

dated by sequencing.
Cell Culture and Transfection
Human SW-48 epithelial cells was obtained from ATCC (CCL-

231) and maintained in L-15 Medium (30-2008) containing

10% FCS without carbon dioxide. Lipofectamine 3000 (Invitro-

gen) was used to transfect SW-48 cells with p120Ctn wild-type

and mutant expression constructs, according to manufacturer

instructions.

Cells were washed with cold PBS twice and harvested in 1% digi-

tonin lysis buffer (50mMTris [pH 7.4], 100mMNaCl, 1mMEDTA

[pH 8.0]) with protease/phosphatase inhibitors. The lysates were

centrifuged at 14,000 rpm for 10 min to remove insoluble cellular

debris. Protein was quantified by BCA Protein Assay (Pierce) and

normalized. 500 mg of total protein was pre-cleared with Protein

A/G Magnetic Beads (Pierce) at 4�C for 30 min to remove nonspe-

cific binding proteins for each transfectant and respective con-

trols. Co-immunoprecipitation was performed using Anti-c-Myc

Magnetic Beads (Pierce) for 4 hr at 4�C. Magnetic beads were

washed twice with lysis buffer without digitonin, eluted with

100 mM glycine (pH 2.0), and neutralized with 1 M Tris (pH

8.5). Immuno analysis of whole-cell lysate and co-immunoprecip-

itated eluate was performed and quantified using capillary electro-

phoresis on a WesSimple Western (ProteinSimple) automated

platform using the following antibodies; C-Myc [9E10] (1:100

Abcam Ab32), E-cadherin (1:500 BD Biosciences #610181),

p120Ctn (isoform 1:1:500 Abcam Ab11508 [6H11]; pan-isoform:

1:250 SantaCruz #sc23872 [15D2]). E-cadherin followed by an
n Journal of Human Genetics 102, 1143–1157, June 7, 2018 1145



HRP-conjugated secondary antibody of the appropriate species

(ProteinSimple). Experiments were repeated in full three times.
Statistical Analyses
Data are reported as mean E-cadherin:c-Myc tagged p120Ctn ratios

þSD. Statistical significance was determined by two-tailed un-

paired t test with equal variance. Statistical significance was set

at p < 0.05.
Mouse Conditional Knockout Generation
Ctnnd1 floxed mice (Ctnnd1fl/fl) were a gift from Dr. Al Reynolds

(Vanderbilt University) via Dr. Jennifer Bailey (University of Texas

Houston).23 Epithelial-specific Cre driver mice (Crect), in which

the Cre recombinase is driven by a TFAP2A enhancer, were a gift

from Dr. Trevor Williams (University of Colorado).24 Female

Ctnnd1fl/flmice were initially bred withmaleCrectmice to generate

heterozygous conditional null mice (Ctnnd1cKO/þ; Crect). Male

offspring were then backcrossed to female Ctnnd1fl/fl mice and em-

bryos harvested as described below. A few pregnant dams were al-

lowed to litter down to examine phenotypes at birth. All mice

were genotyped using the relevant primers sets; embryonic and

neonatal sex was determined by genotyping for Sry.
Embryo Collection and Tomographic Imaging
Pregnant mice were euthanized at between 10 and 18 days after

detection of a vaginal plug—defined as 0.5 days post-coitum

(dpc) on the morning the plug was detected. Embryos were

dissected from the uterus into ice-cold phosphate-buffered saline

(PBS), then fixed in 4% paraformaldehyde overnight at 4�C. Em-

bryos older than 14.5 dpc were decapitated immediately following

dissection. For the pregnant dams that gave birth, pups that were

found dead at birth were promptly removed from the cages and

themandibles removed for palatal inspection. The heads were sub-

sequently placed in 4% paraformaldehyde. Embryos (or embry-

onic heads) were then embedded in low-melting-point agarose

and cleared for optical projection tomography (OPT). The

dissected neonatal heads were imaged using micro-computed to-

mography (microCT) using standard protocols. OPT and microCT

imaging was conducted in the Small Animal Tomographic Anal-

ysis (SANTA) Facility at the Seattle Children’s Research Institute us-

ing a Bioptonics 3001M and Skyscan 1076 scanners, respectively.

Raw imaging data from both modalities were reconstructed using

NRecon v1.6.9.4 software (Skyscan, Belgium), then imported into

Drishti v2.6.1 for 3D rendering and image capture.
ESRP2 Functional Studies
Expression vectors for the wild-type and the p.Arg520* truncation

mutant of ESRP2 were generated by PCR amplification of a cDNA

corresponding to MGC clone BC030146. The wild-type clone

was amplified with primers For_XhoI_hESRP2 and Rev_BamHI-

hESRP2 and the truncation mutant with primers For_XhoI_

hESRP2 and Rev_BamHI-R520Ter. The PCR products were cloned

into the BamH1 and Xho1 sites of the previously described

pIBX-C-FF-B vector for expression as C-terminal FLAG tagged pro-

teins. Plasmids were transfected in 293T cells using Mirus 293T ac-

cording to the manufacturer’s protocol and RNA and protein were

harvested 48 hr later using Trizol reagent (Thermo) and RIPA lysis

buffer (Santa Cruz Biotechnology). Reverse-transcription PCR was

performed to analyze splicing patterns of ESRP regulated exons as

previously described.25
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Results

Whole-Exome Sequencing and Targeted, Biotinylated

Probe Hybridization-Based Capture Reveal a Role of the

Epithelial Adhesion Complex in NS-CL/P

Ten pathogenic or likely pathogenic alleles were identified

in five genes by WES in the Mendelian discovery cohort

(14% of families; Table 1). Variant pathogenicity was

determined following the ACMG/Sherloc framework26

(see Material and Methods). These included CTNND1

(5 families, 6.9%), PLEKHA7 (1 family, 1.4%), PLEKHA5

(1 family, 1.4%), and ESRP2 (1 family, 1.4%), as well as

CDH1 (2 families, 2.8%). Notably, three genes (CTNND1,

PLEKHA5, PLEKHA7) encode core components of the

p120-catenin (p120Ctn) complex that bind to two other

known CL/P proteins, E-cadherin and Nectin1.27,28

ESRP2 encodes an epithelial-specific mRNA splicing

factor, which regulates epithelial adhesion through target

genes including CTNND1.29,30 Re-sequencing of these

five genes in a second multinational NS-CL/P cohort of

497 individuals from 444 families (296 singletons and

201 familial) validated these findings by identifying a

further 10 independent pathogenic or likely pathogenic

alleles (CTNND1, 4 alleles; PLEKHA7, 2 alleles; ESPR2 1

allele; and CDH1, 3 alleles) (2.25%) with each variant pre-

sent in only one family (Table 1). An additional 9 class 3C

and 2 class 3B VOUS were also identified in the validation

cohort (CTNND1, 2 alleles; PLEKHA5, 5 alleles; PLEKHA7, 1

allele; and ESPR2, 3 alleles).

In total, nine likely pathogenic variants and two class 3C

were identified in CTNND1, which encodes p120Ctn

(Figure 1A), a critical E-cadherin binding partner that stabi-

lizes adherens junctionstrength.31Reviewof theclinicalpre-

sentations of these individuals confirmed a diagnosis of NS-

CL/P.Of thepathogenicvariants, twononsense (c.1007G>A

[p.Trp336*] and c.2554C>T [p.Arg852*]), a frameshift

(c.937_938del [p.Asp313Profs*9]), and a splice sitemutation

(c.2417þ1G>T) (Figure 1B) are predicted to result in

nonsense-mediated mRNA decay. Four missense variants

(c.1496A>G [p.Asp499Gly]; c.1672C>T [p.Leu558Phe];

c.1750C>T [p.Arg584Trp]; and c.2070G>T [p.Trp690Cys])

cluster in the ARM domains, responsible for binding the

E-cadherin tail (Figures 1B and 1C). The p.Gln19Glu

(c.55C>G), identified in a three-generation NS-CL/P-

affected family (1133) also exhibiting hearing loss, hypo-

dontia, and enamel hypoplasia, is located near the N termi-

nus of the long isoform of p120Ctn (Figure 1B). A second

variant that also co-segregated in this family and met the

criteria for likely pathogenicity was identified in FGF8

(MIM: 600483; GenBank: NM_033163.3; c.359A>G

[p.Asp120Gly]). FGF8 variants have previously been impli-

cated in CL/P pathogenesis as well as tooth agenesis.32–34

Therefore, further studies may be warranted to determine

which rare variant—FGF8 p.Asp120Gly or CTNND1

p.Gln19Glu—is causal or whether both contribute to the

clinical presentation in this family. Of note, the two class
e 7, 2018



Table 1. Variant and Clinical Summary

Gene Variant Domain Family Origin Inheritance Cohort gnomAD Interpretation

CTNND1 chr11:g.57559005C>G; p.Gln19Glu CC domain 1133 USA multi-affected AD WES 9 NFE likely pathogenic; FGF8 p.Asp120Asn likely
pathogenic

chr11:g.57564445_57564446del;
p.Asp313Profs*9

before ARM1 20001528 Philippines singleton replication – pathogenic, de novoa

chr11:g.57569255G>A; p.Trp336* before ARM1 114 Colombia multi-affected AD WES – pathogenic, non-penetrant

chr11:g.57571168A>G; p.Asp499Gly ARM4 20000128 Philippines multi-affected AD WES – likely pathogenic, non-penetrant, reduced E-
cadherin binding. New donor site

chr11:g.57572202C>T; p.Leu558Phe ARM5 528 USA multi-affected AD WES 16 NFE,
2 L, 1 O

likely pathogenic, reduced E-cadherin
binding

chr11:g.57573381C>T; p.Arg584Trp ARM6 368 Philippines multi-affected AD WES – likely pathogenic, abolishes binding to E-
cadherin,

chr11:g.57575761G>T; p.Trp690Cys ARM7 20021556 USA singleton replication – likely pathogenic, de novoa

chr11:g.57576939G>T; c.2417þ1G>T splice – after ARM10 20031592 USA singleton replication – pathogenic - segregation not possible;
canonical splice

chr11:g.57578892C>T; p.Arg852* after ARM10 4450 Philippines multi-affected AD replication – likely pathogenic

PLEKHA5 chr12:g.19440414A>G; p.Tyr590Cys p120Ctn binding domain 20010429 Philippines multi-affected AD, de novo WES 1 L pathogenic, de novoa

PLEKHA7 chr11:g.16838582C>T; p.Gly544Asp p120Ctn binding domain 20040409 Philippines multi-affected AD WES 1 NFE likely pathogenic

chr11:g.16838676G>A; p.Arg513Trp – 6160 USA singleton replication 3 NFE,
1 SA

class 3C VOUS, or likely pathogenic, bi-
parental inheritance

chr11:g.16834682T>C; p.Asp662Gly p120Ctn binding domain 6160 USA singleton replication – likely pathogenic, bi-parental inheritance

ESRP2 chr16:g.68266284C>T; p.Arg315His RRM1 4798 Philippines multi-affected AD WES 3 L likely pathogenic

chr16:g.68265234G>A; p.Arg520* RRM3 4763 Philippines multi-affected AD replication 1 FE,
3 NFE

likely pathogenic

CDH1 chr16:g.68844164C>T; p.Thr251Met EC1-2 linker 20013522 USA singleton replication 1 EA likely pathogenic

chr16:g.68844172G>A; p.Asp254Asn EC1-2 linker 6128 USA singleton replication – likely pathogenic, de novoa

chr16:g.68844180T>A; p.Asn256Lys EC1-2 linker SA Australia multi-affected AD WES – likely pathogenic

chr16:g.68849586G>A; p.Glu497Lys EC4-5 linker 20021591 Philippines singleton replication – likely pathogenic

chr16:g.68855958A>T; p.Asn589Ile EC4-5 linker 4991 Philippines multi-affected AD replication – likely pathogenic, de novoa

chr16:g.68863687_68863688del;
p.Asn809Ilefs*3

beta-catenin binding
domain

1001 USA Multi-affected AD WES – likely pathogenic

Genomic positions are from GRCh37. Abbreviations: NFE, Non-Finnish European; L, Latino; O, other; SA, South Asian; FE, Finnish European; AD, autosomal-dominant.aGWA/TDT and allele studies consistent with family
structure
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Figure 1. CTNND1 Variants
(A) Pedigrees showing segregation of CTNND1 variants. Segregation of indicated variants was performed by Sanger sequencing in all in-
dividuals for whom DNA was available.
(B) CTNND1 (p120Ctn) protein domain structure showing variants (blue, pathogenic missense variants; purple, missense variants of un-
known significance; red, nonsense/frameshift variants). Regions required for binding partner interaction are shown below as green bars.

(legend continued on next page)
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Figure 2. Rare Variants Identified in PLEKHA7 and PLEKHA5
(A) Pedigrees showing segregation of PLEKHA7 variants. Segregation of indicated variants was performed by Sanger sequencing in all
individuals for whom DNA was available.
(B) PLEKHA7 protein structure showing variants (blue, pathogenic missense variants; purple, missense variants of unknown
significance).
(C) Family 20010429 showing de novo PLEKHA5 c.1769A>G variant (p.Tyr590Cys) in the second generation and subsequent segregation
(PDB: 3q2v).
(D) PLEKHA5 protein structure showing variants (blue, pathogenic missense variants; purple, missense variants of unknown signifi-
cance). Lower panel: Evolutionary conservation of Tyr590, a phosphorylation site. Sequences shown from human (h), dog (d), cow
(b), mouse (m), rat (r), chick (c), and zebrafish (z).
3C variants, c.1721A>G (p.Lys574Arg) and c.1687C>G

(p.Gln563Glu), were identified in a singleton family (2328)

and were located in cis (Table S1). The p.Lys574Arg

variant impacts an amino acid that interacts directly with

the E-cadherin juxtamembrane core region via glutamate

757, which is conserved in all mammalian cadherins that

bind p120Ctn. This variant and p.Gln563Glu both reside in

same ARM domain. We surmise that one or both variants

may be causative and could act as a complex allele with

potential additive effects.

A likely pathogenic missense variant in PLEKHA7

(c.1631G>A [p.Gly544Asp]) was identified in a family

with four affected siblings (20040409). Two additional

rare missense variants in PLEKHA7 (c.1537C>T

[p.Arg513Trp]; c.1985A>G [p.Asp662Gly]) were identified
(C) X-ray structure of the p120Ctn ARM domains (silver) complexed w
(PDB: 3l6y). The dashed box in (B) and the left image in (i) highlight t
in blue (dots/sticks). The E-cadherin E757 juxtamembrane core resid
Top-down view of the packing of the p120Ctn monomer structure. As
beled residue (chartreuse dots and sticks) on the p120Ctn monomer c
(D) Co-immunoprecipitation of endogenous E-cadherin with myc-ta
(top). Western blots showing each ectopically expressed p120Ctn prot
herin in each lysate and following p120Ctn immunoprecipitation. Full
and E-cadherin (red arrow, lower panel). The relative amounts of E-cad
tive immunoprecipitated p120Ctn proteins, following normalization t
E-cadherin:c-Myc tagged p120Ctn ratios þ SD; *p < 0.05 (n ¼ 3).

The America
in a singleton (6160) in the validation cohort. These vari-

ants were inherited from separate parents (see Figure 2A)

and therefore could represent an additive or autosomal-

recessive disease mechanism. The p.Gly544Asp and

p.Asp662Gly variants reside in the p120Ctn binding region

of PLEKHA7, with the p.Arg513Trp variant residing just

outside the minimal interaction region.35 Three additional

class 3C variants, which localized to N-terminal PLEKHA7

domains, were identified in other families (Figure 2B,

Table S1). A rare variant in PLEKHA5 (a close paralog of

PLEKHA7), c.1769A>G (p.Tyr590Cys), arose de novo in an

affected male (family 20010429) and then segregated

with the phenotype, providing compelling support for a

role of PLEKHA5 in NS-CL/P (Figure 2C). This variant re-

sides in the region homologous to the PLEKHA7 p120Ctn
ith the E-cadherin tail juxtamembrane core (gold dots and sticks)
he enlarged image to the right in (i). Mutated residues are identified
ue, which interacts with p120Ctn Lys574, is indicated in gold. (ii)
p499 is positioned at the monomer interaction surface. The unla-
ontacts Asp499.
gged ectopically expressed wild-type and mutant p120Ctn proteins
ein (detected using an anti-myc antibody) and endogenous E-cad-
-length p120Ctn (black arrow), p.Trp336* protein (dark gray arrow),
herin pulled down are shown relative to the amount of the respec-
o the wild-type p120Ctn:E-cadherin ratio. Data are reported as mean
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Figure 3. ESRP2 Variants
(A) Pedigrees showing segregation of ESRP2 variants. Segregation of indicated variants was performed by Sanger sequencing in all indi-
viduals for whom DNA was available.
(B) ESRP2 protein structure variants (blue, pathogenic missense variants; purple, missense variants of unknown significance; red,
nonsense variant).
(C) Evolutionary conservation of the first RNA recognition motif (RRM1) in ESRP1 and ESRP2 with the orthologs of ESRP2 in
D. melanogaster and C. elegans. The locations and conservation of two residues mutated in NS-CL/P, Arg250 and Arg315, are shown.
Arg315 is adjacent the invariant Tyr316 that is critical for RNA recognition.
(D) Expression of the ESRP2 nonsensemutant, p.Arg520*, in HEK293Tcells alters the amount of splice isoforms of ESRP2 target genes (ii)
compared to cells expressing comparable ectopic wild-type ESRP2 protein (i).
interaction domain in which the p.Gly544Asp and

p.Asp662Gly variants are located. Five rare PLEKHA5 class

3C variants were identified in six additional families

(Figure 2D, Table S1). While there is support for some

PLEKHA5 and PLEKHA7 variants being pathogenic, others

may represent alleles that contribute to susceptibility in a

polygenic model for cleft lip and palate. PLEKHA5 and to

a lesser degree PLEKHA7 should therefore be considered

as strong candidate genes for NS-CL/P.

Two variants were identified in a fourth gene, ESRP2,

which encodes a regulator of epithelial mRNA splicing

(Figure 3). A missense variant, c.944G>A (p.Arg315His)

(family 4798), localizes to the first of three RNA recognition

motifs (RRMs). One additional allele, a stop-gain variant

(c.1558C>T [p.Arg520*]) located in the third RRM
1150 The American Journal of Human Genetics 102, 1143–1157, Jun
(Figure 3B), was identified in the validation cohort. Three

class 3C variants were also identified in additional families,

including one in the first RRM and two in the third RRM

(Figure 3B, Table S1). The variant of unknown significance

in the first RRM, c.749G>A (p.Arg250Gln), involves a resi-

due that is invariant in all ESRP2 and ESRP1 proteins down

to C. elegans (Figure 3C). As with PLEKHA5 and PLEKHA7,

some variants in ESRP2may represent alleles that contribute

to susceptibility in the respective individuals.

Six likely pathogenic variants were identified in CDH1

(Figure 4). Fivemissense variants (c.752C>T [p.Thr251Met];

c.760G>A [p.Asp254Asn]; c.768T>A [p.Asn256Lys];

c.1489G>A [p.Glu497Lys]; c.1766A>T [p.Asn589Ile]) clus-

ter in the calcium-binding hinge regions between the extra-

cellular cadherin (EC) domains: three to the EC1-EC2 hinge
e 7, 2018



Figure 4. CDH1 Variants
(A) Pedigrees showing segregation of CDH1
variants. Segregation of indicated variants
was performed by Sanger sequencing in all
individuals for whom DNA was available.
Family 4991 shows a de novo pathogenic
variant in the individual presenting with
CL/P. Two siblings (gray squares) have sec-
ondary palate clefting and do not carry the
CDH1 variant; sibling phenotype due to a
second unidentified cause.
(B) CDH1 (E-cadherin) protein structure
showing variants (blue, missense variants;
red, frameshift variant). Binding partner
protein regions shown as green bars. The
dashed boxes in (B) and (Ci) are represented
in the X-ray structure shown in (Cii) and
(Ciii), and the alignment in (D).
(C) (i) The X-ray structure of the extracel-
lular region of E-cadherin. Dashed boxes
mark the regions enlarged to the right: (ii)
the Ca2þ-binding EC1-EC2 hinge region,
and (iii) the Ca2þ-binding EC4-EC5 hinge
region. In all cases the CL/P missense muta-
tions involve residues (blue) surrounding
the Ca2þ ions (green spheres) with some res-
idues participating in chelation.
(D) Sequence conservation of the E-cad-
herin juxtamembrane core region essential
for binding to CTNND1/p120Ctn. The dileu-
cine endocytic motif (yellow) and the
conserved Glu757, which interacts with
p120Ctn Lys574 in the X-ray structure
(Figure 1), are indicated.
region and two to the EC4-EC5 hinge region (Figures 4B

and 4C). The sixth variant, classified as pathogenic, is a

frameshift mutation (c.2426_2427del [p.Asn809Ilefs*3])

that is located immediately after the C-terminal region,

with the mRNA expected to undergo nonsense-mediated

decay.
The American Journal of Human G
p120Ctn, PLEKHA5, PLEKHA7, ESRP2,

and E-Cadherin Are Co-localized in

Developing Human and Mouse

Palatal Epithelia

A prediction from these findings is that

the genes reported here would be ex-

pressed in palatal tissues at the time

of fusion. Immunohistochemistry was

performed to detect the protein prod-

ucts for each of these candidates on

sectioned human fetal palatal tissue

from the time of secondary palate

fusion (67–72 days gestation). Two an-

tibodies were used to distinguish be-

tween p120Ctn isoforms, which have

distinct roles in epithelia and mesen-

chyme. Staining using an N-terminally

directed isoform 1-specific p120Ctn

antibody showed weak staining in the

palatal shelf epithelia and the medial

epithelial seam (MES) but prominent
levels in the facial mesenchyme. In contrast, a C-termi-

nally directed pan-isoform p120Ctn antibody showed

strong staining in all oral and nasal epithelia (basal and

peridermal layers), including the MES in fusing palatal

shelves and less prominent staining in the facial mesen-

chyme (Figure 5). These data are consistent with the
enetics 102, 1143–1157, June 7, 2018 1151



Figure 5. Immunohistochemical Detection of CL/P Candidate Proteins in 67–72 day Human Embryonic Oral and Secondary Palatal
Epithelia
Strong E-cadherin staining seen in all oral epithelia (basal and periderm layers). p120Ctn (pan-isoform antibody; C-term), PLEKHA5,
PLEKHA7, and ESRP2 are also seen in all oral epithelia but show stronger staining in the peridermal layer of the palatal shelves as
well as throughout the midline epithelial seam (MES). Staining of p120Ctn isoform 1 (N-term) is seen throughout the oral mesenchyme
and weakly in the basal epithelial layer but is absent from the peridermal layer of the palate and MES.
main short isoform (isoform 3) having a prominent role in

epithelia and the longer isoform (isoform 1) in non-

adherent cell types. The staining for both PLEKHA5 and

PLEKHA7 indicated higher levels in the MES and periderm

compared to basal epithelia. ESRP2 also stained all

epithelia, but slightly stronger staining was apparent in

the peridermal layer (Figure 5). Each of the five genes

described here were also analyzed using SysFACE and

shown to be prominently expressed in E10.5 maxillary

epithelia in mice, similar to other known CL/P-associated

genes (Table S2).
NS-CL/P-Associated Mutations Disrupt the E-Cadherin-

p120Ctn-PLEKHA Complex

Previous functional studies of E-cadherin hinge region var-

iants are consistent with these mutations reducing E-cad-

herin adhesiveness36 and so functional assessments

focused on pathogenic variants identified in CTNND1.

Myc-tagged versions of each of the mutant p120Ctn pro-

teins and the wild-type protein were ectopically expressed

in SW-48 cells, which lack endogenous p120Ctn.37

p.Trp336* was included as a negative control since it lacks

the domains required for E-cadherin binding. Co-immuno-

precipitation assays showed that both the p.Trp336*

and p.Arg584Trp variants were unable to bind endoge-

nous E-cadherin (Figure 1D). The p.Asp499Gly and

p.Leu558Phe variants retained some ability to bind E-cad-

herin, although this was significantly reduced compared to

wild-type (Figure 1D). The p.Gln19Glu variant, which is

encoded only by the p120Ctn long isoform that promotes

a mesenchymal-like cellular phenotype, showed a statisti-

cally significant increase in co-precipitated E-cadherin.
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Conditional Ablation of Ctnnd1 in Developing Oral

Epithelia Results in Clefting

The role of Ctnnd1 in palate development was also assessed

in vivo using a conditional gene knockout approach in

mice. Mice carrying floxed alleles of mCtnnd1 were bred

with a Cre driver line in which recombinase expression is

driven by an oral epithelial-specific enhancer of TFAP2.24

Analysis of embryos at gestational ages 10.5–18.5 dpc

showed the full spectrum of CL/P presentations in homo-

zygotes (Figure 6). Overt clefts were observed in �47%

(7/15) of homozygous embryos. 3D imaging of the remain-

ing embryos using optical projection tomography detected

obvious nasal airway asymmetry in approximately half the

animals studied and delayedmaxillary prominence growth

in others (Figure 6B). Although no heterozygotes with an

overt cleft were identified (n¼ 25), 3D imaging of embryos

at 11.5 dpc was also able to identify heterozygotes by de-

layed medial growth of the maxillary labial processes

(Figure 6B), consistent with dosage-dependent sensitivity

to p120Ctn in the facial epithelia.
ESRP2 Disruption Leads to Aberrant Splicing of

Epithelial Isoforms of Multiple Target Genes

Selected variants in ESRP2 were investigated for disruption

of epithelial RNA splicing. cDNAs for the wild-type and

two mutant ESRP2 proteins (p.Arg520* and p.Arg315His)

were transfected into 293T cells and RNA was analyzed

for splicing effects as previously described. 293T cells do

not express endogenous ESRP1 (MIM: 612959) or ESRP2

and thus transfections of these cells with cDNA for either

splicing factor is sufficient to result in a switch from

mesenchymal toward epithelial splicing patterns.30 As
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Figure 6. Conditional Ablation of Ctnnd1 in the Embryonic Mouse Oral Epithelium Results in CL/P
(A) Mouse embryos homozygous (hom) for a Ctnnd1 oral epithelial-specific deletion displayed variable clefts—unilateral CL only (top
left), unilateral CL/P (top center), bilateral CL/P (top right), or cleft secondary palate only (far right)—similar to the human spectrum
(lower panel).
(B) 3D OPT-imaged littermates of different genotypes. Conditional heterozygotes and non-cleft presenting conditional homozygotes (*)
are distinguished by a delay in medial growth of the maxillary prominences shown by the increased gap marked by the red line. Non-
cleft presenting homozygotes showed dysmorphic nasal tips and nares.
shown in Figure 3D, transfection of wild-type ESRP2 pro-

duced the expected splicing switches in RALGPS2 (MIM:

617819), SLK (MIM: 616563), FLNB (MIM: 603381), and

ENAH (MIM: 609061) transcripts compared to the control.

Transfection of either mutant cDNA induced variable

amounts of splicing switch toward the epithelial pattern

that was less robust than that of the wild-type construct

(Figure 3Dii for p.Arg520*).
Discussion

The genes underlying the known syndromic forms of CL/P

encode proteins involved in diverse cellular processes.1,38

GWA studies have implicated 40 chromosomal loci, each

of small effect size, with common variants in only a few

of the syndromic CL/P genes contributing to NS-CL/P.5–7

The hypothesis for this study was that Mendelian gene

and de novo etiologies for CL/P, which are not testable

through GWA studies, would be identified by WES in

multi-affected families. Consistent with this hypothesis,

we report the identification of pathogenic or likely patho-

genic variants in five genes in 14% of the multigenera-
The America
tional families in which NS-CL/P segregated in an apparent

autosomal-dominant fashion with moderate to high pene-

trance. These data were validated by the finding of patho-

genic or likely pathogenic variants in the same five genes

in 2.25% of a replication cohort. This replication cohort

consisted of representative affected individuals from 201

smaller families (3 with pathogenic or likely pathogenic

variants, 1.5%) and 296 singletons (8 with pathogenic or

likely pathogenic variants, 2.7%). The difference in variant

frequencies between singletons and smaller affected

families is not significant (Fisher’s exact test one tailed

p ¼ 0.283). Notably, additional rare variants of unknown

significance in these genes were found in a further 3% of

the replication cohort. Some of these could be pathogenic

alleles, but it is also possible that the additional variants of

unknown significance could contribute to NS-CL/P under

a polygenic susceptibility model. Three of these genes

(CTNND1, PLEKHA5, and ESRP2) represent previously un-

reported human NS-CL/P-associated genes, PLEKHA7 rep-

resents a strong candidate gene, and newly identified vari-

ants inCDH1 significantly increase the number reported to

be associated with NS-CL/P and provide a clear mechanism

of action. In support of pathogenicity for variants in these
n Journal of Human Genetics 102, 1143–1157, June 7, 2018 1153



genes, we demonstrate that (1) each protein is localized

almost exclusively in the oral and palatal epithelia at

fusion, (2) investigated p120Ctn variants disrupt E-cadherin

interaction, and (3) conditional Ctnnd1 ablation in mouse

oral epithelia results in a spectrum of CL/P phenotypes

that mimics that seen in individuals with CL/P. This estab-

lishes dysfunction in the regulators of epithelial adhesion

dynamics as a significant cause of NS-CL/P, with major im-

plications for molecular diagnostics, recurrence risk, and

reproductive counseling for individuals with CL/P.

Recently, variants in CTNND1 and CDH1 have been

identified as the cause of blepharocheilodontic syndrome,

a rare syndrome in which CL/P is a variable feature.2 In this

study we have demonstrated the role of variants in

CTNND1, CDH1, and their interacting partner proteins

in NS-CL/P. The involvement of CTNND1 is supported by

the diversity in variant type (nonsense, frameshift,

splicing, andmissense) as well as the clustering ofmissense

variants within the protein. Three protein-truncating vari-

ants and a variant affecting splicing (c.2417þ1G>T) are

highly likely to result in mRNA nonsense-mediated decay

and haploinsufficiency. It is also striking that the majority

(four of the five) of the pathogenicmissensemutations and

both variants of unknown significance are located within

ARM repeats 3 through 6, which provide the residues

that contact the critical juxtamembrane core of the E-cad-

herin tail31,39,40 (colored gold in Figures 1Ci and 1D).

Substitution at arginine 584 alters the positively charged

inner surface of the ARM domains that interface with the

negatively charged E-cadherin juxtamembrane region. In

support of pathogenicity, we show that p.Arg584Trp dis-

rupts the ability of p120Ctn to bind E-cadherin

(Figure 1D). Of note are two rare variants of unknown sig-

nificance (p.Gln563Glu and p.Lys574Arg) identified in

one affected individual, with the latter directly interacting

with the negatively charged E-cadherin tail via the highly

conserved Glu757 (Figures 1Ci and 4D). In contrast, vari-

ants not situated on the interaction interface (p.Asp499Gly

and p.Leu558Phe) impact E-cadherin binding to a lesser

but still significant degree. Each missense variant is there-

fore expected to be a loss-of-function or partial loss-of-

function allele. Previous studies have shown that either

reduction in p120Ctn levels or uncoupling E-cadherin inter-

action result in increased cadherin endocytosis, reduced

cell-cell adhesion, and changes in epithelial morphology

and behavior.40–42 p120Ctn is proposed to multimerize to

facilitate E-cadherin clustering and stabilization. Although

it is unknownwhether the p120CtnX-ray structure stacking

mirrors the expected multimerization in vivo, it is note-

worthy that aspartate 499 is the contacting residue be-

tween the monomers (Figure 1Cii). We speculate that

p.Asp499Gly could also impact E-cadherin clustering inde-

pendent of its effect on the interaction with the E-cadherin

tail.

The essential role for the p120Ctn complex in fusion of

the lip and palate in vivo was confirmed by conditional

ablation of Ctnnd1 in oral epithelia in mice. Ctnnd1 abla-
1154 The American Journal of Human Genetics 102, 1143–1157, Jun
tion caused a spectrum of facial clefting phenotypes and

various nasal airway asymmetries. In contrast to human

phenotypes, conditional loss of one Ctnnd1 allele in mice

delayed maxillary growth but did not cause overt clefting.

This difference in sensitivity may be due to protective ef-

fects of specific inbred mouse models, that mutations in

p120Ctn in humans also impact its mesenchymal function,

thus compounding the effect on oral epithelium, or other

as yet unidentified non-genetic influences as is widely

accepted as contributing to NS-CL/P. Nevertheless, the va-

riety and frequency of mutations, together with functional

and animal studies, support loss of function of p120Ctn as

the most significant cause of NS-CL/P reported to date.

Additional evidence for the role of the p120Ctn-complex

in CL/P is provided by co-segregating variants in PLEKHA7

and its close paralog, PLEKHA5. PLEKHA7 was first identi-

fied as a microtubule-linked p120Ctn interactor critical

for the regulation of surface expression of E-cadherin.35

PLEKHA7 has also been shown to bind Afadin, which in

turn binds the C terminus of Nectin1 (encoded by another

CL/P-associated gene, PVRL1), to initiate epithelial adhe-

rens junction formation.43 The finding ofmultiple variants

in the paralogous PLEKHA5 in individuals with CL/P,

including one (c.1769A>G [p.Tyr590Cys]) that arose de

novo in one affected individual and then co-segregated

with CL/P, provides compelling evidence of pathogenicity

for this second member of the PLEKHA family. Co-expres-

sion of both PLEKHA proteins with E-cadherin and p120Ctn

in the oral periderm and the regulation of endocytosis by

PLEKHA544 are also consistent with this role. Each of these

PLEKHA5/7 variants is predicted to lead to reduced E-cad-

herin surface levels or stability similar to that seen with

loss of p120Ctn and knockdown of PLEKHA7.35,45,46 How-

ever, further functional studies and modeling in mice is

required to determine whether all variants in these two

genes are causal or whether they contribute to susceptibil-

ity in a polygenic model for CL/P.

The epithelial mRNA splicing regulators ESRP1 and

ESRP2 have been implicated in CL/P pathogenesis through

mouse studies and are well-characterized regulators

of epithelial adhesion.29,47 Here, the findings in humans

of pathogenic variants in ESRP2 confirm the critical

role of this splice regulator in the oral epithelium and sug-

gest that ESRP2 may play the more critical role in humans.

Two ESRP2 variants meet formal criteria of pathogenicity,

with p.Arg315His localized in the RRM1 RNA recognition

motif adjacent to the key tyrosine residue (Tyr316)

required for RNA binding and the p.Arg520* variant pre-

dicted to undergo mRNA nonsense-mediated decay. Addi-

tional RNA recognition motif variants were conservatively

classed as variants of uncertain significance (VUS). In

particular, p.Arg250Gln lies within the first RNA recogni-

tion motif that is conserved in all ESRP2 and ESRP1 pro-

teins as well as other closely related RNA splicing factors

(Figure 3C).

Truncating and missense mutations in CDH1 have been

described in families with hereditary gastric and breast
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cancer, with 5% of those families also having at least one

affected familymember with CL/P. The E-cadherin variants

reported here were present in individuals with isolated

CL/P but with neither gastric nor breast cancer, other

than in one family (SA1) where one person was recently

diagnosed with gastric cancer. Many of the hereditary

diffuse gastric cancer-linked E-cadherin missense muta-

tions are located in the extracellular cadherin (EC) domain

hinge regions and are associated with reduced epithelial

cell-cell adhesion.48 Each of the CL/P-associated missense

variants reported here also localize to hinge regions:

the EC1-EC2 hinge (p.Thr251Met, p.Asp254Asn, and

p.Asn256Lys) or EC4-EC5 hinge (p.Glu497Lys and

p.Asn589Ile), with some involved directly in calcium che-

lation. A missense mutation of Asn256 has been reported

in an individual with gastric cancer without CL/P,36 while

p.Asp254Asn is one of the few CL/P-associated E-cadherin

variants previously described.8 Functional and structural

studies in E-cadherin have confirmed that calcium binding

to this hinge region stabilizes the extracellular cadherin

loop structure to facilitate high-affinity transdimerization

and strong epithelial adhesion.49–51 It remains to be eluci-

dated why some CDH1 variants cause NS-CL/P while

others give rise to gastric cancer or broader developmental

phenotypes.

The identification of these genes highlights the utility of

a Mendelian approach to gene identification in multi-

affected families for phenotypes conventionally regarded

as sporadic or multifactorial. It is noteworthy that

numerous additional variants in these five genes were

observed in other NS-CL/P-affected families in this study,

representing a further 3% of the cohort (Table S1).

Although not able to be formally categorized as pathogenic

using the ACMG/Sherloc framework,26 many of these var-

iants could still be disease causing or at least contributors

to susceptibility. These include CTNND1 p.Lys574Arg

(impacts direct contact with E-cadherin), PLEKHA5

p.Gly548Arg (located within the p120Ctn interaction

domain and also predicted to impact RNA splicing), and

ESRP2 p.Ser508Leu (hydrogen bond disruption).

The functional links between the five genes identified in

this study and their high mutant frequency in two NS-CL/

P cohorts are striking, consistent with the epithelial cad-

herin-catenin complex as an important biological pathway

for CL/P in humans. NS-CL/P was previously considered to

be a complex trait in most affected individuals but our

findings provide compelling evidence for genes of major

Mendelian effect in NS-CL/P. Pathogenic variants were

not detected in any of the previously identified genes asso-

ciated with Mendelian CL/P including ARHGAP29, IRF6,

MSX1, MAFB, SATB2, and TP63 emphasizing the impor-

tance of the p120Ctn-E-cadherin complex. A regulator of

the epithelial adhesive state (ESRP2) provides additional

evidence that deregulation of epithelial adhesion is also a

primary mechanism in Mendelian forms of human NS-

CL/P. The majority of families had a single pathogenic

allele in the genes described in this study, consistent
The America
with a Mendelian etiology with incomplete penetrance

in a subset. A second potentially pathogenic allele was

identified in four families, raising the possibility of an oli-

gogenic model, including family 4798 (FGF8 p.Asp120Gly,

likely pathogenic), family 20021591 (ESRP2 p.Glu547del

class 3C VUS), and family 2328 where two missense vari-

ants (p.Lys574Arg and p.Gln563Glu [class 3C VUS]) in

the ARM domains of p120Ctn were identified. This study

therefore opens up new avenues to investigate gene inter-

actions in determining CL/P penetrance and indicates that

a subset of NS-CL/P-affected case subjects may be princi-

pally monogenic in origin, implying that a proportion of

isolated cases are the result of de novo mutations. We

recommend that detailed clinical phenotyping should be

combined with consideration of diagnostic testing for

the p120-Ecadherin gene complex and previously identi-

fied CL/P-associated genes such as IRF6, TP63, SATB2,

and MSX1 in multiplex families presenting with NS-CL/P

as a first line assessment. Molecular testing through a qual-

ified medical genetic service could also be considered as a

component of precision medicine in singletons with NS-

CL/P to provide a personalized rather than a population-

derived empiric recurrence risk.
Supplemental Data

Supplemental Data include three tables (which contain respec-

tively additional class 3 variants which were not assessed to be
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can be found with this article online at https://doi.org/10.1016/j.
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