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A B S T R A C T

WNT4 is a secreted protein that plays a critical role in the regulation of cell fate and embryogenesis. Biallelic 
variants in WNT4 have been linked to SERKAL syndrome, an autosomal recessive disorder characterized by 46, 
XX sex reversal and dysgenesis of the kidneys, adrenals, and lungs. SERKAL syndrome has only been described in 
a single consanguineous kindred with four affected fetuses. Additional features seen in a subset of affected fetuses 
included ventricular septal defect (VSD), congenital diaphragmatic hernia (CDH), and orofacial clefting (OFC). 
To determine if these additional features were likely to be caused by WNT4 deficiency, we used machine learning 
to compare WNT4 to genes known to cause VSD, CDH, and OFC. When compared to all RefSeq genes, WNT4’s 
rank annotation scores for these congenital anomalies were 94%, 99%, and 98.5%, respectively, indicating a high 
level of similarity. We subsequently identified a second consanguineous family with SERKAL syndrome in which 
an affected fetus had CDH and an affected child had OFC. We then demonstrated that a subset of Wnt4 null 
embryos have perimembranous VSDs, anterior and posterior sac CDH, and soft palate clefts. These findings 
suggest that WNT4 deficiency can cause VSD, CDH, and palatal anomalies in mice and humans with SERKAL 
syndrome. These studies also suggest that our machine learning approach can be used as a candidate gene 
prioritization tool, and that targeted mouse phenotyping can serve as a means of confirming the roles of 
candidate genes in mammalian development.

1. Introduction

Wingless-type MMTV integration site family, member 4 (WNT4), like 
other member of the WNT family of genes, encodes a secreted cysteine- 
rich lipoglycoprotein that acts as an extracellular signaling molecule 

through its interactions with frizzled (FZD) and other receptors (Nusse 
and Clevers, 2017). WNT4 is known to play a role in embryonic devel
opment, osteogenic differentiation, pancreatic β-cell maturation, 
decidual cell differentiation and decidualization, and neuronal and 
myofibroblast differentiation (Zhang et al., 2021).
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Autosomal dominant WNT4 missense variants have been shown to 
cause Mullerian aplasia and hyperandrogenism (MIM# 158330). 
(Biason-Lauber et al., 2004, 2007; Philibert et al., 2008) This disorder is 
characterized by aplasia/dysgenesis of Mullerian duct derivatives, viri
lization due to androgen excess, and in some cases unilateral renal 
agenesis (Biason-Lauber et al., 2004, 2007; Philibert et al., 2008). 
Functional studies suggest that at least a subset of these WNT4 missense 
variants act in a dominant negative fashion (Biason-Lauber et al., 2007; 
Philibert et al., 2008). This is consistent with studies of female Wnt4 null 
mice that have masculinized genitalia, absence of the Mullerian duct, 
atretic kidneys, reduced oocyte numbers, and failure of Leydig cell 
development in the ovary leading to ectopically activated testosterone 
biosynthesis (Stark et al., 1994; Vainio et al., 1999). These mice typically 
die perinatally.

In 2008, Mandel et al. described a consanguineous kindred in which 
a pair of siblings and their spouses had three pregnancies terminated 
between 19 and 24 weeks gestation due to ultrasound findings sugges
tive of renal agenesis (Mandel et al., 2008). Autopsies performed on 
these fetuses revealed largely overlapping features that included 46,XX 
sex reversal and dysgenesis of the kidneys, adrenals, and lungs. Mandel 
et al. proposed the acronym SERKAL to describe this syndrome (MIM# 
611812). Other primary structural anomalies seen in a subset of these 
fetuses included ventricular septal defect (VSD) and pulmonary artery 
stenosis (n = 1), congenital diaphragmatic hernia (CDH, n = 1), and 
orofacial clefting (OFC, n = 2).

Based on WNT4’s known role in renal and female development, 
Mandel et al. performed genotyping studies that found homozygosity by 
descent around WNT4 on chromosome 1p36 (Biason-Lauber et al., 2004, 
2007; Stark et al., 1994; Vainio et al., 1999). Subsequently, they iden
tified a homozygous c.341C>T, p.(Ala114Val) [NM_030761.5] WNT4 
variant in one of the fetuses with SERKAL syndrome (Mandel et al., 
2008). Parents and unaffected siblings in the kindred were found to be 
heterozygous. During Mandel et al.’s study, a fourth fetus was found to 
be homozygous for the c.341C>T variant and was terminated at 13 
weeks gestation. Fetal amniocytes obtained from this pregnancy had 
markedly reduced WNT4 mRNA levels, and OVCAR3 cells transfected 
with a WNT4 vector carrying the c.341C>T variant had 2.8- to 3-fold 
lower WNT4 transcript levels that cells transfected with a wild-type 
WNT4 vector (Mandel et al., 2008). These findings suggested that the 
c.341C>T variant acts as a loss-of-function variant, and that SERKAL 
syndrome is caused by biallelic loss of WNT4 function.

Since Mandel et al.’s report, no additional individuals with SERKAL 
syndrome have been described. Since cardiac, diaphragmatic, and 
palatal anomalies have not been documented in Wnt4 null mice, it re
mains unclear whether biallelic loss of WNT4 function can lead to VSD, 
CDH, and OFC in humans and/or mice.

Here, we use machine learning to demonstrate that WNT4 is highly 
similar to genes known to cause VSD, CDH, and OFC. We subsequently 
describe a second family with SERKAL syndrome with biallelic variants 
in WNT4. This family included an affected fetus with CDH and an 
affected child with OFC. We then demonstrate that a subset Wnt4 null 
embryos and mice have VSDs, anterior and posterior sac CDH, and soft 
palate clefts.

2. Materials and methods

2.1. Machine learning

We have previously used a machine learning algorithm to compare 
all RefSeq genes to a set of 31 training genes known to be associated with 
CDH and diaphragm development in humans and/or mice (Campbell 
et al., 2013; Callaway et al., 2018). Briefly, this tool integrates annota
tion data from various genome-scale knowledge sources to construct a 
pattern in genomic feature space based on a set of training genes asso
ciated with a specific phenotype and then ranks all RefSeq genes with 
respect to their similarity to that pattern using quantitative similarity 

metrics. Large-scale knowledge sources used by the algorithm including 
Gene Ontology (GO), Mouse Genome Informatics (MGI) phenotype 
annotation, the Protein Interaction Network Analysis platform (PINA), 
Kyoto Encyclopedia of Genes and Genomics (KEGG) molecular interac
tion network data, the GeneAtlas expression distribution, and tran
scription factor binding and epigenetic histone modification data from 
the NIH Roadmap Epigenetics Mapping Consortium (Blake et al., 2014; 
Ashburner et al., 2000; Cowley et al., 2012; Kanehisa et al., 2010). An 
omnibus phenotype-specific rank annotation score is then calculated 
which ranks the similarity of each RefSeq gene to the training gene set 
on a scale from 0% to 100%.

To generate rank annotation scores for ventricular septal defects 
(VSDs) and orofacial clefting (OFC), we identified review articles that 
contained lists of genes reported to cause these congenital anomalies 
and we searched the OMIM database to confirm these associations and 
to identify additional causative genes (Perrot and Rickert-Sperling, 
2024; Chaithra et al., 2022; Cervantes-Salazar et al., 2024; Leslie and 
Marazita, 2013; Khan et al., 2020; Babai and Irving, 2023). Our final 
training gene sets consisted of 43 VSD genes (Supplemental Table S1) 
and 43 OFC genes (Supplemental Table S4) that were named in two or 
more of these sources. Fifty VSD genes and 58 OFC genes named in only 
one of these sources were designated as non-training VSD and OFC 
genes, respectively (Supplemental Tables S1 and S4).

As previously described, leave-one-out cross-validation studies were 
performed by iteratively excluding a single training gene and fitting the 
machine learning model using the remaining training genes (Callaway 
et al., 2018; Kunisetty et al., 2024). For each cross-validation instance, 
an evaluation of all RefSeq genes was performed, including the excluded 
training gene. The resulting scores were studentized, and the score of the 
excluded gene was recorded. The procedure was repeated so that each 
training gene received a cross-validated score. We then compared the 
studentized cross-validated scores of the training set genes to the scores 
of all other RefSeq genes derived from applying the machine learning 
model constructed using all training genes. Receiver operating charac
teristic (ROC) style curves were generated from this comparison in 
which the effectiveness of the procedure corresponds to the area under 
the curve and above the diagonal line which represents the result that 
would be generated by chance alone (Fig. 1A and C). An omnibus curve 
produced using fit data from all knowledge sources was positive, indi
cating that the algorithm could distinguish between the VSD- and 
OFC-associated genes in the training set and all other RefSeq genes 
better than random chance.

After validating our procedures, we generated VSD- and OFC-specific 
rank annotation scores for all RefSeq genes (Supplemental Tables S2 and 
S5). Our VSD and OFC training genes had median rank annotation scores 
of 98.9% and 98.7%, respectively (Fig. 1B and D). As a second means of 
validating our procedures, we then scored our non-training VSD and 
OFC genes with the assumption that although they did not meet criteria 
to be training genes, their respective sets would be enriched for bonafide 
VSD and OFC genes. The median rank annotation scores of the non- 
training VSD and OFC were 87.9% and 72.7%, respectively (Fig. 1B 
and D; Supplemental Tables S3 and S7). These median scores were well 
above the median score of all RefSeq genes (50 %) suggesting 
enrichment.

These scores also showed specificity to the VSD and OFC phenotypes, 
respectively as demonstrated by the lower median scores of genes that 
cause microphthalmia/anophthalmia/coloboma (MAC; 73.9% and 
77.3%, respectively; P < 0.0001), epilepsy (72.1% and 76.9%, respec
tively; P < 0.0001), and 368 olfactory receptor genes (3.5% and 2.8%, 
respectively; P < 0.0001) (Supplemental Fig. S1 and S2; Supplemental 
Tables S4 and S8) (Campbell et al., 2013; Kunisetty et al., 2024).

2.2. WNT4 expression in the anterior palate

Published single-cell RNA sequencing data from the C57BL/6 E13.5 
anterior palate was analyzed using the Seurat pipeline (Ozekin et al., 
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2023; Stuart et al., 2019). Data was normalized using SingleCellTrans
form (SCT) and clustered at a resolution of 0.2 snn and integrated using 
the Seurat v4 integration method. Populations were identified based on 
marker gene expression (Ozekin et al., 2023).

2.3. Genetic and pathology evaluations

The genetic and pathology evaluations described in this manuscript 
were performed on a clinical basis. In accordance with international 
standards, parents provided consent for their publication.

Using genomic DNA from the proband fetus and parents, the exonic 
regions and flanking splice junctions of the genome were captured using 
the IDT xGen Exome Research Panel v1.0 (Integrated DNA 

Technologies, Coralville, IA). Massively parallel (NextGen) sequencing 
was done on an Illumina system with 150bp paired-end reads. Reads 
were aligned to human genome build GRCh37/UCSC hg19 and analyzed 
for sequence variants using a custom-developed analysis tool. Additional 
sequencing technology and variant interpretation protocols have been 
previously described (Retterer et al., 2016). The general assertion 
criteria for variant classification are publicly available on the GeneDx 
ClinVar submission page (http://www.ncbi.nlm.nih.gov/clinvar/sub 
mitters/26957/).

2.4. Multiple protein alignments

Multiple protein alignments were made using MAFFT version 7 

Fig. 1. Generating and validating VSD- and OFC-specific rank annotation scores for all RefSeq genes. A) A previously published machine learning algorithm 
was trained using 53 genes known to cause VSD in humans. Receiver operating characteristic (ROC) style curves were generated based on a leave-one-out validation 
study analysis performed for each knowledge source (colored lines). The area under the omnibus score (black curve) indicates the ability of the algorithm to identify 
genes in the training set more effectively than chance (diagonal black line). B) Box plots showing the algorithmically generated VSD-specific rank annotation scores 
for the VSD training genes (median score 98.9%) and 50 non-training VSD genes (median scores 87.9%) both of which demonstrate a shift towards higher scores 
compared to all RefSeq genes (dotted line). C) The same procedure was used to generate and validate OFC rank annotation scores based on a training gene set 
containing 43 human OFC genes. The resulting omnibus ROC style curve (black line) was positive. D) The median OFC-specific rank annotation scores for OFC 
training genes and 58 non-training OFC genes were 98.7% and 72.7% respectively. The scores of both groups demonstrated a shift towards higher scores compared to 
all RefSeq genes (dotted line in D). GO = Gene Ontology, MGI = Mouse Genome Informatics phenotype annotation, TF = transcription factor binding data from the 
NIH Roadmap Epigenetics Mapping Consortium, PPI = protein–protein integration networks.
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(https://mafft.cbrc.jp/alignment/server/index.html). Aligned protein 
sequences correspond to human WNT4 (NM_030761.5), rat WNT4 
(NM_053402.2), mouse WNT4 (NM_009523.2), zebrafish wnt4 
(NM_001040387.1), Xenopus wnt4.L (NM_001087728.1), Drosophila 
Wnt4 (NM_057624.4), and C. elegans cwn-1 (predicted homolog, 
NM_061267.5) (Katoh et al., 2002; Wang et al., 2017).

2.5. Mouse models

Mice bearing the Wnt4 GCE knock-in/knock-out allele (Wnt4GCE, 
Jackson Laboratory, strain # 032489) have been previously described 
(Kobayashi et al., 2008). This allele abolishes Wnt4 gene function and 
expresses a EGFP and creERT2 (eGFPCreERT2) fusion protein from the 
Wnt4 promoter/enhancer elements. In this manuscript, we refer to 
embryos and mice that are heterozygous or homozygous for this allele as 
being Wnt4+/− and Wnt4− /− (Wnt4 null), respectively.

All mice in our study were maintained on a C57BL/6 background. All 
experiments using mouse models were conducted in accordance with 
the recommendations in the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health (NIH). The associated pro
tocols were approved by the Institutional Animal Care and Use Com
mittee of Baylor College of Medicine (Animal Welfare Assurance 
#A3832-01).

2.6. Histology

For standard histology, embryos were fixed in buffered Formalde- 
Fresh Solution (Fisher) or 4 % buffered paraformaldehyde (PFA). After 
fixation, the specimens were washed in PBS, dehydrated in ethanol, 
embedded in paraffin, and sectioned at 10 μm. Series of sections were 
then stained with hematoxylin and eosin (H&E).

2.7. Protein modeling

The predicted WNT4 structure was downloaded from the Alphafold 
database (entry AF-P56705-F1) and the crystal structure of Xenopus 
wnt8 (Xwnt8) in complex with the cysteine-rich domain (CRD) of mouse 
FZ8 (Fz8-CRD) was downloaded from the RCSB Protein Data Bank 
(pdb_00008ctg). Protein modeling was performed using UCSF Chimera 
1.10 and ChimeraX v1.9 software (Pettersen et al., 2004; Meng et al., 
2023).

2.8. Micro-CT analyses

Specimen were processed as previously described (Hsu et al., 2019). 
Briefly, mouse embryos and newborn pups were obtained and fixed in 
4% PFA for at least 1 week. They were then stabilized using a modified 
Stability buffer (mStability) which includes 4% acrylamide (BIO-RAD, 
cat. no. 1610140), 0.25% w/v VA044 (Wako Chemical, cat. no. 
017–19362), 0.05% w/v saponin (MilliporeSigma, cat. no. 84510), and 
0.1% sodium azide. Samples were allowed to come to equilibrium in the 
hydrogel solution for at least 7 days. The samples in hydrogel were 
subjected to a thermo-induced crosslinking reaction for 3 h at − 90 kPa 
at 37 ◦C. After the crosslinking, the remaining hydrogel solution was 
removed, and specimens were washed four times in 1X PBS. Samples 
were then immersed in 0.1N iodine and incubated with gentle agitation 
for at least 10 days before mounting in agarose and imaging on a Bruker 
Skyscan 1272 scanner (Bruker, Kontich, Belgium) using a 0.5 mm 
aluminum filter. The resulting metadata was processed using NRecon 
software (Bruker, Kontich, Belgium) and converted to a Nrrd format 
using Harwell Automated Recon Processor (HARP), an open-source, 
cross-platform application developed in Python (Brown et al., 2016). 
The 3D volumes were analyzed, and optical sections were captured 
using 3D Slicer (Fedorov et al., 2012).

2.9. Statistical analyses

Phenotype frequency comparisons between control and Wnt4− /−

embryos and newborn pups were made using online 2 X 2 contingency 
tables from GraphPad (https://www.graphpad.com/quickcalcs/cont 
ingency1/) to generate P values using a two-tailed Fisher’s exact test. 
Wilson score 95% confidence intervals (95% CI) were generated using 
the Proportion Confidence Interval Calculator from Statistic Kingdom 
(https://www.statskingdom.com/proportion-confidence-interval-calcul 
ator.html). Box plots were draw with the aid of the Statistics Calculator: 
Box Plot tool from Alcula (https://www.alcula.com/calculators/statis 
tics/box-plot/).

3. Results

3.1. WNT4 is highly similar to genes known to cause VSDs, CDH, and 
OFC

We have previously used machine learning to prioritize candidate 
genes for various congenital anomalies, including CDH, for further 
evaluation. (Callaway et al., 2018), (Cowley et al., 2012), (Brown et al., 
2016; Fedorov et al., 2012; Russell et al., 2012) Our approach is based 
on the hypothesis that unidentified genes that cause a particular 
phenotype will be more similar to genes already known to cause that 
phenotype than genes which do not. In this approach, we use a pub
lished machine learning algorithm to generate a phenotype-specific rank 
annotation score for each RefSeq gene (Campbell et al., 2013). We used a 
similar approach to generate VSD- and OFC-specific rank annotation 
scores for all RefSeq genes (Supplemental Tables S2 and S4).

WNT4 received CDH-, VSD- and OFC-specific rank annotation scores 
of 99%, 94%, and 98.5%, respectively. This high level of similarity to 
genes known to cause these congenital anomalies suggested that WNT4 
was an excellent VSD, CDH, and OFC candidate gene worthy of further 
evaluation (Callaway et al., 2018). This conclusion was supported by 
expression studies in which WNT4 has been shown to be expressed in the 
endocardium of the atrioventricular (AV) canal at E10.5 and E12.5, the 
developing mouse diaphragm at E11.5, E12.5, and E16.5, and the 
epithelial cells of the anterior palate at E13.5 (Supplemental Fig. S3) 
(Ozekin et al., 2023; Russell et al., 2012; Wang et al., 2013; Alfieri et al., 
2010).

3.2. A second consanguineous family with SERKAL syndrome

SERKAL syndrome was originally described by Mandel et al. in a 
single consanguineous kindred in 2008 (Fig. 2A). (Mandel et al., 2008) 
Since that time, no other individuals or families with SERKAL syndrome 
has been reported. We identified a consanguineous Afghan family with 
SERKAL syndrome (Fig. 2B). The 27-year-old G3P1SA1L1 mother and 
30-year-old father were healthy second cousins. The family history was 
non-contributory. Their first pregnancy was complicated by oligohy
dramnios and the male fetus was found to have unilateral renal agenesis 
on ultrasound. The couple decided to continue the pregnancy despite 
concerns for poor prognosis. Their son was born at term but died shortly 
after delivery. On external examination, he was noted to have a cleft lip. 
An autopsy was declined. Their second pregnancy resulted in a 
miscarriage at 8 weeks gestation.

The couple’s third pregnancy was documented to be free from 
bleeds, fever, infections, rashes, hypertension, diabetes, or exposure to 
teratogens. However, an ultrasound examination at 21 1/7 weeks 
gestation showed anhydramnios, a two-vessel cord, dolichocephaly, 
non-visualization of the stomach and kidneys, and “lying-down adre
nals” suggestive of renal agenesis. The bladder was present. The 
abdominal circumference was at the 5th centile. The couple was coun
seled and decided to interrupt the pregnancy. They agreed to a fetal 
autopsy.

The autopsy of the proband fetus showed abnormal facies with 
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findings consistent with Potter sequence including low set, posteriorly 
rotated ears, flattened nose, and downturned corners of mouth. There 
was redundant skin and multiple joint contractures with axillary, ante
cubital, and inguinal pterygia. The hips and knees were fixed in exten
sion position. The thorax was tubular and narrow, and the left umbilical 
artery was absent. Internal abnormalities included bilateral agenesis of 
the diaphragm, pulmonary hypoplasia, bilateral renal hypoplasia with 
cystic dysplasia, agenesis of the right adrenal, and marked hypoplasia of 
the left adrenal (Fig. 3A and B). Histological analyses of the left adrenal 
revealed partial cystic change superiorly with attached small tubular 
structures resembling Wolffian remnants (Fig. 3C and D).

A chromosomal microarray analysis showed a normal male pattern. 
Clinical trio exome sequencing revealed a biparentally inherited ho
mozygous c.872C>G, p.(Thr291Arg) [NM_030761.5] variant of uncer
tain significance in WNT4. This variant was highly conserved (Fig. 4A), 
was predicted to be “Disease Causing” by MutationTaster, and had a 
CADD score of 27.5 and a REVEL score of 0.809 (Schwarz et al., 2014; 
Schubach et al., 2024; Ioannidis et al., 2016). A diagnosis of SERKAL 
syndrome was made with the deceased sibling also being thought to 
have SERKAL syndrome.

This couple’s 4th pregnancy ended in the birth of a normal female 
(Fig. 2B). Postnatal cord blood testing revealed that she was not a carrier 
of the c.872C>G WNT4 variant.

3.3. In silico protein modeling of SERKAL-causing WNT4 variants

In silico protein modeling indicates that alanine 114 (A114), which is 
substituted by valine in the original SERKAL kindred described by 
Mandel et al., is located in an alpha coil (Fig. 4B). The threonine 291 
(T291), which is substituted by arginine in the second SERKAL family 
that we describe, is located at the junction between the “index finger” 
and “hand” regions of human WNT4 (Fig. 4B and C). (Janda et al., 2012) 
The “index finger” region interacts with the cysteine-rich domains 
(CRD) of Frizzled receptors based on structural superimposition on the 
structure of Xenopus Wnt8 (XWnt8) in complex with the mouse 
Frizzled-8 CRD (Fz8-CRD) (Fig. 4C). (Janda et al., 2012)

The c.341C>T, p.(Ala114Val) variant is thought to cause loss of 
WNT4 function, at least in part, due to its effect on mRNA stability 
(Mandel et al., 2008). Protein modeling suggests that the replacement of 
the non-polar, aliphatic alanine 114 (A114) by a non-polar, bran
ched-chain valine is not predicted to cause the loss of any hydrogen 
bonds but is predicted to lead to five steric hinderances (Fig. 4D–F). In 
contrast, the substitution of the polar T291 with a positively charged 
arginine is predicted to cause the loss of three hydrogen bonds and lead 
to 19 steric hinderances (Fig. 4G, H). These changes may lead to loss of 

WNT4 function through their adverse effects on protein folding, struc
ture, and/or receptor binding (Stollar and Smith, 2020).

3.4. A subset of Wnt4 null embryos have VSDs

Despite the fact that WNT4 has been shown to function in the 
development of the endocardial cushions of the AV canal, cardiovas
cular malformations have not been documented in Wnt4 null mice (Stark 
et al., 1994; Vainio et al., 1999; Wang et al., 2013; Hong et al., 2021; 
Hernandez-Garcia et al., 2023). To determine if WNT4 deficiency can 
cause cardiac defects in mice, we crossed Wnt4+/− mice and harvested 
the resulting embryos at E15.5-E16.5. At this timepoint, 100% (16/16) 
wild-type embryos had intact ventricular septa (Fig. 5A–A’). In contrast, 
perimembranous VSDs were identified in 33% (3/9; P = 0.037; 95% CI 
= 0.12 to 0.65) of Wnt4− /− embryos (Fig. 5B–B’, C, C’).

3.5. A subset of Wnt4 null embryos have non-muscularized regions of 
their anterior and posterior diaphragm

To determine if WNT4 deficiency can cause CDH in mice, we crossed 
Wnt4+/− mice and harvested embryos at E17.5-E18.0. After fixation, 
their diaphragms were microdissected and analyzed. At this time point, 
100% (11/11) of wild type embryos had complete muscularization of 
their anterior diaphragms with only a small, amuscular separation be
tween the right and left muscularized regions. The diaphragm of the 
wild-type embryo with the most prominent anterior separation is shown 
in Fig. 6A–C. The posterior muscularization of the diaphragm was also 
complete in 100% (11/11) of wild-type embryos (Fig. 6A–C).

In contrast to wild-type control embryos, 100% (7/7; 95% CI = 0.60 
to 1) Wnt4− /− embryos had large gaps between the muscularized regions 
of their right and left anterior diaphragm (Fig. 6D and E; P < 0.0001). 
Absence and/or thinning of the musculature over the posterior regions 
of the diaphragm was identified in 57% (4/7; 95% CI = 0.25 to 0.84) of 
these embryos with one having a right-sided defect, one having a left- 
sided defect, and two having bilateral defects (Fig. 6D–F; P = 0.0114). 
These amuscular/hypomuscular regions appeared to be redundant and/ 
or to form a pocket, suggesting that they were likely to represent the 
membranous coverings of a sac hernias whose contents had been 
removed by microdissection.

3.6. Micro-CT analyses identify VSD, CDH, and soft palate clefts in 
Wnt4− /− embryos and newborn pups

To confirm that WNT4 deficiency causes VSD, and that the amus
cular/hypomuscular regions of the diaphragm seen in E17.5-E18.0 

Fig. 2. Consanguineous families with SERKAL syndrome. A) A simplified pedigree of the consanguineous kindred previously reported by Mandel et al. in which 
homozygous WNT4 c.341C>T, p.(Ala114Val) [NM_030761.5] missense variants (A114V) segregated with SERKAL syndrome phenotypes. A subset of affected fetuses 
had ventricular septal defect/pulmonary stenosis (VSD/PS), orofacial clefting (OFC), and/or congenital diaphragmatic hernia (CDH) as indicated. B) Pedigree of the 
second consanguineous family described in this manuscript in which homozygous WNT4 c.872C>G, p.(Thr291Arg) [NM_030761.5] missense variants (T291R) 
segregated with SERKAL syndrome phenotypes. An affected fetus had CDH and an affected male child had OFC as indicated.
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Fig. 3. Autopsy findings in a fetus with SERKAL syndrome. A) Fetal autopsy photo with the chest and abdominal walls reflected, demonstrate a narrow, 
elongated thorax with minute lungs compressed into the apex of the thorax (yellow arrows). The liver (L) has completely ascended into the ribcage and there is no 
diaphragm separating it from the lungs. B) Fetal autopsy photo of the retroperitoneum with bowel, pancreas, and spleen removed. The right kidney (RK) is a cystic 
structure at the edge of the pelvis with small nodules of renal tissue in the walls. The left kidney (LK) is a minute nodule of renal tissue. The bladder (B) is tubular, and 
the testes (T) are histologically normal and appropriately undescended. The right adrenal is absent, and the left is a small nodule (arrow) high in the retroperitoneal 
cavity. C) Whole mounted left adrenal with partial cystic change (superior, asterisk) attached to small tubules resembling Wolffian remnants (arrow). D) Magnified 
view of the boxed region of panel C with partial cystic changes (asterisk) and Wolffian remnants (arrow) marked.

Fig. 4. SERKAL-causing WNT4 variants. A) Multiple protein alignments demonstrate that the threonine residue at position 291 (T291) in human WNT4 is highly 
conserved (gray background). The arginine residue at position 291 is marked with a yellow background, and non-conserved residues are shown in red. B) Predicted 
structure of WNT4 with the positions of alanine 114 (A114) and T291 shown in magenta. C) Superimposition of WNT4 (tan) on the crystalline structure of Xenopus 
wnt8 (Xwnt8; light blue) in complex with the cysteine-rich domain (CRD) of mouse FZ8 (Fz8-CRD; silver). T291 is located at the junction between the “index finger” 
region, which interacts with the CRDs of Frizzled receptors, and the “hand” region of WNT4. D) Predicted structure of WNT4 with hydrogen bonds shown as dashed 
blue lines. E-F) The substitution of valine for alanine at position 114 is not predicted to cause the loss of any hydrogen bonds but is predicted to lead to five steric 
hinderances. G-H) The substitution of arginine for threonine at position 291 is predicted to cause the loss of three hydrogen bonds and lead to 19 steric hinderances.
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Wnt4− /− embryos represented membranes covering sac hernias, we 
crossed Wnt4+/− mice and harvested a litter of E17.0 embryos (one wild- 
type, two Wnt4+/− , and three Wnt4− /− embryos), two wild-type 
newborn pups, and six Wnt4− /− newborn pups. After fixation, these 
embryos and newborn pups were submitted for micro-CT analysis and 
phenotyped in a blinded fashion (Table 1). As expected, none of the 
wild-type or Wnt4+/− embryos and newborn pups had abnormalities 
noted with the exception of one E17.0 Wnt4+/− embryo that had a small 
jaw. In contrast, small or absent kidneys were seen in 89% (8/9) of 
Wnt4− /− embryos and newborn pups consistent with previous reports 
(Kobayashi et al., 2008). VSDs were also seen in 56% (5/9) of Wnt4− /−

embryos and newborn pups, confirming the results of our histological 

analyses (Fig. 7).
The micro-CT analyses of the wild-type embryos and newborn pups 

revealed normal anterior muscularization with only a thin strip of non- 
muscularized diaphragm between the right and left muscularized re
gions, normal muscularization in the posterior diaphragm, and no evi
dence of liver herniation (Fig. 8A and B). In contrast to wild-type 
controls, 56% (5/9) of the Wnt4− /− embryos and newborn pups had 
large non-muscularized regions of the anterior diaphragm with some 
having underlying outgrowths of liver consistent with sac CDH (Fig. 8C 
and D).

Posterior sac hernias with liver herniation were not documented in 
E17.0 Wnt4− /− embryos but were seen in 50% (3/6) of the Wnt4− /−

Fig. 5. WNT4 deficiency causes VSDs in mice. A) By E15.5, the right and left ventricles are separated by the interventricular septum (*) in wild-type C57BL/6 
mice. A′) A magnified image of the area marked by the black rectangle in panel A. In this view, the endocardium is marked with dashed lines. B, C) In contrast, 33% 
(3/9) Wnt4− /− embryos had perimembranous VSDs (blue arrows) that interrupted their ventricular septa (*). B′, C′) Magnified images of the areas marked by the 
black rectangle in corresponding panels. In these panels, the endocardium is marked with dashed lines, and the ventricular septal defect is marked by a blue arrow. 
Blood cells are seen between the endocardial layers.
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newborns with one pup having a right-sided sac CDH and two newborn 
pups having bilateral sac CDH (Fig. 8E–H).

Gross dissections of 5 Wnt4− /− E18.0 embryos and 6 Wnt4− /−

newborn pups did not reveal evidence of cleft lip or cleft palate (data not 
shown). Micro-CT analyses also showed normal palates in wild-type and 
Wnt4+/− E17.0 embryos and newborn pups. In contrast, micro-CT ana
lyses demonstrated that 89% (8/9; P = 0.0030; 95% CI 0.57 to 0.98) of 
Wnt4− /− E17.0 embryos and newborn pups had soft palate clefts 
(Table 1, Fig. 9).

4. Discussion

4.1. Prioritizing candidate genes using machine learning

Differentiating between genes that contribute to the development of 
cardiac, diaphragm, and palatal defects, and those that do not, often 

involves time consuming and expensive studies involving large cohorts 
or animal models (Qiao et al., 2021; Beck et al., 2013; Jordan et al., 
2018). Hence, prioritizing candidate genes for further study has become 
increasingly important to gene discovery efforts. We have previously 
used our machine learning approach to prioritize positional candidate 
genes for CDH from the Wolf-Hirschhorn syndrome (WHS) critical re
gion for CDH on chromosome 4p16.3, and as an aid to identifying 
low-penetrance genes for CDH from sequence and copy number variant 
data (Callaway et al., 2018; Scott et al., 2021; Hardcastle et al., 2022).

Here, we generated VSD- and OFC-specific rank annotation scores for 
these phenotypes (Supplemental Tables S3 and S6, respectively). 
WNT4’s high VSD-, CDH-, and OFC-specific rank annotation scores of 
94%, 99%, and 98.5%, respectively, and Wnt4 expression in the devel
oping heart, diaphragm, and palate, led us to prioritize this gene for 
further study (Callaway et al., 2018).

We have used similarly generated rank annotation scores as a means 

Fig. 6. WNT deficiency leads to abnormal muscularization of the diaphragm. A-C) At E17.5-E18, wild type C57BL/6 mice have fully muscularized diaphragms 
with only a small region of non-muscularized diaphragm located between the anterior right and left muscularized regions (green arrows in A and B). Similar regions 
of non-muscularized diaphragm are seen posteriorly (green arrows in C). D) The diaphragm of a Wnt4− /− E17.5-E18 embryo demonstrates a large gap between the 
muscularized regions of the anterior diaphragm (red arrow) and large amuscular/hypomuscular regions of the posterior diaphragm (yellow arrows). E-F) Anterior 
and posterior views of the diaphragm of a second Wnt4− /− E17.5-E18 embryo show a large gap between the muscularized regions of the anterior diaphragm (red 
arrow in E), and large amuscular/hypo-muscular regions of the posterior diaphragm (yellow arrows in F).

Table 1 
Blinded micro-CT analyses.

Age Genotype Renal VSD Anterior CDH Posterior CDH Soft Palate Cleft

E17.0 Wild-type – – – – –
E17.0 Wnt4+/− (het) – – – – –
E17.0 Wnt4+/− (het) – – – – –
E17.0 Wnt4− /− (null) B small + + – +

E17.0 Wnt4− /− (null) B small – + – +

E17.0 Wnt4− /− (null) R absent; L small + + – +

Newborn pup Wild-type – – – – –
Newborn pup Wild-type – – – – –
Newborn pup Wnt4− /− (null) B small + + B +

Newborn pup Wnt4− /− (null) B small + + B +

Newborn pup Wnt4− /− (null) – – – R –
Newborn pup Wnt4− /− (null) B small – – – +

Newborn pup Wnt4− /− (null) B absent – – – +

Newborn pup Wnt4− /− (null) B small + – – +

​ Percent affected of nulls animals 89 % (8/9) 56 % (5/9) 56 % (5/9) 33 % (3/9) 89 % (8/9)

* Small jaw. - = absent, + = present, B = bilateral, CHD = congenital diaphragmatic hernia, L = left, R = right, VSD = ventricular septal defect.
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of prioritizing candidate genes for other congenital anomalies including 
esophageal atresia/tracheoesophageal fistula, anorectal malformations, 
total anomalous pulmonary venous return, and microphthalmia/ 
anophthalmia/coloboma (Kunisetty et al., 2024; Belanger Deloge et al., 
2023; Huth et al., 2023; Sy et al., 2022). Although we have shown that 
our machine learning approach can be an aid to gene discovery efforts, it 
cannot be used in isolation as a means of defining candidate genes since, 
by definition, 10% of all genes in the genome have rank annotation 
scores of ≥ 90%. Its proper application is in the prioritization of genes 
for which there is already some evidence suggesting causality.

4.2. SERKAL syndrome variants

The WNT4 variant seen in the original SERKAL kindred described by 
Mandel et al. (c.341C>T, p.(Ala114Val) [NM_030761.5]) was shown to 
be a loss of function variant (Mandel et al., 2008). Since all of the het
erozygous parents in this kindred were asymptomatic and fertile, we can 
assume that both males and females can lose all or most of the WNT4 

function from a single allele, without serious medical consequences. 
This is in keeping with WNT4’s probability of loss of function intoler
ance (pLI score) of 0.05 and loss-of-function observed/expected upper 
bound fraction (LOEUF score) of 0.69, and the fact that heterozygous 
Wnt4+/− mice are also viable and fertile (Kobayashi et al., 2008; Karc
zewski et al., 2020). This recessive inheritance pattern, the overlapping 
phenotypes seen in the SERKAL syndrome family we describe, and 
protein modeling (Fig. 4) suggest that the c.872C>G, p.(Thr291Arg) 
[NM_030761.5] allele is also likely to be loss-of-function.

The phenotypes seen in SERKAL syndrome are more extensive than 
those seen in Mullerian aplasia and hyperandrogenism syndrome which 
are limited to aplasia/dysgenesis of Mullerian duct derivatives, virili
zation due to androgen excess, and in some cases unilateral renal 
agenesis (Biason-Lauber et al., 2004, 2007; Philibert et al., 2008). 
Mullerian aplasia and hyperandrogenism syndrome is caused by 
mono-allelic missense variants in WNT4 that have been shown to have a 
dominant negative effect. This suggests that the biallelic WNT4 variants 
that cause SERKAL syndrome are likely to be associated with a greater 
decrease in WNT4 function than the heterozygous dominant negative 
WNT4 variants that cause Mullerian aplasia and hyperandrogenism.

4.3. Expansion of the SERKAL syndrome phenotype to include CDH and 
OFC

With the identification of the second family with SERKAL syndrome, 
the human evidence that loss of WNT4 function causes CDH and OFC are 
significantly strengthened. Affected individuals from both families have 
the same type of CDH, diaphragm agenesis (n = 2), and the same type of 
OFC, cleft lip ± cleft palate (CL ± P; n = 3). Taking a conservative 
approach in which we assume the incidence of the incidence for CDH is 
1:2500 and the incidence of CL ± P is 1:500 in the general population, 
the rate at which these defects have been reported in individuals with 
SERKAL syndrome—30% (2/6) and 50% (3/6), respectively—are 
significantly higher that what would be expected by chance (P <
0.0001) (olitis et al., 2021; Mossey and Modell, 2012).

4.4. WNT4 loss of function as a cause of ventricular septal defects

Only one individual with SERKAL syndrome has been shown to have 
VSD, which is insufficient to demonstrate that loss of WNT4 function is 
sufficient to cause this type of congenital heart defect. However, a mo
lecular mechanism by which loss of WNT4 function could lead to the 
development of VSD has also been outlined previously.

The development of the AV cushions, which will ultimately give rise 
to the AV septum and its associated valves, requires multiple steps 
including cell commitment, deposition of the cardiac jelly, delamination 
of the endocardium, endocardial to mesenchymal transition (EndMT), 
and mesenchymal cell proliferation (Kaneko et al., 2008; River
a-Feliciano and Tab lesin and 2006; Combs and Yutzey, 2009; Eisenberg 
and Markwald, 1995; Lin et al., 2012). Crosstalk between the endocar
dium and myocardium of the AV canal is essential for EndMT, the 
process by which cells exit the endothelium and transform into mesen
chymal cells that accumulate in the cardiac jelly (Kovacic et al., 2019). 
Wnt4 is expressed in the endocardium of the developing AV canal (Wang 
et al., 2013; Alfieri et al., 2010). Its expression has been shown to be 
regulated by Jagged1-Notch1 signaling and SOX7 (Wang et al., 2013; 
Hong et al., 2021; Hernandez-Garcia et al., 2023). After secretion from 
the endocardium, WNT4 acts as a paracrine factor and upregulates Bmp2 
expression in the adjacent AV canal myocardium (Wang et al., 2013). 
BMP2, in turn, is secreted from the myocardium and acts as a paracrine 
factor to increase both EndMT and mesenchymal cell proliferation in the 
developing endocardial cushion (Ma et al., 2005).

Hernandez et al. provided in-vivo evidence in support of this model 
by demonstrating that Sox7 and Wnt4 interact genetically in the devel
opment of VSDs with Sox7+/− ;Wnt4+/− double heterozygous embryos 
having muscular and perimembranous VSD not seen in their Sox7+/−

Fig. 7. Micro-CT analyses confirm that Wnt4¡/¡ embryos have ventricular 
septal defects. A-C) Micro-CT images confirm the presence of interrupted 
ventricular septa (*) and perimembranous VSDs (red arrows) in Wnt4− /− em
bryos at E17.0.
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Fig. 8. Micro-CT analyses confirm that Wnt4¡/¡ newborn pups have anterior and posterior sac CDH. A, B) Micro-CT analyses (coronal cuts) revealed intact 
anterior diaphragm musculature in wild-type newborn pups with only a small line of amuscular diaphragm between the right and left muscularized regions (green 
arrows). C, D) In contrast, Wnt4− /− newborn pups have anterior sac CDH as evidenced by domed diaphragmic membranes (yellow arrows) overlying outgrowths of 
liver (*). E) Micro-CT analyses (sagittal cuts) revealed intact posterior diaphragm musculature in a wild-type neonate (green arrow). F) Micro-CT analyses (coronal 
cuts) of a second wilt-type neonate revealed intact posterior musculature with only the small line of amuscular diaphragm separating the muscularized region of the 
right and left hemidiaphragm (green arrows) and no evidence of herniation. G) Micro-CT analyses (sagittal cuts) of a Wnt4− /− neonate revealed herniated liver tissue 
(*) covered by a membranous sac (yellow arrow). H) Micro-CT analyses (coronal cuts) of a second Wnt4− /− newborn pup revealed bilateral sac CDH as evidenced by 
regions of herniated liver tissue (*) covered by membranous sacs (yellow arrows).
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and Wnt4+/− littermates (Hernandez-Garcia et al., 2023). They went on 
to show that Wnt4+/− embryos, and to a much greater extent Sox7+/− ; 
Wnt4+/− embryos, had decreased mesenchymal cell density in their AV 
endocardial cushions compared to wild-type embryos. This suggested 
that the combination of Wnt4 and Sox7 haploinsufficiency caused VSDs 
through their combined effects on endocardial cushion development 
(Hernandez-Garcia et al., 2023).

Our identification of VSDs in 44.4% (8/18) of the Wnt4− /− embryos 
and newborn pups analyzed in this study, and a lack of VSDs seen in 0% 
(0/19) of wild-type controls, provides statistically significant evidence 
(P = 0.0011) that decreased WNT4 function is sufficient to cause VSDs in 
mammals. These results also suggest that VSD is likely to be an incom
pletely penetrant phenotype in individuals with SERKAL syndrome.

4.5. WNT4 loss of function as a cause of diaphragm defects

Both of the individuals with SERKAL syndrome and CDH had bilat
eral diaphragm agenesis, a severe form of CDH where all or part of the 
diaphragm fails to develop. The central tendon of the diaphragm, the 
diaphragmatic musculature, and the diaphragmatic connective tissue 
develop from three structures present in the embryo; the septum 
transversum, the somites, and the pleuroperitoneal folds (PPFs) (Merrell 
and Kardon, 2013). The septum transversum, a thin, mesodermal sheet 

of tissue, serves as the original barrier between the abdominal and 
thoracic cavities and is thought to provide a scaffold for diaphragm 
morphogenesis. Hence, failure to form the septum transversum could 
result in bilateral diaphragm agenesis. Alternatively, a generalized 
failure diaphragm muscularization could leave only a membranous 
diaphragm that is incapable of restraining the abdominal contents 
leading to herniation. However, no membranous covering or sac was 
identified in the SERKAL fetuses with diaphragm agenesis (Fig. 3).

The identification of CDH in Wnt4− /− embryos and newborn pups 
provides additional evidence that WNT4 deficiency can cause dia
phragm defects in mammals. As is the case with other CDH genes, the 
pattern of the diaphragmatic hernias differs between WNT4 deficient 
humans and mice (Jay et al., 2007; Wat et al., 2012). Specifically, 
Wnt4− /− embryos and new born pups do not have diaphragm agenesis as 
seen in individuals SERKAL syndrome. Instead, their membranous di
aphragms are intact but there are areas with decreased or absent mus
cularization leading to anterior and posterior sac hernias. This pattern of 
CDH suggests a primary defect in the PPFs—two transient, 
pyramidal-shaped structures that are the source of the diaphragm’s 
muscle connective tissue and regulate diaphragm muscle development. 
Abnormalities of the PPF can lead to defective generation/migration of 
cell populations and impaired muscularization of the diaphragm (Edel 
et al., 2021; Merrell et al., 2015).

Fig. 9. Wnt4¡/¡ embryos and mice have soft palate clefts. A, B) Micro-CT analyses revealed soft palate clefts in Wnt4− /− embryos at E17.0 compared to wild-type 
control littermates (red circles). C, D) A soft palate cleft seen in a Wnt4− /− neonate compared to a wild-type littermate control (red circles).
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The molecular mechanism by which WNT4 deficiency causes ante
rior and posterior sac CDH is unknown. However, depletion of Wnt4’s 
upstream activator, SOX7, can cause diaphragm defects with a subset of 
Sox7+/− mice developing anterior sac CDH similar to what we have 
observed in Wnt4− /− mice (Wat et al., 2012). Previous studies have 
suggested that SOX7 expression in mice is limited to the vascular 
epithelium of blood vessels surrounding the PPF and within the devel
oping diaphragm (Wat et al., 2012). Based on this expression pattern, it 
was hypothesized that SOX7 may play a role in normal diaphragm 
development by regulating the expression of signaling molecules 
including WNTs (Wat et al., 2012). Additional studies will be needed to 
test this hypothesis and determine WNT4’s downstream targets.

4.6. WNT4 loss of function as a cause of soft palate clefts in mice

A variety of WNT signaling genes have been associated with orofacial 
clefting in human and mice (Reynolds et al., 2019). However, WNT4’s 
role in in palatal development has not been previously recognized. 
Wnt4− /− embryos do not have CL ± P as seen in humans with SERKAL 
syndrome. Their palatal defects are limited to soft palate clefts (Fig. 7). 
Additional studies will be needed to determine the underlying cause of 
the phenotypic differences between humans and mice and to determine 
the molecular basis by which WNT4 deficiency causes OFC.

4.7. Identifying additional phenotypes in previously analyzed mouse 
models

In some instances, critical phenotypes may be overlooked during the 
initial phenotyping of mouse models but can be readily identified in 
targeted studies (Beck et al., 2013; Jordan et al., 2018; Kim et al., 2021). 
Female Wnt4 null mice have previously been shown to have various 
defects analogous to those seen in humans with Mullerian aplasia 
hyperandrogenism. These phenotypes include masculinized genitalia, 
absence of the Mullerian duct, atretic kidneys, reduced oocyte numbers, 
and failure of Leydig cell development in the ovary leading to ectopi
cally activated testosterone biosynthesis (Stark et al., 1994; Vainio et al., 
1999). Although no cardiac, diaphragmatic, or palatal anomalies were 
previously described in these mice, our targeted studies revealed VSDs, 
anterior and posterior sac CDH, and soft palate clefts in a subset of 
Wnt4− /− embryos and new born pups. These discoveries underscore the 
utility of targeted mouse phenotyping in confirming the roles of genes 
during mammalian development. It is possible that future studies will 
identify additional defects in Wnt4 null embryos and mice, or in Wnt4 
conditional knockout models.

5. Conclusion

Our findings suggest that WNT4 deficiency can cause VSD, CDH, and 
OFC in mice and humans with SERKAL syndrome. These studies also 
suggest that our machine learning approach can be used as a candidate 
gene prioritization tool, and that targeted mouse phenotyping can serve 
as a means of confirming the roles of genes in mammalian development.
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