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ABSTRACT:

Objectives: Cleft lip with/without cleft palate and cleft palate only are congenital birth defects where 

the upper lip and/or palate fail to fuse properly during embryonic facial development. Affecting 

~1.2/1000 live births world-wide, these orofacial clefts impose significant social and financial 

burdens on affected individuals and their families. Orofacial clefts have a complex etiology resulting A
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from genetic variants combined with environmental covariates. Recent genome-wide association 

studies and whole-exome sequencing for orofacial clefts identified significant genetic associations 

and variants in several genes. Of these, we investigated the role of common/rare variants in SHH, 

RORA, MRPL53, ACVR1, and GDF11.

Materials and Methods: We sequenced these five genes in 1255 multi-ethnic cleft lip with/without 

palate and cleft palate only samples in order to find variants that may provide potential explanations 

for the missing heritability of orofacial clefts. Rare and novel variants were further analyzed using in-

silico predictive tools. 

Results: 19 total variants of interest were found, with variant types including stop-gain, missense, 

synonymous, intronic, and splice-site variants. Of these, 3 novel missense variants were found, one in 

SHH, one in RORA, and one in GDF11. 

Conclusion: This study provides evidence that variants in SHH, RORA, MRPL53, ACVR1, and 

GDF11 may contribute to risk of orofacial clefts in various populations. 

Keywords: Candidate Gene, Craniofacial Genetics, Genome-Wide Association Studies, Whole 

Exome Sequencing, Congenital Birth Defect, Novel Variants

INTRODUCTION:

Orofacial clefts (OFCs) are congenital birth defects where the independently derived facial 

primordia that form the orofacial complex fail to fuse properly and completely during embryonic A
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development. OFCs are the most common craniofacial birth defect in humans with an average 

worldwide prevalence of 1.2/1000 live births (Rahimov, Jugessur, & Murray, 2012), though 

individual population incidence can vary. The highest prevalence for OFC has been reported in Asia 

and the lowest in Africa (Mossey & Modell, 2012), and the difference in prevalence across the world 

suggests that the relative impact of specific susceptibility genes may vary between different 

populations (Gowans et al., 2016). 

While there are several treatments available for OFCs, which include corrective surgery, 

speech therapy, dental care, and mental health support (Berk & Marazita, 2002); access and 

affordability of these services imposes significant social and financial burdens on affected individuals 

and their families. Additionally, OFCs can result in early life complications such as trouble eating, 

breathing, and higher prevalence of ear infections (Nackashi, Dedlow, & Dixon-Wood, 2002). All of 

these increase child mortality risk, especially in areas that lack access to care.

OFCs can be categorized into two groups: Nonsyndromic, which is clefting that occurs in 

isolation with no other visible structural defects, and syndromic, which is clefting that is consistently 

seen with other birth abnormalities. Approximately 70% of OFCs fall into the nonsyndromic 

category. The etiology of nonsyndromic OFCs is complex and results from a combination of genetic 

variants and environmental covariates (Dixon, Marazita, Beaty, & Murray, 2011). Genetically, 

nonsyndromic OFCs tend to veer away from clear Mendelian inheritance patterns. Environmental risk 

factors include maternal smoking, alcohol consumption, and insufficient intake of folates and other 

vitamins and minerals during gestation, particularly during the first trimester of pregnancy.

Recent genome-wide association studies (GWAS) and whole-exome sequencing (WES) 

identified significant genetic associations and rare variants for OFCs (Beaty et al., 2010; Birnbaum et 

al., 2009; Butali et al., 2019; Liu et al., 2017; Yu et al., 2017). In prior studies, we previously 

identified rare variants in GWAS identified candidate genes (Butali et al., 2014). In this study, we 

investigated the role of rare variants in Sonic Hedgehog (SHH), RAR Related Orphan Receptor A 

(RORA), and Activin Receptor Type-1 (ACVR1) as identified in our African only GWAS (Butali et 

al., 2019). In addition, we investigated Mitochondrial Ribosomal Protein L53 (MRPL53), which was 

identified using an expression quantitative trait loci (eQTL) approach, and Growth Differentiation 

Factor 11 (GDF11), which was identified following WES. All these genes were screened for rare A
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variants in individuals with cleft lip with or without cleft palate (CL/P) and cleft palate only (CPO) 

from multiple populations (namely Nigeria, Ethiopia, Ghana, Puerto Rico, Iowa, and the Philippines). 

MATERIALS AND METHODS:

DNA Collection and Processing:

A total of 1255 samples were included in this study from participants in Nigeria, Ethiopia, 

Ghana, Puerto Rico, Iowa, and the Philippines (Supplementary Table 1). Local Institutional Review 

Board approvals (Iowa approval number: 201101720, Lagos University Teaching Hospital Idi‐Araba, 

Lagos IRB approval number: ADM/DCST/HREC/VOL.XV/321, Obafemi Awolowo University 

Teaching Hospital Ile‐Ife IRB approval number: ERC/2011/12/01, Kwame Nkrumah University of 

Science and Technology IRB approval number: CHRPE/RC/018/13, the Addis Ababa University IRB 

approval number: 003/10/surg, the University of Puerto‐Rico IRB approval number: 0640111, and 

Iowa approval number: 199804080 in conjunction with Philippines approval number: 199804081) and 

informed consent were obtained from all participants prior to sample and data collection. Saliva and 

swab samples were collected using OG-500 Oragene-DNA Collection Kits 

(http://www.dnagenotek.com) from case individuals with OFCs, their family members, and control 

individuals. Case families were recruited by surgeons at cleft clinics and during surgical missions. 

Controls were defined as individuals born alive without any congenital birth defects and were 

recruited at immunization and dental clinics. Following collection, samples were transported to the 

Butali laboratory at the University of Iowa for DNA extraction and processing. DNA was extracted 

from saliva and swab samples using Qiagen DNA Extraction Kits. Concentration of DNA samples 

were then quantified using Qubit Assays and the Qubit 2.0 Fluorometer 

(http://www.invitrogen.com/site/us/en/home/brands/Product-Brand/Qubit.html). XY genotyping was 

also done as a quality control measure to validate matching of sample sex to clinical records from 

collection. 

Primer Design:

Forward and reverse primers were designed using Primer3 v.0.4.0 (Rozen & Skaletsky, 2000) 

to encompass the coding regions of the candidate genes of interest. Primer uniqueness was checked A
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using UCSC BLAT (Kent, 2002). Primers were then optimized and confirmed using gel 

electrophoresis. Further details can be found in prior studies (Liu et al., 2017). The primers used in the 

PCR and annealing temperatures are available upon request from Butali Laboratory.

Coding Region Amplification:

Coding regions of the genes of interest were amplified via polymerase chain reaction (PCR) 

using 4 ng/µl DNA samples. Amplification product quality was assessed with gel electrophoresis. 

Successfully amplified products were then sent to Functional Biosciences, Madison, Wisconsin 

(http://order.functionalbio.com/seq/index) to undergo Sanger sequencing via ABI 3730XL 

(http://www.appliedbiosystems.com/absite/us/en/home.html). Resulting chromatograms were imputed 

into PHRED software where trace files were read, base calls were made, and quality values were 

assigned to each base call (http://www.phrap.org/phredphrapconsed.html). Chromatograms were then 

assembled, scanned, and visualized with PHRAP (http://www.phrap.org/), POLYPHRED 

(http://droog.gs.washington.edu/polyphred/), and CONSED 

(http://www.phrap.org/consed/consed.html) respectively. 

Variant Calling:

Coding regions of sequenced samples were visualized and called using the software 

CONSED. Genomic location of each variant was found through imputing CONSED data into the 

UCSC Genome Browser BLAT (Kent, 2002). Effects of coding variants on protein function were 

predicted using Polymorphism Phenotyping v2 (POLYPHEN-2) (Adzhubei et al., 2010), Sorting 

Intolerant from Tolerant (SIFT) (Sim et al., 2012), Protein Variation Effect Analyzer (PROVEAN) 

(Choi & Chan, 2015), Variant Effect Predictor (VEP) (McLaren et al., 2016), and Combined 

Annotation Dependent Depletion (CADD) (Rentzsch, Witten, Cooper, Shendure, & Kircher, 2019). 

Have Your Protein Explained (HOPE) (Venselaar, Te Beek, Kuipers, Hekkelman, & Vriend, 2010) 

was used to analyze and visualize the structural effects and changes point variants had on subsequent 

protein function. Possible variant effects on splicing were also predicted using Human Splice Finder 

3.1 (Desmet et al., 2009).
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Variants were cross-referenced with those in publicly available databases: 1000 Genomes 

(Auton et al., 2015), Exome Aggregation Consortium (K. J. Karczewski et al., 2017), GnomAD 

(Konrad J. Karczewski et al., 2020), and Exome Variant Server (http://evs.gs.washington.edu/EVS/). 

Through these databases, we were able to ascertain the novelty and frequency of the variants found. 

Variants that lacked a reference number and had not been previously reported in the aforementioned 

databases or in the literature were described as novel. Identified variants with low minor allele 

frequencies (MAF) were described as “very rare” if the MAF was less than 1% of the general 

population, and were described as “rare” if the MAF was less than 5% but greater than or equal to 1% 

of that of the general population. These variants, (novel, very rare, and rare), if found, were confirmed 

through reverse sequencing of the samples.

Segregation Analysis: 

Segregation analysis was done in order to determine if the variants found were de Novo or had 

a maternal or paternal inheritance pattern. Proband samples with variants of interest and 

corresponding familial samples were sequenced and compared.

SysFACE Craniofacial Gene Expression and Enrichment Analysis:

Following GWAS, to prioritize genes based on their expression in craniofacial tissues, we 

used a bioinformatics resource tool called SysFACE. SysFACE-based analysis has been successfully 

used for examining craniofacial expression of genes previously linked to orofacial clefting (Butali et 

al., 2014; Butali et al., 2019; L. L. Cox et al., 2018; T. C. Cox et al., 2019). Briefly, SysFACE uses 

transcriptomics data on specific craniofacial tissues at embryonic (E) or postnatal (P) stages. 

Microarray expression profiles of candidate genes were analyzed from previously generated mouse 

mandible, frontonasal, maxilla and palate datasets (FaceBase datasets: FB00000107, FB00000254, 

FB00000264, FB00000467.01, FB00000468.01, FB00000474.01, FB00000477.01, FB00000905, 

FB00000926, FB00000934, FB00000935; NCBI Gene Expression Omnibus (GEO) datasets: 

GSE22989, GSE31004, GSE35091, GSE7759, GSE11400, GSE31004). In addition to expression, 

comparative analysis for candidate genes was performed for estimating craniofacial tissue-enriched 

expression for microarray datasets. Namely, craniofacial-tissue specific microarray data was A
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compared with mouse whole embryo body (WB) tissue microarray data at E10.5, E11.5, and E12.5 

(GSE32334), termed “WB in silico subtraction”, as previously described (Kakrana et al., 2018; 

Lachke et al., 2012; Liu et al., 2017). Expression in RNA-seq data from E14.5 anterior and posterior 

oral palate were obtained from FaceBase (FB00000765.01, FB00000767.01).

RESULTS:

In total, we found 19 variants of interest that may affect function of the protein based on 

bioinformatics predictions. These include: six in SHH, one in RORA, three in MRPL53, six in ACVR1, 

and two in GDF11. We could not ascertain if the novel variants were de Novo or segregated in the 

family due to non-availability of samples from one of the parents or sometimes none of the parents 

(Table 1).

SHH:

In sequencing the SHH gene, four missense variants of interest (Table 1) were found 

(p.Arg394His, p.Val113Ala, p.Gly292Arg, p.Arg126Gly). Among these variants, one was a novel 

missense variant (p.Val113Ala) in an individual from Ghana with CLP. p.Val113Ala was predicted to 

be “Probably Damaging” and “Deleterious” by Polyphen-2 and SIFT and had a CADD score of 24.6, 

meaning it is in the top 1% of deleterious variants in the human genome. We also found two silent 

variants (p.Pro10Pro and p.Ser190Ser) that potentially alter splicing. p.Pro10Pro was found in both 

CPO and CLP samples. HOPE analysis of the novel variant p.Val113Ala in SHH predicted that there 

could be an empty space in the core leading to disturbances in domain structure. Additionally, the 

decrease in amino acid size from Valine to Alanine may also affect protein interactions with 

surrounding molecules. Segregation analysis could not be done on p.Val113Ala as parent samples 

were not available.

RORA:

In sequencing the protein-coding region of the RORA gene, we found a novel missense variant 

(Table 2) in an individual from Ghana with CLP (p.Gly4Val). SIFT predicted this variant to be 

“Damaging”, while CADD assigned a score of 16.31, meaning it is in the top 10% of deleterious A
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variants in the human genome. The amino acid change is in a conserved region between monkeys and 

humans. HOPE analysis of the RORA variant p.Gly4Val showed an increase in amino acid size and 

hydrophilicity compared to the wild type. As Glycine is the most flexible amino acid, the change to 

Valine resulted in an increase in rigidity, which may affect protein interactions and function. 

Additionally, p.Gly4Val segregated in the family and was found in an unaffected sibling in addition to 

the proband, indicating incomplete penetrance of the cleft phenotype in this family.

MRPL53:

In MRPL53, three very rare missense variants (Table 3) were found (p.Thr45Ser, p.Arg73Cys, 

and p.Ser92Pro). p.Thr45Ser and p.Ser92Pro had CADD scores above 20, meaning they are in the top 

1% of deleterious variants in the human genome. Additionally, p.Arg73Cys was found in two 

unrelated samples and had a CADD score of 32, indicating that it is in the top 0.1% of deleterious 

variants in the human genome. The p.Thr45Ser was predicted to be “Tolerated” and “Benign”. 

However, this variant is still of interest in further studies due to the conservative nature of these 

prediction tools. All three variants have a low minor allele frequency of less than 0.01. HOPE 

analyses of these variants predicted that the change from Threonine to Serine in p.Thr45Ser would 

show a decrease in amino acid size that may affect protein interactions with surrounding molecules. 

The change from Arginine to Cysteine in p.Arg73Cys results in a loss of hydrogen bonds and an 

increase in hydrophobicity, which may distort structure and result in loss of interactions. Lastly, the 

change from Serine to Proline in p.Ser92Pro was predicted to exhibit an increase in hydrophobicity, 

which may affect protein interactions with surrounding molecules. Additionally, as Proline is a helix 

breaker, the amino acid change showed disruption in the alpha-helix secondary structure.

ACVR1: 

Three missense variants of interest (Table 4) were found in sequencing ACVR1 (p.Pro465Leu, 

p.Ala15Gly, and p.Glu49Lys). All three missense variants had CADD scores above 20, meaning they 

are in the top 1% of deleterious variants in the human genome. p.Pro465Leu was predicted to be 

“Possibly Damaging” by Polyphen-2 and “Tolerated” by SIFT. Provean score independently 

predicted p.Pro465Leu to be “Damaging”, with a separate SIFT prediction of “Deleterious”. A
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p.Ala15Gly was predicted to be “Deleterious with low confidence” by SIFT. We also found two silent 

variants (p.Leu505Leu and p.Pro465Pro), and one intronic variant (rs12105152) in the CPO samples 

that were predicted by ESF to “Most probably” and “Potentially” alter splicing. HOPE analyses of 

these variants predicted that the change from Proline to Leucine in p.Pro465Leu results in an amino 

acid size increase that may affect interactions with surrounding molecules due to being located on the 

protein surface. Additionally, Prolines are rigid, so the change to Leucine may disturb backbone 

conformation. HOPE analysis of p.Ala15Gly predicted that, since Glycine is the smallest and most 

flexible amino acid, this increase in flexibility and decrease in size may result in loss of interactions 

with surrounding molecules. Additionally, there is a loss of hydrophobic interactions in the core or 

surface of the protein. p.Ala15Gly also occurs within a signal peptide important for protein 

recognition and mature protein cleavage, thus signal peptide recognition may be affected. Since the 

“Benign” and “Tolerated” predictions by Polyphen-2 and SIFT; respectively, contradict the high (top 

1% deleterious variant) CADD score in both variants, this discrepancy will be further investigated in 

future functional studies.

GDF11:

In sequencing GDF11 (Table 5), we found one novel missense variant of interest 

(p.Lys337Glu) and one stop-gain variant (p.Arg214Ter). Both variants had CADD scores above 20 

meaning they are in the top 1% of deleterious variants in the human genome. HOPE analysis was 

conducted on the novel missense and stop-gain variants (p.Lys337Glu and p.Arg214Ter) found in 

GDF11. The change from Lysine to Glutamic acid resulted in a decrease in size and a change in 

charge from positive to negative. The change in size and charge may result in disruption of 

interactions with surrounding molecules and a decrease in molecular binding ability. As the wild-type 

Lysine is present in the PISA-database and is involved in a multimer contact, HOPE predicted that 

Lysine is normally contacting surrounding proteins. With the change to Glutamic acid, the smaller 

amino acid may be too small to maintain Lysine’s original multimer contacts. The wild-type lysine is 

also highly conserved in this position, while Glutamic acid does not appear in this position in 

homologous proteins. Additionally, the presence of the wild-type Lysine is important for protein 

stability because it forms part of a cysteine bridge. The change to Glutamic acid results in loss of the A
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cysteine bond and can lead to severe consequences regarding protein structure and stability. In 

segregation analyses, the variant p.Lys338Glu was segregated from the mother and was found in an 

unaffected male twin. For the stop-gain variant, p.Arg214Ter, HOPE analysis could not be done as a 

premature stop variant does not result in an amino acid change.

SysFACE Analysis

SysFACE analyses based on microarray data showed that mouse orthologs of ACVR1, 

GDF11, RORA, and SHH exhibit high expression and enriched expression in multiple craniofacial 

tissues (Figure 1). Additionally, RNA-seq data showed that MRPL53 is expressed in the anterior and 

posterior palate of E14.5 mice (Figure 2). Previous expression analyses also supported GDF11 

expression in craniofacial tissues (T. C. Cox et al., 2019). 

DISCUSSION:

The genes sequenced in this study were chosen to be of interest due to having been previously 

reported in GWAS and WES. Also, SysFACE-based analysis showed that these candidate genes were 

robustly expressed in multiple craniofacial tissues in mouse development. Additionally, gnomAD 

provided low observed and expected (O/E) ratios. Since low O/E ratios signify that the gene is 

mutating at a lower rate than expected, and thus any variants found in such genes are pathogenic, this 

contributed to our interesting in evaluating these genes for disease causing variants.

We sequenced genes that have been previously reported in GWAS and WES and found three 

novel variants; p.Val113Ala reported in SHH, p.Gly4Val in RORA, and p.Lys337Glu in GDF11. 

Sonic Hedgehog (SHH) is a protein coding gene that regulates growth and patterning in early 

embryonic stages (McMahon, Ingham, & Tabin, 2003). Additionally, it is a mitogen and promotes 

cell proliferation in many embryonic and adult tissues (Jiang & Hui, 2008). SHH is expressed in the 

epithelium of the teeth, tongue papillae, and palatal rugae (Sagai et al., 2017), with expression in the 

oral epithelium occurring at the onset of palatal outgrowth (Rice, Connor, & Rice, 2006). SHH 

signaling provides inductive signals critical for the developmental patterning of the brain and face and 

is essential for craniofacial development in vertebrates. Additionally, in studies of human and animal 
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model systems, interference with this pathway has been reported to cause birth defects; among the 

most well-studied of which fall within the holoprosencephaly (HPE) spectrum (Lipinski et al., 2010).

RAR (retinoic acid receptor) related orphan receptor A (RORA) is a member of the nuclear 

hormone receptors (NR 1). It controls the expression of several genes by binding to the hormone 

response elements within the promoters of those genes. These genes are involved in organ 

development, lipid metabolism, tumor metastasis, and circadian rhythm. RORA regulates expression 

of SHH, which has been well documented to be involved in organogenesis and has been implicated in 

many studies to be associated with OFCs in many populations. This gene also regulates genes 

involved in photoreceptor development and skeletal muscle development (Lau, Bailey, Dowhan, & 

Muscat, 1999), and is required for proper cerebellum development (Guissart et al., 2018). 

Additionally, RORA modulates the expression of Sulfotransferase 2A1 (SULT2A1) during lipid, 

steroid, and xenobiotic metabolism in the liver (Genoux et al., 2005; Giguère et al., 1994; Harding, 

Atkins, Jaffe, Seo, & Lazar, 1997; Lind et al., 2005). SULT2A1 was reported to be associated with 

CPO in our previous GWAS wherein it was shown that SULT2A1 played an important role and was 

expressed in palatal development in mice during embryonic development (Butali et al., 2019). While 

experiments showing gene-gene interactions regarding lip and palate development have yet to be 

reported, gene functions and their interactions in other organs are strongly suggestive. Specifically, in 

the liver, RORA regulates the expression of SULT2A1 to carry out lipid metabolic function. RORA has 

also been associated with syndromic intellectual disability (Guissart et al., 2018). RORA was 

identified as a top candidate gene through meta-analysis of nonsyndromic CL/P in Europeans, which 

revealed a genome-wide significant locus at chromosome 15q22.2 (Ludwig et al., 2012). This locus 

maps to a regulatory region containing both strong enhancer and promoter signatures, and multiple 

transcription factor-binding sites, as predicted by ENCODE. 

We found p.Thr45Ser, p.Arg73Cys, and p.Ser92Pro in MRPL53. Segregation analyses of this 

variant shows that it was inherited from the mother. Mitochondrial ribosomal protein L53 (MRPL53) 

is a gene that encodes part of the large subunit of the mitochondrial ribosome. High expression levels 

of this gene are found in the tongue, trachea, throat, and skeletal muscles (Petryszak et al., 2016). This 

gene was identified to be associated with OFCs through eQTL analysis. It was observed that 

orbicularis oris muscle samples from cases with clefts exhibited different expression levels compared A
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to controls. These expression levels were correlated with the genotypes of what was identified as the 

cis-eQTLs of this gene. Variants in this gene were also identified in samples with OFCs (Masotti et 

al., 2018). Studies have shown that MRPL53 interacts with MYC which is a transcription factor with a 

role in facial development (Agrawal, Yu, Salomon, & Sedivy, 2010). The mitochondria are the energy 

machinery of the cell and enzymes are required for the synthesis of ATP. These enzymes are 

synthesized within the mitochondria; thus, the disruption of their synthesis would have a huge impact 

on ATP production and many active cell processes such as cell growth, differentiation, and migration 

(Sylvester, Fischel-Ghodsian, Mougey, & O'Brien, 2004). These active processes have been well 

documented to be the mechanism through which OFCs develop. Coding variants of this gene have 

been associated with OFCs in previous studies in the Brazilian population (Masotti et al., 2018).

We found p.Pro465Leu, p.Ala15Gly, and p.Glu49Lys in ACVR1. This variant also matches a 

previously described variant (dbSNP:rs13406336) on ExPASy annotated as being of “polymorphism” 

severity. In addition, the change from Glutamic acid to Lysine in p.Glu49Lys had a change in charge 

from negative to positive, which may result in repulsion with surrounding molecules. Lastly, the 

increase in amino acid size from Glutamic acid to Lysine may result in bumps. Activin Receptor 

Type-1 (ACVR1) is a gene that encodes activin receptor type-1 protein, which is a member of the bone 

morphogenic protein (BMP) type I receptor family. The BMP signaling pathway is important because 

it plays a major role in craniofacial morphogenesis during embryonic development (Noda, Mishina, & 

Komatsu, 2016). Constitutively active ACVR1 expression of BMP signaling has been shown to have 

major effects on correct tissue responses in palatogenic signaling, such as impediments by the 

epithelial tissue on the fusion of the palatal mesenchyme and muscles of the hard and soft palates 

respectively (Noda et al., 2016; Reynolds et al., 2019). Additionally, neural crest-specific disruption 

of ACVR1 has also been found to result in craniofacial defects like lack of frontal bone squamous 

region ossification with cleft palate and a hypomorphic mandible (Mishina & Snider, 2014). In 

contrast to overexpression, the conditional deletion of BMP signaling receptor ACVR1 in neural crest 

cells can also result in craniofacial abnormalities (Dudas, Sridurongrit, Nagy, Okazaki, & Kaartinen, 

2004).

Growth Differentiation Factor 11 (GDF11) is a protein coding gene in the TGF-β family that 

secretes signals important for positional identity determination along the anterior/posterior axis during A
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development (Walker et al., 2017). GDF11 has previously been reported as a pivotal regulator during 

embryonic palatal formation, with homozygous knock-out mice showing a variety of anomalies 

including impaired palatal development (Bult, Blake, Smith, Kadin, & Richardson, 2019). GDF11 

plays a major role in craniofacial development (Lee & Lee, 2015).

The rare coding variants found in this study and their subsequent analysis strongly suggest a 

role for these candidate genes in the etiology of OFC. Therefore, it is important to screen for rare 

coding variants in omics identified candidate genes in order to identify the missing heritability that 

cannot be explained by common variants.
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Table 1. SHH Variants in CPO/CL/P Samples 

Part A: Variants Observed 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Type Ghana Ethiopia Nigeria 1KG EVS ExAC GenomeAD 

rs4716913 CPO NA p.Pro10Pro Synonymous 1 0 1 0.015/0.004 0 0 0.014/0.001 

rs551809680 CPO c.1181G>A p.Arg394His Missense 1 0 0 
0.0023/ 

0.0006 
0 0 0.00303/3.944e-05 

Novel CLP c.338T>C p.Val113Ala Missense 1 0 0 0 0 0 0 

rs4716913 CLP NA p.Pro10Pro Synonymous 3 0 0 0.015/0.004 0 0 0.014/0.001 

Puerto Rico 

New/Known 
Cleft 

Type 
HGVS HGVp Type # of Individuals 1KG EVS ExAC GenomeAD 

rs908886937 CLP c.874G>A p.Gly292Arg Missense 1 - 0 0 0.00014656/2.09529e-05 

rs553158506 CPO c.376C>G p.Arg126Gly Missense 1 - 0 0 4.067e-05/2.665e-05 

rs9333633 CL c.570G>A p.Ser190Ser Synonymous 2 0.005/0.005 0 0 0.003/0.005 

Part B: Predicted Effects of Variants 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Polyphen-2 SIFT 

Provean 

Score 
CADD Human Splice Finder Segregation Analyses 

rs4716913 CPO NA p.Pro10Pro NA NA NA NA 

Alteration of an exonic ESE site. 

Creation of an exonic ESS site. 

Potential alteration of splicing. 

NA 

rs551809680 CPO c.1181G>A p.Arg394His Benign Tolerated Neutral 21 NA NA 

Novel CLP c.338T>C p.Val113Ala 
Probably 

Damaging 
Deleterious Damaging 21.4 NA Parent Samples Unavailable A
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rs4716913 CLP NA p.Pro10Pro NA NA NA NA 

Alteration of an exonic ESE site. 

Creation of an exonic ESS site. 

Potential alteration of splicing. 

NA 

Puerto Rico 

New/Known 
Cleft 

Type 
HGVS HGVp Polyphen-2 SIFT 

Provean 

Score 
CADD Human Splice Finder Segregation Analyses 

rs908886937 CLP c.874G>A p.Gly292Arg Benign Tolerated NA 10.33 NA Absent in Father 

rs553158506 CPO c.376C>G p.Arg126Gly Benign 

Deleterious 

Low 

Confidence 

NA 0.267 NA Absent in Father 

rs9333633 CL c.570G>A p.Ser190Ser NA NA NA 12.54 
Alteration of an exonic ESE site. 

Potential alteration of splicing. 
Absent in Mother 

All analyses were based on genome assembly number GRCh38/hg38, 2017 (http://genome.icsc.edu). 

1KG: 1000 Genomes; EVS: Exome Variant Server; ExAC: Exome Aggregation Consortium; GenomeAD: Genome Aggregation Database; CADD: Combined Annotation Dependent Depletion; ESE: Exonic Splicing Enhancer; ESS: Exonic Splicing Silencer; NA: Not 

Applicable 
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Table 2. RORA Variants in CPO/CL/P Samples 

Part A: Variants Observed 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Type Ghana Ethiopia Nigeria 1KG EVS ExAC GenomeAD 

Novel CLP c.11G>T p.Gly4Val Missense 1 0 0 0 0 0 0 

Part B: Predicted Effects of Variants 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp 

Polyphen-

2 
SIFT 

Provean 

Score 
CADD 

Human 

Splice 

Finder 

Segregation 

Analyses 

Novel CLP c.11G>T p.Gly4Val Benign Deleterious NA 16.31 NA 
Present in Unaffected 

Sibling 

All analyses were based on genome assembly number GRCh38/hg38, 2017 (http://genome.icsc.edu). 

1KG: 1000 Genomes; EVS: Exome Variant Server; ExAC: Exome Aggregation Consortium; GenomeAD: Genome Aggregation Database; CADD: Combined 

Annotation Dependent Depletion; ESE: Exonic Splicing Enhancer; ESS: Exonic Splicing Silencer; NA: Not Applicable 
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Table 3. MRPL53 Variants in CPO/CL/P Samples 

Part A: Variants Observed 

New/Know

n 

Clef

t 

Typ

e 

HGVS HGVp Type 
Populatio

n 

# of 

Individual

s 

1KG EVS ExAC 
GenomeA

D 

rs75197668

6 
CL 

c.133A>

T 
p.Thr45Ser 

Missens

e 
Ethiopia 1 0 0 0 

6.182e-05/ 

7.98473e-

06 

rs20208315

3 
CLP 

c.216C>

A 

p.Arg73Cy

s 

Missens

e 

Puerto 

Rico 
2 0 0 0 

5.78938e-

05/ 

1.19594e-

05 

rs57461558

7 
CLP 

c.274T>

C 
p.Ser92Pro 

Missens

e 

Puerto 

Rico 
1 

0.005/0.0001996

8 
0 0 

2.89285e-

05/ 

7.97684e-

06 

Part B: Predicted Effects of Variants 

New/Know

n 

Clef

t 

Typ

HGVS HGVp Polyphen-2 SIFT 
Provean 

Score 

CAD

D 

Huma

n 

Splice 

Segregatio

n Analyses A
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e Finder 

rs75197668

6 
CL 

c.133A>

T 
p.Thr45Ser Benign Tolerated NA 22.4 NA 

Present in 

Mother, no 

paternal 

sample 

rs20208315

3 
CLP 

c.216C>

A 
p.Arg73Cys 

Probably 

Damaging 

Deleteriou

s 
NA 32 NA 

Absent in 

Both 

Separate 

Fathers 

rs57461558

7 
CLP 

c.274T>

C 
p.Ser92Pro 

Possibly 

Damaging 

Deleteriou

s 
NA 22.4 NA 

Absent in 

Father 

All analyses were based on genome assembly number GRCh38/hg38, 2017 (http://genome.icsc.edu). 

1KG: 1000 Genomes; EVS: Exome Variant Server; ExAC: Exome Aggregation Consortium; GenomeAD: Genome Aggregation Database; CADD: Combined 

Annotation Dependent Depletion; ESE: Exonic Splicing Enhancer; ESS: Exonic Splicing Silencer; NA: Not Applicable 

A
cc

ep
te

d 
A

rt
ic

le



 

This article is protected by copyright. All rights reserved 

Table 4. ACVR1 Variants in CPO/CL/P Samples 

Part A: Variants Observed 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Type Ghana Ethiopia Nigeria 1KG EVS ExAC GenomeAD 

rs750457181 CLP c.1394C>T p.Pro465Leu Missense 0 0 1 0 0 0 0.000/7.16013e-05 

rs13406336 CLP c.44C>G p.Ala15Gly Missense 0 2 0 -/0.0074 0 0 0.0007842/0.01053 

rs1219953789 CLP c.145G>A p.Glu49Lys Missense 1 0 0 0 0 0 0.000/7.95988e-06 

rs12105152 CPO NA NA Intron 13 0 5 0.043/0.012 0 0 0.042/0.003 

rs3738927 CPO NA p.Leu505Leu Synonymous 23 3 8 0.085/0.026 0 0 0.062/0.006 

rs373855918 CPO NA p.Pro465Pro Synonymous 0 1 0 0 0 0 0.000/7.95646e-06 

Part B: Predicted Effects of Variants 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Polyphen-2 SIFT 

Provean 

Score 
CADD Human Splice Finder Segregation Analyses 

rs750457181 CLP c.1394C>T p.Pro465Leu 
Possibly 

Damaging 

Tolerated/ 

Deleterious 
Damaging 24.3 NA Absent in Parents 

rs13406336 CLP c.44C>G p.Ala15Gly Benign 

Deleterious 

Low 

Confidence 

Neutral 22.6 NA NA 

rs1219953789 CLP c.145G>A p.Glu49Lys Benign Tolerated Neutral 22.9 NA 
Absent in unaffected 

sibling, parent samples NA 

rs12105152 CPO NA NA NA NA NA 1.323 
Alteration of the WT donor site, 

most probably affecting splicing. 
NA A
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rs3738927 CPO NA p.Leu505Leu NA NA NA 20.7 
Alteration of an exonic ESE site. 

Potential alteration of splicing. 
NA 

rs373855918 CPO NA p.Pro465Pro NA NA NA 13.7 
Alteration of the WT donor site, 

most probably affecting splicing. 
NA 

All analyses were based on genome assembly number GRCh38/hg38, 2017 (http://genome.icsc.edu). 

1KG: 1000 Genomes; EVS: Exome Variant Server; ExAC: Exome Aggregation Consortium; GenomeAD: Genome Aggregation Database; CADD: Combined Annotation Dependent Depletion; ESE: Exonic Splicing Enhancer; ESS: 

Exonic Splicing Silencer; NA: Not Applicable 
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Table 5. GDF11 Variants in CPO/CL/P Samples 

Part A: Variants Observed 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Type Ghana Ethiopia Nigeria 1KG EVS ExAC GenomeAD 

Novel CL c.1009A>G p.Lys337Glu Missense 2 0 0 0 0 0 0 

rs780604190 CLP c.640G>T p.Arg214Ter 
Stop-

Gained 
1 0 0 0 0 0 0/3.985e-06 

Part B: Predicted Effects of Variants 

Ghana, Ethiopia, and Nigeria 

New/Known 
Cleft 

Type 
HGVS HGVp Polyphen-2 SIFT 

Provean 

Score 
CADD 

Human Splice 

Finder 
Segregation Analyses 

Novel CL c.1009A>G p.Lys337Glu Benign Tolerated Neutral 23.7 NA 
Absent in mother, present 

in unaffected male twin 

rs780604190 CLP c.640G>T p.Arg214Ter Benign Tolerated Neutral 22.4 NA 
Present in mother, absent 

in maternal grandmother 

All analyses were based on genome assembly number GRCh38/hg38, 2017 (http://genome.icsc.edu). 

1KG: 1000 Genomes; EVS: Exome Variant Server; ExAC: Exome Aggregation Consortium; GenomeAD: Genome Aggregation Database; CADD: Combined Annotation Dependent Depletion; ESE: 

Exonic Splicing Enhancer;  

ESS: Exonic Splicing Silencer; NA: Not Applicable 
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