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Abstract

Our previous work demonstrating enrichment of outflow tract (OFT) congenital heart

disease (CHD) in children with cleft lip and/or palate (CL/P) suggests derangements

in common underlying developmental pathways. The current pilot study examines

the underlying genetics of concomitant nonsyndromic CL/P and OFT CHD pheno-

type. Of 575 patients who underwent CL/P surgery at Children's Hospital Los

Angeles, seven with OFT CHD, negative chromosomal microarray analysis, and no

recognizable syndromic association were recruited with their parents (as available).

Whole genome sequencing of blood samples paired with whole-blood-based RNA

sequencing for probands was performed. A pathogenic or potentially pathogenic vari-

ant was identified in 6/7 (85.7%) probands. A total of seven candidate genes were

mutated (CHD7, SMARCA4, MED12, APOB, RNF213, SETX, and JAG1). Gene ontology

analysis of variants predicted involvement in binding (100%), regulation of transcrip-

tion (42.9%), and helicase activity (42.9%). Four patients (57.1%) expressed gene vari-

ants (CHD7, SMARCA4, MED12, and RNF213) previously involved in the Wnt

signaling pathway. Our pilot analysis of a small cohort of patients with combined

CL/P and OFT CHD phenotype suggests a potentially significant prevalence of dele-

terious mutations. In our cohort, an overrepresentation of mutations in molecules

associated with Wnt-signaling was found. These variants may represent an expanded

phenotypic heterogeneity within known monogenic disease genes or provide novel

evidence of shared developmental pathways. The mechanistic implications of these

mutations and subsequent developmental derangements resulting in the CL/P and

OFT CHD phenotype require further analysis in a larger cohort of patients.
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1 | INTRODUCTION

Congenital birth defects occur in �3% of all births and are the leading

cause of death among infants in the United States (Centers for Dis-

ease Control and Prevention, 2019; Heron, 2016). In addition to the

mortality burden, birth defects are also a significant source of hospital

resource utilization and health care expenditure (Arth et al., 2017).

Not infrequently, developmental defects in multiple organ systems

tend to coexist in the same individual. In some clinical conditions, such

as VACTERL, the patient may harbor specific morphologic features

that are developmentally unrelated, yet nonrandomly associated (van

de Putte et al., 2020). Alternatively, in other cases, concomitant lesion

sets may derive from a common genetic or molecular event, such as

22q11.2 deletions in DiGeorge syndrome or Fibrillin-1 gene mutations

in Marfan syndrome (Grygiel-Gorniak et al., 2020; Lackey &

Muzio, 2021). Understanding the developmental events that result in

coexisting birth defects is not only important for accurately determin-

ing the underlying mechanisms of disease but may also improve prog-

nostic and therapeutic efforts.

Children's Hospital Los Angeles is a tertiary referral center that has

established expertise in caring for pediatric craniofacial and cardiac dis-

orders. This clinical experience has enabled identification of patients

with combined cleft and cardiac malformations as a niche cohort in

which to study concomitant birth defects. Cleft lip and/or palate (CL/P)

is the most common congenital birth defect of the head and neck, with

an incidence of 1 in 700 live births (Mossey & Catilla, 2001; Mossey &

Modell, 2012; Munabi et al., 2017). Approximately 70% of patients with

CL/P patients have no recognizable syndrome (Mossey & Catilla, 2001;

Mossey & Modell, 2012; Munabi et al., 2017). Nevertheless, patients

with CL/P have considerably higher rates of coexisting congenital

anomalies compared to the general population, with incidences varying

from 14% to 66% across studies and populations (Munabi et al., 2017).

Congenital heart disease (CHD) is the most common congenital birth

defect worldwide with an incidence of 8–12 per 1000 live birth

(Heron, 2016; Mossey & Catilla, 2001; Mossey & Modell, 2012). Within

CL/P patients, CHD accounts for more than a third of all associated

anomalies (Mossey & Catilla, 2001; Mossey & Modell, 2012; Munabi

et al., 2017).

While previous reports have described the relationship between

cleft and cardiac defects in the context of specific genetic syndromes,

our work has shown that this relationship persists in nonsyndromic

CL/P (nsCL/P) patients as well. In particular, we found that nsCL/P

patients experienced a 14-fold greater birth prevalence of CHD than

observed in the general population (Azadgoli et al., 2020), with an

enrichment of outflow tract (OFT) heart defects (Toubat et al., 2021).

We also demonstrated that the co-existence of these lesions

adversely impacts the surgical management of both cleft and cardiac

defects (Azadgoli et al., 2020; Toubat et al., 2021). A 2017 study using

next generation sequencing identified a mutation in the MTHFR gene,

which was likely the pathogenic variant resulting in CHD and cleft in a

single patient (Liu et al., 2017). Aside from this study and despite the

highly clinically relevant association, the molecular and genetic basis

of combined CHD and nsCL/P is largely unknown.

We hypothesized that concomitant nsCL/P and OFT CHD likely

results from a shared molecular etiology. This study aims to identify

underlying genetic abnormalities in a pilot cohort of patients with

nsCL/P and OFT CHD, using whole genome sequencing paired with

whole-blood-based RNA sequencing (RNA-seq).

2 | METHODS

2.1 | Editorial policies and ethical consideration

The study was approved by the institutional review boards of Chil-

dren's Hospital Los Angeles and the University of Southern California.

Written consent was obtained from all available parents of study

participants.

2.2 | Patient selection

Retrospective review of 575 patients who underwent surgery for

CL/P at CHLA over a 9-year period was performed. Eighty-three

patients (14.4%) were found to have a concomitant diagnosis of CHD.

Patients underwent further review by a multidisciplinary team includ-

ing a medical geneticist, cardiothoracic surgeon, plastic surgeon, and

craniofacial biologist. Twenty patients had prior genetic testing with

negative chromosomal microarray analysis and were eligible for study

inclusion. Patients with a known genetic mutation from diagnostic

testing at an outside institution were excluded leaving 13 patients

(65%) who were contacted for study participation.

Study design was an analysis of patient cases and unaffected bio-

logic parents who were available for participation. Seven patients with

nsCL/P agreed to participate and was consented for study participa-

tion. Four patients presented as complete trios with both parents,

three with one parent only as duos. One of the trio patients presented

with triplet siblings who were also included as a family study. Patients

underwent a facial and clinical cardiac exam and questionnaire inter-

view. Whole blood samples were collected for DNA and RNA extrac-

tion from patients and DNA extraction only from parents. RNA

analysis was only performed for trios who did not have a pathogenic

variant identified on DNA analysis.

2.3 | Nucleic acid extractions and analysis

Whole blood was collected in PAXgene Blood DNA or RNA Tubes

(Biosciences, La Jolla, CA) and DNA or RNA was extracted using either

PAXgene Blood DNA or RNA Kits (Qiagen, Venlo, Netherlands). Both

DNA and RNA were assessed using the NanoDrop (Thermo Scientific,

Waltham, MA), Qubit (Invitrogen, Carlsbad, CA), and TapeStation

(Agilent Technologies, Santa Clara, CA). Nucleic acids had quality of

DIN score > 7.5 and RIN > 6.

For whole genome sequencing, 500 ng of DNA greater than

200 bp was sheared in 130 μl of nuclease-free water with the Covaris
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E220 using the 96 microTUBE Plate (Covaris, Woburn, MA). DNA was

quantified using the High Sensitivity D1000 Screen Tape Assay

(Agilent Technologies, Santa Clara, CA). DNA libraries were prepared

with the KAPA Hyper Prep Kit (Roche, Basel, Switzerland). Dual-

indexed adapters were ligated to end-prepped and a-tailed DNA. The

prepared libraries were quantified using D1000 Screen Tape Assay

(Agilent Technologies, Santa Clara, CA). For RNA-seq, 200 ng were

heat fragmented to a target size of 180 bp. Fragmented molecules

were used for library prep using the NEBNext® Ultra™ II Directional

RNA Library Prep Kit for Illumina (New England BioLabs, Inc., Ipswich,

MA) and NEBNext Poly(A) mRNA magnetic isolation module.

Each library was normalized to 5 nM, pooled, and sequenced on

NovaSeq 6000, using the NovaSeq S4 300 cycles flow cell V1 chemis-

try (Illumina, San Diego, CA). All sequencing reads were converted

using BCL2FASTQ v2.19.1.403 to generate industry standard FAS-

TQs. High resolution whole genome sequencing generated

207,681 Mb of data on average, 62.9� estimated depth of coverage,

and 95.1% of data above 20�. An average of 107.1 million uniquely

mapped RNA reads were generated of which 87.1% were assigned to

mRNAs.

2.4 | Data analysis

DNA sample FASTQs were aligned to GRCh37 (hs37d5) using BWA-

MEM (v0.7.8; Li, 2013). Post-processing included base recalibration,

duplicate read marking, and joint indel realignment using GATK

(v3.5.0). Germline variants and indels were obtained using GATK Hap-

lotype Caller, Samtools (v1.2) mpileup paired with BCFtools (v1.2).

VCFs were annotated with SnpEff (v3.5h), using a dbSNP (v137.b37)

reference (DePristo et al., 2011). Copy number analysis was com-

pleted using tCoNuT (Aldrich, 2020).

RNA sample FASTQs were aligned to GRCh37 (hs37d5) using

STAR (v2.5.3a) (Dobin et al., 2013). Post-processing included duplicate

marking and splitting of N cigar reads with GATK Transcript

quantification using Salmon (v0.7.2) with a GRCh37.74 hs37d5 GTF

reference. Cufflinks (v2.2.1) was used for isoform quantification

(Trapnell et al., 2010). Sample alignment metrics for both DNA and

RNA were obtained using Picard Tools v(1.128) and Samtools stats. In

addition, Picard Tools GC coverage bias and hybrid-selection metrics

were obtained for DNA.

Prioritization was given to functionally impactful variants follow-

ing a known Mendelian disease model. Briefly, to identify high confi-

dence variants for study, SnpEff annotated Haplotype Caller VCFs

were filtered for read quality, read depth, variant functional effect,

modes of inheritance across trios, and prevalence in population data-

bases. Variants found in <1% of the 1000 Genomes phase 3 or

gnomAD (version 2) populations or within the gnomAD were defined

as rare. Variants with a quality score above 500 were investigated for

significance and pathogenicity leveraging dbNSFP (version 3.2) and

Clinvar databases (04/2016; Landrum et al., 2018; Liu et al., 2016).

Protein ANalysis THrough Evolutionary Relationships (PANTHER)

classification system (http://www.pantherdb.org/), the Database for

Annotation, Visualization, and Integrated Discovery (DAVID) software

(https://david.ncifcrf.gov/home.jsp), and a primary literature review

were used to evaluate gene function, gene ontology, and associated

pathways for each candidate gene. For molecular function and biologi-

cal processes, only the top five associated categories across variants

were listed.

2.5 | Variant filtering approach

To identify high confidence variants for study, the original

HaplotypeCaller vcf files were annotated with a custom automated

tool that leverages dbNSFP (version 3.2), Clinvar databases, PAN-

THER classification system, and the DAVID software. Annotations for

variants discussed in the article are in Table 1. The resultant files were

exported as excel files and manually evaluated through the following

process. First, variants were filtered for quality scores >300 and

TABLE 1 Variant quality, pLI, and CADD Phred score for each isolated variant

Proband Gene Position rsID Effect Quality pLI CADD_phred ACMG/AMP criteria

1 CHD7 chr8:61736576 None Splicing

Acceptor/

Donor Loss

488 1.0 27 Pathogenic (PVS1, PS2,

PM2)

2 SMARCA4 chr19:11134270 rs797045981 R979Q 1046 1.0 35 Pathogenic (PS2, PM2

moderate, PS4, PP3, PP5)

3 MED12 chrX:70349038 None Q1184fs 658 1.0 None Pathogenic (PVS1, PS2,

PM2)

4 APOB chr2:21225528 rs61743313 E4256K 2231 0 4.3 VUS (BP4)

4 APOB chr2:21228483 rs61741974 F3753L 2962 0 22 VUS (BP4)

(Duo) A RNF213 chr17:78280054 None S738N 1361 0.0 0.1 VUS (BP4)

(Duo) A SETX chr9:135140170 rs61735488 S2497N 1225 0.2 15 VUS (BP4)

(Duo) A SETX chr9:135205642 rs370363342 D448G 2068 0.2 22 VUS (BP4)

(Duo) B JAG1 chr20:10620243 rs755420729 N1187S 832 1.0 0.2 VUS (BP4)
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sorted in descending order. Depending on the results, an increased fil-

ter of 500 was applied for some samples. Variants with missing infor-

mation or multiallelic entries in the genotype columns across the sets

were removed. Genes with <5 novel occurrences in gnomAD were

kept for further analysis. Next, varied modes of inheritance across the

samples were tested in an iterative approach. For example, de novo

variants in probands with trio information were identified by

searching for variants present in the proband but not in the parent

samples. For the duo samples, identification of variants in this step

was done with more flexibility, as not enough information was present

to make definite determination on inheritance for the proband.

For each iterative process, allelic depth was the next consider-

ation. A hard filter was not applied to remove variants, but generally,

only variants with coverage above 10 reads per allele were accepted

for further inquiry. Functional effect, probability of being loss-

of-function intolerant (pLI) score, relevant disease description annota-

tion, presence of previous database records, dbSNP rsID, and

frequency in population were all considered at this step. For example,

the CHD7 variant identified for proband 1 had quality score of

448, pLI = 1.0, CHARGE syndrome annotation, splice donor func-

tional effect, and allelic depth >10. The approximate number of candi-

date variants present at each major filtering step can be found in

Table 2. These numbers have some flexibility, as several iterative

approaches were performed on each trio and duo. Some filters were

removed to check variants that may not have met all criteria but were

still notable. In the case of the Proband 4 trio analysis 1 with pro-

band/mother/father, the APOB variants were identified after scaling

back the database occurrence filter. The final variants could be identi-

fied after increasing the filter from 5 to 10.

Full genomic coordinates and HGVSc/HGVSp annotations can be

found in Table S1. These were obtained by running the Variant Effect

Predictor browser tool with the VCF entries for each variant as input.

3 | RESULTS

3.1 | Trio analyses

Demographics, clinical presentation, and identified mutations for pro-

band and parent trios in our cohort are shown in Table 3. Deleterious

mutations were identified in 6 of 7 probands studied. Table 4 includes

DNA and RNA sample quality data and Table S1 includes variant data.

Figure 1 displays family pedigrees.

3.1.1 | Family 1: CHD7 mutation

Proband 1 was a male classified as nsCL/P and presented with a bilat-

eral CLP, left hemifacial microsomia with facial nerve palsy, and an

undescended testicle. Cardiac malformation included a hypoplastic

aortic arch and Shone's complex: coarctation of the aorta and sub-

aortic stenosis. The proband was found to have a de novo point muta-

tion on chromosome 8 (NM_017780.4:c.3378 + 1G>A) for gene

CHD7. CHD7 is a transcription regulator involved in chromatin remo-

deling. This particular mutation is expected to disrupt the splicing

acceptor site. The variant is absent from gnomAD, however was clas-

sified as pathogenic according to the American College of Medical

Genetics and Genomics and the Association for Medical Pathology

(ACMG/AMP) criteria (Table 1) with mutations within the gene are

known to be associated with CHARGE syndrome.

The CHD7 gene often has novel variants, as was the case in this

proband. Studies have found that CHD7 gene mutations, which typically

are distributed through coding exons resulting in early protein termina-

tion, can frequently possess variable phenotypic expressivity (Lalani

et al., 2006). According to the most recently proposed diagnostic criteria

for CHARGE syndrome, no major criteria of ocular coloboma, hypoplas-

tic semi-circular canals, or choanal atresia were observed in this proband

(Verloes, 2005). He underwent aortic arch augmentation at 5 days old

followed by CL and CP repair at 11 months and 2.3 years, respectively.

Follow-up to age three showed no growth abnormalities but develop-

mental delay. Overall, this patient exhibited multiple minor criteria of

CHARGE syndrome, including facial nerve palsy, congenital heart defect,

and developmental delay (Verloes, 2005).

3.1.2 | Family 2: SMARCA4 mutation

Proband 2 is a male that presented with an isolated CP, a hypoplastic

aortic arch, and VSD. Cranial exam revealed multiple dental caries,

diminished hearing, and a left eye larger than right. Other anomalies

included a left inguinal hernia and right hydronephrosis. A de novo

point mutation on chromosome 19 (NM_003072.5:c.2936G>A) was

identified within the gene SMARCA4. This variant was classified as

pathogenic according to ACMG/AMP criteria (Table 1). SMARCA4

encodes for the BRG1 protein, which works in a SWI/SNF protein

complex to regulate gene expression via ATP-dependent chromatin

remodeling. An important component for cardiac development, BRG1

deficiencies have been associated with midline cardiac defects consis-

tent with the phenotype of tetralogy of Fallot (Qian et al., 2017). In

this proband, the mutation created a missense of an actin-dependent

transcription activator. The mutation has been associated with Coffin-

Siris syndrome, which is defined by the presence of characteristic fea-

tures that include developmental delay, fifth digit hypoplasia, and dis-

tinctive facial features of thick eyebrows, broad nasal bridge, and

prominent philtrum (Fleck et al., 2001).

The proband underwent aortic arch reconstruction and VSD

repair at 1 month of age, inguinal hernia repair at 2 months, and CP

repair at age 2.1 years. At age seven, he exhibited normal speech but

developmental delay. Aside from intellectual disability, no other fea-

tures of Coffin–Siris syndrome were present in this proband.

3.1.3 | Family 3: MED12 mutation

Proband 3 is a female that had a left CL and alveolus, bilateral pre-

auricular pits, and diminished hearing. Cardiac malformations included

MUNABI ET AL. 2085



TABLE 2 Variant filtering for each candidate gene isolated

Probandjanalysisa
Quality filtered candidate

variantsb Inheritance filteringc
Manual inspection of genes linked to

phenotype

Trio Analysis: De novo (not in either parent), phased autosomal recessive, or X-linked

Proband 1jTrio 184 De Novo (1): CHD7 (Splice Acceptor) De Novo (1): CHD7 (Splice Acceptor)

Recessive (2): MAP1B(R1079Q);MAP1B(E1319K)

X-linked (5): BRWD3(Q1551R) CDKL5(P947L);

MUM1L1(D176N); SLITRK4(V719F);

Proband 2jTrio 520 De Novo (1): CHD7 (Splice Acceptor) De Novo (1):SMARCA4

Recessive (2): SACS(T458I) + SACS(Q1143K)

X-linked (0):

Proband 3jTrio 216 De Novo (1): MED12(c.3551delA[p.Q1184fs]) De Novo (1): MED12

Recessive (0); X-linked (0):

Proband 4jTrio 533 De Novo (0); X-linked (0): Recessive: APOB(F3753L)/APOB

(E4256K)Recessive (10): AATK(P419H)/AATK(P1343T);

APOB(F3753L)/APOB(E4256K) CELSR1

(E1499K)/CELSR1(G71R) PKD1(V882M)/PKD1

(V3850M) ZNF79(V165M)/ZNF79(R483Q)

Duo Analysis: Inferred Phased Autosomal Recessive, Possible De Novo (Dominant negative), or X-linked

Proband AjDuo 189 Possible De Novo (25): ABR(A650T) ACAD9

(P259H) ADH5(A295P) AP2A1(D895N)

BAIAP2L2(R292S); BAZ1A(T1382R)

BEGAIN(P179L) CLIP2(R439K) CNTNAP4

(P134S) CSMD3(I2434V) DNAJC19(A2T)

EGFLAM(S854P) GLDC(I91T) HID1(R204W)

MCTP2(S680G) MOV10L1(N594H) RNASE4

(I90V) RNF213(S738N) SARS2(E210K) SEZ6

(S684L) TEX15(T2292M) VPS45(R386C)

ZNF248(N115D) ZNF541(R417W) ZNF593

(S82C)

Recessive (2): SETX(D448G) + SETX

(S2497N)

Possible De Novo (1): RNF213(S738N)

Recessive (4): SETX(D448G) + SETX(S2497N)

TTC40(G755R)/TTC40(L605P)

X-linked (4): TLR8(P138S) AGTR2(G21V) GYG2

(G160R) TLR8(M1033K)

Proband BjDuo 237 Possible De Novo (37): AKAP11(I237V) AOX1

(L148M) ARHGDIB(D16N) ARHGEF39(C25*)

ATCAY(E11G) CEP164(K322N) CLDN15

(G153R) COL4A2(G1468V) CSN3(H90Q)

CTSE(G80S) DIP2A(S59P) ENPP6(G344V)

FHOD3(E638K) IGF2BP1(Q226H) JAG1

(N1187S) KIAA1614(S421C) LAYN(L93P)

LIFR(N680D) LRIG1(L843F) LRRC27(W360*)

MCM5(S142L) MICALL2(S94N) MOV10

(W277R) PER3(S355R) PIEZO1(T476M)

POLG(L594V) PRRT4(G693D) PTPLAD1

(S325F) RAD54L(R320G) RBMXL2(P160H)

ROBO1(N1372K) SLC35G6(N129D)

SQLE(S232R) STX6(M106I) TDP1(D407G)

TUBE1(M349V) TYK2(K1175N)

Possible De Novo (1): JAG1(N1187S)

Recessive (2): DISC1(T603M) + DISC1(P2L)

aTrio indicates mother/father/affected. Duo indicates Mother/Child (father unavailable).
bQuality Filtered Candidate Variants were moderate or high predicted functional impact using SNPeff; GATK quality score >300, have a MAF of <1% in

major population databases found in dbNSFP3.0. Genes flagged for false positives were excluded (paralogs, etc.). Variants found at high frequency in

internal databases were excluded, as were multiallelic insertion/deletions within a single family. Finally, homozygous variants in parents or variants with

same genotype in all family members were excluded.
cFamily Trio's were available for Probands 1–4. For these, variants were filtered by inheritance: (a) de novo (not in either parent), (b) phased autosomal recessive

pairs, or (c) X-linked inherited maternally and outside of the pseudo-autosomal region. For Duo's, phasing was inferred using one parent. A category for possible

De Novo was where one variant where a heterozygote variant is not found in the parent and the variant is not found in major population databases.
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a hypoplastic aortic arch with VSD. Other anomalies included ectopic

ureters with bilateral hydronephrosis and intestinal malrotation with

Ladd bands. Sequencing identified a de novo frame shift mutation on

the paternal X-chromosome (NM_005120.3:c.3551del) within the

MED12 gene, defined as pathogenic according to ACMG/AMP criteria

(Table 1). In this proband, mRNA analysis revealed skewed X-

inactivation of her maternal chromosome. This is suggestive of the

presence of an additional abnormality on the opposing allele that ulti-

mately leads to heterozygous phenotypic expression.

MED12, which encodes the mediator complex subunit 12, serves

as a transcription factor for RNA polymerase and thus plays an impor-

tant role in gene expression (U.S. National Library of Medicine, 2020a;

MED12 gene). While the mutation in this proband was unknown to

gnomAD, multiple syndromes have been associated with gene muta-

tions in MED12: Opitz-Kaveggia syndrome, Lujan-Fryns syndrome,

and Odho syndrome (Ding et al., 2008; Rubinato et al., 2020). Lujan-

Fryns syndrome is an x-linked recessive disorder classically described

in males who demonstrate marfanoid body habitus, macrocephaly,

narrow face, maxillary hypoplasia, arched palate, high nasal root, and

hypotonia (Van Buggenhout & Fryns, 2006). Odho syndrome has

reported cleft as an uncommon phenotype (Caro-Llopis et al., 2016).

None of the known associated syndromes have reported CHD.

The proband underwent aortic arch augmentation and PFO clo-

sure at 12 days old, CL and alveolus repair at 4 months, reduction of

midgut volvulus at 7 months, and re-implantation of ectopic ureters at

2 years. At age three, the proband exhibited developmental and

speech delay. With exception of developmental delay, this proband

had no other major characteristic features of Lujan-Fryns syndrome.

3.1.4 | Family 4: APOB mutation

Proband 4 is a female with unilateral, left-sided CL and CP, right

anophthalmia, central hypothyroidism, absent corpus callosum, and a

right occipital skull defect with hydrocephaly at birth. Cardiac mal-

formations in the proband included DORV, I-TGA, dextrocardia, and

hypoplastic right ventricle. The proband was found to have two de

novo point mutations on chromosome 2 within the gene for Apolipo-

protein B (APOB). The protein, which can lead to the development of

atherosclerotic plaques in cardiovascular disease, is not known to be

associated with cardiac developments (Shapiro & Fazio, 2017). The

first variant (NM_000384.3:c.12766G>A) is of unknown significance

according to AMG/AMP criteria and known to generate a missense

mutation in the lipid transporter. The second variant (NM_000384.3:

TABLE 3 Genetic variant and clinical characteristics of patient trios (1–4) and duos (A–C)

Proband Age Gender

Race

(ethnicity)

Genetic

mutation

Cleft

diagnosis

Cardiac

diagnosis Other defects Family history

1 7 M Other

(Hispanic)

CHD7 Bilateral

CLP

Arch, Shone's

complex

Hemifacial microsomia,

undescended testicle

None

2 8 M White

(Hispanic)

SMARCA4 iCP Arch, VSD Multiple dental caries,

hearing loss, ocular

asymmetry, inguinal

hernia, hydronephrosis

None

3 4 F White

(Hispanic)

MED12 Left CL

and

alveolus

Arch, VSD Bilateral preauricular pits,

hearing loss, ectopic

ureters, hydronephrosis,

intestinal malrotation with

Ladd bands

None

4 5 F Black

(African

American)

APOB Left CLP DORV, I-TGA,

dextrocardia,

HRV

Right anophthalmia, central

hypothyroidism, absent

corpus callosum, occipital

skull defect,

hydrocephalus

Twin sister with

DORV, unbalanced

AV canal, HLV

A 3 M White

(Hispanic)

RNF213

and

SETX

Bilateral

CLP

TOF Global developmental delay,

dysplastic ears

None

B 20 M White

(Hispanic)

JAG1 SMCP TOF right cryptorchidism,

imperforate anus,

hypoparathyroidism, and

seizure disorder

None

C 5 M Pacific

Islander

None Left CLP TOF Polydactyly None

Abbreviations: Arch, hypoplastic aortic arch; AV, aortic valve; CL, cleft lip; CLP, cleft lip and palate; DORV, double outlet right ventricle; HLV, hypoplastic

left ventricle; HRV, hypoplastic right ventricle; iCP, isolated cleft palate; I-TGA, transposition of the great arteries; SMCP, submucous cleft palate; TOF,

tetralogy of fallot; VSD, ventricular septal defect.
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c.11257T>C) generates a second missense mutation of unknown

significance.

The proband (triplet C) had two triplet siblings (A and B) all born

at 32-weeks’ gestation. Triplet B (monoamniotic) had DORV, unbal-

anced AV canal, and hypoplastic left ventricle, but no craniofacial

anomalies. Triplet A (diamniotic) had neither craniofacial nor cardiac

anomalies. All three triplets underwent sequencing and were found to

be genetically identical. Both de novo variants were shared between

the proband and her two triplet siblings. As APOB is not routinely

expressed in blood, mRNA analysis did not reveal any differential

expression patterns between the proband and her siblings.

The proband underwent cardiac surgery at ages 22 months and

5 years. Her CL and CP repairs occurred at ages 2.5 and 3 years,

respectively. Follow-up to age five revealed eczema, stunted growth,

and developmental delay in the proband and normal growth in the

two triplet siblings. All three triplets had umbilical hernias repaired at

age three. A younger brother to the proband has psoriasis (Figure 1).

3.2 | Duo analyses

Of the three proband and parent duos, two (67%) demonstrated a

total of three genetic variants (Table S1). All three probands had a car-

diac diagnosis of TOF.

3.2.1 | Duo family a: RNF213 and SETX mutations

The proband presented with a bilateral complete CLP. Other anoma-

lies included global developmental delay and mildly dysplastic ears.

Three heterozygous missense variants were identified in two genes

for this proband: RNF213 and SETX. The RNF213 variant was on

chromosome 17 (NM_020954.4:c.2213G>A). RNF213 gene mutations

have previously been associated with Moyamoya disease, character-

ized by vascular maturation defects and cerebrovascular disease. Two

variants were identified in the SETX gene on chromosome

9 (NM_001351527.2:c.7490G>A and NM_001351527.2:c.1343A>G).

All variants are of unknown significance per ACMG/AMP classifica-

tions. Mutations in SETX have previously been associated with neuro-

muscular and neurologic disorders, including Juvenile Amyotrophic

Lateral Sclerosis and Spinocerebellar Ataxia. Phenotypes associated

with these previously described RNF213 and SETX genetic syndromes

were not observed in this proband. Our proband underwent TOF

repair at 7 months, CL and alveolus repair at 15 months, and CP repair

at 2.5 years. At age three, the proband exhibited persistent develop-

mental and speech delay.

3.2.2 | Duo family B: JAG1 mutation

Proband B presented with submucous CP at age 11. Other anomalies

included right cryptorchidism, imperforate anus, hypoparathyroidism,

and seizure disorder. A JAG1 variant of unknown significance was

identified (NM_000214.3:c.3560A>G). Prior studies have described

JAG1 mutations in the context of Allagille Syndrome, which is associ-

ated with intrahepatic ductal defects, hypertelorism, vertebral abnor-

malities, and distinctive facial features that include broad forehead

and pointed chin as an infant and broad chin as they age. Such pheno-

types were not observed in this proband. His TOF repair occurred by

6 months of age, anoplasty in early childhood, cryptorchidism at age

10, and CP repaired at age 12. By age 19, his hypoparathyroidism and

seizures were well managed medically.

3.2.3 | Duo family C

Proband C presented with bilateral CLP in addition to right hand pre-

axial polydactyly and failure to thrive. Patient did not have any other

dysmorphic features. His CL repair occurred at 6 months old, TOF

repair at 8 months, G-tube placement at 12 months, CP repair at

16 months, and polydactyly repair at 5 years. At age 5, the patient

was behaving appropriately for age. No gene variants of sufficient

quality were identified in this proband parent duo.

3.3 | Gene ontology and pathway analysis

To better understand the molecular function and signaling pathways

associated with the identified variants, an exploratory gene ontology

and pathway analysis was performed of all seven candidate genes

identified in trio and duo probands (Table S1). This analysis was per-

formed using a combination of PANTHER, DAVID web-based soft-

ware, and a primary literature search. The most common biological

processes ascribed to these variants included regulation of RNA poly-

merase II activity (71.4%), nervous system development (42.9%), heart

// //

F IGURE 1 Four pedigrees of proband families. Family number
and mutated gene marked above the pedigree (F# - gene). Solid black
gender symbols indicate combined phenotype of CHD and
CL/P. striped gender symbol indicates CHD only phenotype. An
arrow marks the proband in each family
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morphogenesis (28.6%), chromatin remodeling (28.6%), and angiogenesis

(28.6%). Predictive analysis of variant functions demonstrated that

42.9% of genes were involved in regulation of transcription (42.9%).

With regards to cellular signaling pathways, 4/7 (57%) gene variants

(CHD7, SMARCA4, MED12, and RNF213) were predicted and/or previ-

ously demonstrated to be involved in the Wnt-signaling pathway in addi-

tion to other individual gene involvements (Al-Hendy et al., 2017; Amal

et al., 2019; Griffin et al., 2011). Other molecular functions, biological

processes, and pathways of relevance are shown in Figure 2. In addition

to assessing associated molecular and pathway functions, we evaluated

which of the seven genes have been shown to be expressed in murine

embryonic tissues associated with craniofacial and cardiac development.

RNA in situ hybridization and RNA-seq performed on E9.5 to E14.5

mouse embryos demonstrate that Chd7, Smarca4, Med12, Rnf213, Setx,

and Jag1 are transcriptionally expressed in both first brachial arch artery

and cardiac tissues, supporting the assertion that these genes may be

implicated in mechanisms of orofacial clefting and CHD (Brunskill

et al., 2014; Cardoso-Moreira et al., 2019; Hooper et al., 2017; Loomes

et al., 1999).

4 | DISCUSSION

Advances in next generation sequencing platforms have accelerated

efforts to investigate the genetic etiology of congenital birth defects.

One approach has been to identify de novo rare variant mutations

through comparative whole exome sequencing (WES) in patient-

parent trios of all comers with congenital defects. While this approach

has been informative for exploring the genomic architecture underly-

ing different types of congenital defects, the yield of causative lesion-

specific candidate genes has been relatively small. For example, WES

analysis in patients with any form of CHD demonstrated de novo

mutations in only 10% of patients (Homsy et al., 2015; Zaidi

et al., 2013). An alternative approach is to perform genomic analyses
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in a prespecified niche patient population enriched either by homoge-

neous phenotypes or by co-existing abnormalities. This approach capi-

talizes on the expectation that the incidence of genetic defects would

be higher in a preselected population. In support of this approach,

when CHD patients with neurodevelopmental abnormalities were

selectively evaluated, pathogenic de novo mutations were identified

in almost a third of the patients (Homsy et al., 2015).

Our group is the first to demonstrate enrichment of CHD, partic-

ularly OFT lesions, in patients with CL/P. We hypothesized that the

increase in concomitant presentation likely results from derangements

in a common developmental paradigm. We therefore undertook the

current analysis to evaluate the prevalence of genetic variants in a

small pilot cohort of patients with nsCL/P and OFT CHD. All four

patients included in the trio evaluation and three patients in duo eval-

uation had negative chromosomal microarrays but all, but one, were

found to harbor protein-damaging mutations. In contrast, a study of

1200 CHD trios with a spectrum of concomitant birth defects found

only 20% prevalence of de novo mutations (Jin et al., 2017). The high

prevalence of deleterious mutations in our cohort further suggests a

more highly conserved shared developmental pathway between cleft

and OFT cardiac defects.

The availability of proband-parent trios in four cases allowed us

to identify de novo mutations with very high certainty. Of the four

genes with variants identified, only one (CHD7) has been known to

be implicated in both CL/P and CHD. While CHD is common in

patients with CHARGE syndrome, appearing in up to 91% of cases,

cleft defects are less common at 15%–30% (Isaac et al., 2018;

Lalani et al., 2006; van Ravenswaaij-Arts et al., 1993). In patients

classified as having nsCL/P, CHD7 variants are an even more

uncommon occurrence (Felix et al., 2006). Therefore, based on dif-

ferent diagnostic criteria, the proband identified with a de novo

CHD7 mutation could be clinically identified as having possible

CHARGE syndrome, but often times, as in our case, may be identi-

fied as nondiagnostic (Blake et al., 1998; Jongmans et al., 2006;

Verloes, 2005).

The de novo mutations in SMARCA4 and MED12 seen in two of

the probands were identified as pathogenic in our cases and are

known be associated with syndromic conditions. Up to 50% of

patients with SMARCA4 mutations have been reported to have a CP

and 42% a cardiovascular complication (Kosho et al., 2014; Tsurusaki

et al., 2014). However, the frequency of overlapping phenotypes has

not been reported. The most common syndrome associated with

SMARCA4 gene mutations is Coffin–Siris Syndrome, which classically

presents with developmental delay, ulnar digit abnormalities, and

coarse facial features, of which only intellectual disability was

observed in our patient (U.S. National Library of Medicine, 2020b;

SMARCA4 gene).

For MED12, our proband was unique in that she is female and

demonstrated heterozygous expression of a typically x-linked variant.

In a small case series, additional MED12 variants have been found to

have an expanded phenotypic presentation including female pro-

bands, one of whom had CP without CHD and three who had CHD

but no orofacial clefting. Our proband, who expressed a variant

resulting in a frameshift mutation, may have a more deranged protein

structure accounting for the variable and combined phenotype.

APOB, a gene that encodes for apolipoprotein B, the main compo-

nent of chylomicrons, presented as a surprising variant in one proband

and her triplet siblings. Studies have found indirect associations

between APOB and CHD—maternal derangement in expression of

APOB is associated with increased rates of CHD in their offspring, par-

ticularly VSD, tetralogy of Fallot, and pulmonary valve stenosis

(Smedts et al., 2012). HLHS, as seen in our proband and sibling, was

less common but still observed. No evidence, however, has suggested

that self-expression of de novo APOBmutations confers increased risk

of CHD. Additionally, while the APOB double-missense mutation was

present in all three triplets, CHD was only observed in 2, and CL/P

only seen in the proband. No studies have reported APOB mutations

associated with orofacial cleft defects. Without a tissue sample to

evaluate APOB protein levels, this study is limited in understanding

how expressivity may have varied between the proband and her

siblings.

The ability to identify truly de novo pathogenic mutations is lim-

ited in the subset of patients presenting as duo samples. Despite this

limitation, mutations identified in duo probands and absent in their

respective parents were still mechanistically revealing. One duo was

found to have heterozygous missense variants in two separate genes,

RNF213 and SETX. RNF213 gene codes for a protein with E3

ubiquitination and ATPase functions and has previously been identi-

fied as an important genetic susceptibility gene in Moyamoya syn-

drome (Fujimara et al., 2016). Moyamoya syndrome is characterized

as a chronic occlusive vascular disease that is predominately associ-

ated with cerebrovascular pathologies. While RNF213 gene mutations

have not yet been described in patients with CL/P or CHD, such

mutations have recently been described in patients with midaortic

syndrome and pulmonary artery stenosis, suggesting that RNF213

may have implications in regulating vascular biology more generally

(Chang et al., 2018; Warejko et al., 2018).

SETX is an RNA/DNA helicase that has been associated with

ataxia with oculomotor apraxia type 2 and amyotrophic lateral sclero-

sis type 4 (Groh et al., 2017). Mechanistically, SETX functions as a reg-

ulator of transcription. SETX gene mutations have not been described

in CHD or CL/P. However, SETX has been shown to interact with

transcriptional regulatory proteins with known associations with heart

and palatal development, including RNA polymerase II, CHD4, and

Histone H3/H4 (Ji et al., 2020; Loenarz et al., 2010; Schwenty-Lara

et al., 2020; Zaidi et al., 2013). The second duo had a variant of

unknown significance in JAG1, the gene causative for Alagille syn-

drome. JAG1 is a putative ligand of the Notch signaling pathway,

which is an established signaling pathway with relevance in both con-

genital palatal and cardiac pathologies (Casey et al., 2006; Dezoysa

et al., 2020). Alagille syndrome includes biliary malformations and pul-

monary artery defects, but has also been associated with Tetralogy of

Fallot, as seen in the proband harboring the JAG1 variant in our sam-

ple (Bauer et al., 2010).

An important limitation of our analysis is the small sample size of

this inception cohort. It is not possible to execute statistically sound
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pathway and ontology enrichment analyses to reach definitive conclu-

sions given the limited number of patients. Yet, we submit that our

pilot analysis has the potential to provide early mechanistic insights

that could guide future studies in larger patient cohorts. To that end,

we sought to investigate the biologic relationship between gene can-

didates using a molecular and pathway-level analysis. Using gene

ontology assessment and primary literature search, we demonstrate

that the majority of candidate variants is involved in binding and tran-

scriptional regulation, which points toward a common biologic func-

tionality across variants. At the pathway level, our analysis discovered

that 57% of variants have some known association with the Wnt sig-

naling pathway. The Wnt signaling pathway is an evolutionarily con-

served pathway with established roles in cardiac and craniofacial

development. Preclinical investigations in murine models have shown

that the genetic deletion of Wnt pathway genes during embryonic

development results in cardiac and orofacial phenotypes similar to

those observed in this CHD and nsCL/P cohort (He et al., 2008; He

et al., 2011; Schleiffarth et al., 2007; Sinha et al., 2012). Lack of target

palate or heart tissue limited our ability to validate protein level find-

ings in our cohort. Additionally, owing to a significant loss of tolerance

of deleterious gene mutations in putative members of the Wnt path-

way, such genetic variants have not routinely been described in the

literature. Our data suggest that loss-of-function variants in genetic

modifiers or downstream Wnt signaling molecules may serve as a

common molecular basis for combined congenital cardiac and cleft

defects in humans.

5 | CONCLUSIONS

Our pilot analysis of a small cohort of patients with combined CL/P

and OFT CHD phenotype suggests a potentially significant preva-

lence of deleterious mutations. An overrepresentation of mutations

in molecules associated with the Wnt-signaling pathway appears to

exist. Many of these variants are associated with known syn-

dromes, suggesting that syndromic conditions associated with CL/P

and OFT CHD may have greater phenotypic variability than previ-

ously appreciated. Further studies, particularly with trio exome or

genome sequencing in larger cohorts of patients are needed to

understand the mechanistic implications of these mutations and the

developmental derangements that result in concomitant CL/P and

OFT CHD.
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