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Abstract

SOX7 is a transcription factor-encoding gene located in a region on chromosome 8p23.1 that is recurrently deleted in individuals
with ventricular septal defects (VSDs). We have previously shown that Sox7~/~ embryos die of heart failure around E11.5. Here,
we demonstrate that these embryos have hypocellular endocardial cushions with severely reduced numbers of mesenchymal cells.
Ablation of Sox7 in the endocardium also resulted in hypocellular endocardial cushions, and we observed VSDs in rare E15.5
Sox7f10%/~ . Tie2-Cre and Sox7flox/flox. Tje2_Cre embryos that survived to E15.5. In atrioventricular explant studies, we showed that SOX7
deficiency leads to a severe reduction in endocardial-to-mesenchymal transition (EndMT). RNA-seq studies performed on E9.5 Sox7~/~
heart tubes revealed severely reduced Wnt4 transcript levels. Wnt4 is expressed in the endocardium and promotes EndMT by actingin a
paracrine manner to increase the expression of Bmp2 in the myocardium. Both WNT4 and BMP2 have been previously implicated in the
development of VSDs in individuals with 46,XX sex reversal with dysgenesis of kidney, adrenals and lungs (SERKAL) syndrome and in
individuals with short stature, facial dysmorphism and skeletal anomalies with or without cardiac anomalies 1 (SSFSC1) syndrome,
respectively. We now show that Sox7 and Wnt4 interact genetically in the development of VSDs through their additive effects on
endocardial cushion development with Sox7*/~;Wnt4+/~ double heterozygous embryos having hypocellular endocardial cushions and
perimembranous and muscular VSDs not seen in their Sox7+/~ and Wnt4*/~ littermates. These results provide additional evidence that
SOX7, WNT4 and BMP2 function in the same pathway during mammalian septal development and that their deficiency can contribute

to the development of VSDs in humans.

Introduction

8p23.1 microdeletion syndrome is caused by a non-allelic homol-
ogous recombination mediated by low-copy repeats flanking a
~3.4 Mb region of DNA (1). Recurrent deletions of this region
are assoclated with a variety of neurodevelopmental phenotypes,
dysmorphic features, a high incidence of congenital heart defects
(CHDs), and congenital diaphragmatic hernia (2-5). Haploinsuffi-
ciency of GATA4, one of the genes located in this region, is suf-
ficient to cause CHD (6,7). However, published reports suggested
that the spectrum of cardiac defects seen in individuals with
8p23.1 deletions is more severe than that seen in individuals with
heterozygous pathogenic variants in GATA4 (1).

SOX7 islocated within 1 Mb of GATA4 in the recurrently deleted
region on chromosome 8p23.1 and has been hypothesized to
contribute to the development of CHD (1). This hypothesis is
supported by a report from Huang et al. in which they describe
a four-generation family in which CHDs co-segregated with a
€.310C>T, p.(GIn104*) [NM_031439.4] premature stop variant in
SOX7 (8). Ventricular septal defects (VSDs) were among the most
common forms of CHD seen in affected members of this family.

Animal models provide further support for the role of SOX7 in
cardiovascular development. In Xenopus, injection of RNAs encod-
ing Sox7 leads to the nodal-dependent expression of markers
of cardiogenesis in animal cap explants, whereas injection of
morpholinos directed against Sox7 leads to a partial inhibition of
cardiogenesis in vivo (9). In zebrafish, simultaneous knockdown of
Sox7 and Sox18 leads to a severe loss of the arterial identity of the
presumptive aorta leading to dysmorphogenesis of the proximal
aorta, the development of arteriovenous shunts, and a lack of
circulation in the trunk and tail (10,11).

In mice, ablation of Sox7 results in defects in vascular remodel-
ing. Specifically, Sox7~/~ embryos die around E11.5 with failure of
yolk sac vascular remodeling and dilated pericardial sacs sugges-
tive of cardiovascular failure (12). Hong et al. have recently shown
that Sox7{1°¥/flox:Nfatc1-Cre embryos have reduced mesenchymal
cell numbers in their atrioventricular (AV) cushions at E9.5, E10.5
and E11.5 because of a defect in endocardial-to-mesenchymal
transformation (EndMT), delayed fusion of ventricular septum
with cardiac cushion at E13.5, and defects in the closure of the
atrial septum at E14.5 (13). They went on to show that BMP2
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signaling was downregulated in Sox7{1°¥/flox;Nfatc1-Cre AV canals
at E9.5, that Wnt4 is a downstream target of Sox7, and that WNT4
or BMP?2 treatment partially rescued the EndMT defect caused by
SOX7 deficiency (13).

Here, we confirm that systemic and endocardial-specific SOX7
deficiency leads to the development of hypocellular endocardial
cushions and VSDs caused by a lack of EndMT in the developing
AV canal. In a transcriptome analysis performed on E9.5 Sox7~/~
heart tubes, and in RNA in situ hybridization (RNA-ISH) studies,
we confirmed that SOX7 modulates the expression of Wnt4 in the
endocardium and Bmp2 in the myocardium. We also show that
Sox7 and Wnt4 interact genetically in the development of per-
imembranous and muscular VSDs through their additive effects
on endocardial cushion development.

Results

Ablation of Sox7 in the endocardium causes
VSDs

Septal defects are among the most common forms of CHD asso-
ciated with 8p23.1 microdeletions and SOX7 haploinsufficiency
(1,8). Sox7~/~ mouse embryos die around E11.5 (12), a time point
that does not allow evaluation of the development of the AV
septum. In an effort to overcome this limitation, we attempted
to generate Sox71°/~;Tie-2 Cre embryos in which one Sox7 allele
was ablated systemically and the other was selectively ablated
in endothelial cells, including the endocardium, using a trans-
genic Tie2-Cre which does not affect the expression of Tie2 (14).
Although most of these embryos died prior to E15.5, we were able
to harvest two rare survivors at this time point. One of these
embryos had normal cardiac anatomy, but the other had a VSD
not seen in control littermates (Fig. 1A and B).

We then sought to generate mice in which Sox7 was ablated
only in endothelial cells. Similarly, the majority of
Sox7flex/flox-Tie) .Cre embryos died prior to E15.5. However, we
were able to harvest one Sox7{1o¥fl¢/: Tie2-Cre embryo at this time
point. This embryo also had a VSD (Fig. 1C and C’). These results
provide evidence that ablation of Sox7 in the endocardium is
sufficient to cause VSDs.

Systemic SOX7 deficiency leads to hypocellular
AV endocardial cushions

Since the mesenchymal cells of the AV endocardial cushions will
ultimately form the AV septum and its associated valves (15),
we looked for differences in the development of the endocar-
dial cushions between E10.5 Sox7~/~ embryos and their wild-
type littermates. Examination of sagittal sections through the
AV endocardial cushions of Sox7~/~ embryos revealed normal
separation of the endocardium from the underlying myocardium.
Furthermore, the size of the AV endocardial cushions in Sox7~/~
embryos was comparable to those of their wild-type littermates
(Fig. 2A and B). Although comparable in size, the AV endocardial
cushions of E9.5/10.5 Sox7~/~ embryos had severely reduced mes-
enchymal cell density when compared with those of their wild-
type littermates (P <0.0001; Fig. 2C).

Ablation of Sox7 in the endocardium leads to
hypocellular AV endocardial cushions

To confirm that the AV endocardial cushion hypocellularity seen
in Sox7~/~ embryos was due to decreased expression of SOX7
within endocardial cells, we examined embryos in which Sox7
was ablated in the endocardium using a transgenic Tie2-Cre.
Specifically, we examined sagittal sections through the AV
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endocardial cushions of E10.5 Sox7{1°¥/flox/Tie2-Cre embryos and
their Sox7flox/+ = gox7flox/flox gng Sox7flox/+ Tie2-Cre littermate
controls. We found that the endocardial cushions of E10.5
Sox7flox/flox/-Tied_Cre embryos had significantly reduced mes-
enchymal cell density compared with those of their control
littermates (Fig. 2D-F). This suggests that the ablation of Sox7 in
the endocardium leads to hypocellularity of the AV endocardial
cushions.

SOX7 deficiency leads to a decrease in EndMT

During septal development, a subset of endocardial cells in the
AV canal undergoes EndMT to form mesenchymal cells, which
migrate into the cardiac jelly between the endocardium and
the myocardium (16,17). Hence, decreased levels of EndMT can
lead to development of hypocellular AV endocardial cushions. To
determine if a defect in EndMT could underlie the hypocellularity
of the AV endocardial cushions seen in Sox7~/~ embryos, we
performed collagen gel AV canal explant studies. Briefly, the AV
canals of Sox7~/~ embryos and their wild-type littermates were
harvested at E9.5, and the number of migrating mesenchymal
cells emanating from the explants was counted after 48 h of
collagen gel culture. These studies revealed significantly reduced
numbers of migrating mesenchymal cells associated with Sox7~/~
explants compared with wild-type explants (P < 0.0001, Fig. 2G-I).
This suggests that a defect in EndMT is a major contributor to the
development of the hypocellular AV endocardial cushions caused
by ablation of Sox7.

RNA-seq analysis reveals alterations in genes
associated with epithelial-to-mesenchymal
transition with downregulation of Wnt4 and
Bmp2

Since Sox7 encodes a DNA binding transcription factor, it is
reasonable to assume that it regulates the transcription of key
genes during heart development (18,19). To identify putative
SOX7 target genes in an unbiased manner, we compared the RNA-
seq transcriptomes of pooled heart tubes from Sox7~/~ embryos
harvested at E9.5 to those of their wild-type littermates. Using
the Bioconductor DESeq? package, we found 722 differentially
expressed genes (P-value <0.001 and absolute fold change > 2;
Supplementary Material, Table S1). We then queried the Molec-
ular Signature Database (MSigDB) with Gene Set Enrichment
Analysis software (20) to determine whether the Sox7~/~ differen-
tially expressed genes show statistically significant, concordant
differences between biological states. Figure 3A shows ranked
overlaps with the MSigDB Hallmark gene sets, which summarize
and represent well-defined phenotypes. Ingenuity Canonical
Pathway analysis also revealed enrichments for the canonical
pathways ‘Glycolysis’, ‘Nitric Oxide Signaling in the Cardiovascu-
lar System’ and ‘Regulation of the Epithelial-Mesenchymal Tran-
sition Pathway’. Overlapping genes for each Hallmark gene set
are shown in Supplementary Material, Table S2. ‘Cardiovascular
System Development and Function’ was the top enrichment (P-
value 3.42e-16) for disease and function annotations.

Among the differentially expressed genes with known roles
in EndMT, we noted that Wnt4 expression was downregulated
(Fig. 3B). WNT4 is expressed in the endocardium and promotes
EndMT by actingin a paracrine manner to increase the expression
of BMP2 in the myocardium (21). Consistent with these findings,
we found that Bmp2 transcript levels were also diminished in
Sox7~/~ embryonic hearts, although to a lesser degree that did
not meet criteria for inclusion among the list of differentially
expressed genes (Fig. 3B).
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Sox7 flox-E15

Sox7 floxfflox-Tig-2 Cre E15.5

Figure 1. SOX7 deficiency in the endocardium causes VSDs. (A-B) By E15.5, the right and left ventricles are separated by the interventricular
septum in C57BL/6 mice. In contrast, one of two rare Sox7f19%/~Tie-2 Cre embryos that survived to E15.5 had a VSD (black arrow in B). (C) A single
Sox7flox/flox.Tie 9 Cre embryo was harvested at E15.5. This embryo also had a VSD (black arrow). (C') Magnified image of the area marked by the yellow
rectangle in (C). In this view, the endocardium is marked with yellow lines and the ventricular septal defect is marked by the black arrow. Blood cells
are seen between the endocardial layers. LV = left ventricle, RV = right ventricle.

Wnt4 and Bmp2 transcript levels are decreased in
the AV canals of Sox7~/~ mice

To confirm the downregulation of Wnt4, we compared its tran-
script level in the AV canals of Sox7~/~ and wild-type embryos
at E9.5 by RNA-ISH. We found that Wnt4 transcript levels were
reduced in the endocardium of AV canal sections obtained from
E9.5 Sox7~/~ embryos compared with those obtained from their
wild-type littermates (Fig. 3C-D). The level of Bmp2 transcripts
also appeared to be reduced in the myocardium of the AV canals
of Sox7~/~ embryos (Fig. 3E-F). These results are consistent with
a model in which SOX7 positively regulates Wnt4 expression in
the endocardium. WNT4 then acts in a paracrine fashion to
upregulate expression of Bmp2 in the myocardium which has a
positive effect on EndMT (Fig. 3G).

Sox7 and Wnt4 interact genetically in the
development of VSDs

To provide additional evidence that SOX7 and WNT4 function
within a common pathway during cardiac development, we
looked for evidence that Sox7 and Wnt4 interact genetically
in the development of VSDs. Specifically, we crossed Sox7+/~
mice with mice bearing a single Wnt4 eGFPCreERT2 (GCE)
knock-in/knock-out allele (Wnt4*/~) to generate Sox7+/~;Wnt4+/~
double heterozygous embryos and mice. At E15.5/E16.5, wild-
type, Sox7+/~, Wnt4*+/~, and Sox7+/~;Wnt4*/~ double heterozygous
embryos were recovered in Mendelian ratios (P=0.97; Fig. 4A).

Wild-type, Sox7+=, Wnt4*/~, and Sox7*/~;Wnt4*+/~ double
heterozygous mice were not found in Mendelian ratios at
weaning (P=0.0038; Fig. 4B). Among the 107 progeny geno-
typed at weaning, 39.3% (n=42) were wild-type, 23.4% (n=25)
were Sox7t/~, 22.4% (n=24) were Wnt4*/~ and 15% (n=16)
were Sox7*/~;Wnt4+/~. This suggests that there is increased
mortality among Sox7*/~ and Wnt4*/~ heterozygous mice and
Sox7+/~;Wnt4*/~ double heterozygous mice between E15.5/E16.5
and weaning. The cause of this increased mortality is unclear.
Although the number of double heterozygous mice recov-
ered at weaning is lower than the number of heterozygotes
recovered, this difference did not reach statistical significance
(P=0.36).

We then examined the hearts of E15.5 embryos with each
of these genotypes. We found that 38% (3/8) of Sox7*/~;Wnt4+/~
embryos had VSDs. Two of the double heterozygous embryos had
perimembranous VSDs (Fig. 4C), and one had a muscular VSD
(Fig. 4D). No cardiac defects were identified in wild-type (n=8),
Sox7+~ (n=8) or Wnt4+/~ (n=28) E15.5 embryo controls.

Sox7 and Wnt4 interact genetically to reduce the
mesenchymal cell density of the developing AV
canal

To determine if the VSDs seen in Sox7*/~;Wnt4*/~ double
heterozygous embryos at E15.5 were associated with hypocel-
lularity of the AV endocardial cushions, as seen in Sox7~/~ and
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Figure 2. SOX7 deficiency leads to decreased mesenchymal cell density in the AV endocardial cushions because of decreased levels of EndMT. (A-B) At
E10.5, the AV endocardial cushions of wild-type embryos are filled with mesenchymal cells (asterisks in A). In contrast, the AV endocardial cushions
of Sox7~/~ embryos harvested at E10.5 are hypocellular (asterisks in B). (C) E9.5/10.5 Sox7~/~ embryos have significantly reduced mesenchymal cell
density in their AV canals compared with wild-type embryos (P <0.0001). (D-E) Hypocellular AV endocardial cushions (asterisks in E) were also seen
in Sox7flox/flox Tiep_Cre embryos in which Sox7 was ablated specifically in the endocardium. (F) E10.5 Sox7!lox/flox.Ties_Cre embryos had significantly
reduced mesenchymal cell density in their AV canals compared with Sox7{l°%/+ Sox7flo¥/+ Tie2-Cre and Sox7flo¥/flox control embryos harvested at the
same time point. (G-T) Collagen gel AV canal explants from E9.5 wild-type embryos generated a large number of migrating mesenchymal cells (marked by
purple crosses). In contrast, collagen gel AV canal explants from Sox7~/~ embryos generated a significantly reduced number of migrating mesenchymal
cells (P <0.0001). This suggests that SOX7 deficiency causes a severe defect in EndMT. Mesenchymal cell densities were calculated from 6-10 sagittal
sections through the heart obtained from at least five embryos of each genotype which were then normalized on the basis of age-matched wild-type
embryos. AV canal explant figures are representative images from explants obtained from five wild-type and six Sox7~/~ embryos generated in crosses
of Sox7*/~ mice. Error bars represent the standard error of the mean. NS = not significant. *P <0.05, **P <0.01, ***P <0.001, ****P < 0.0001.

Sox7f1ex/flox. Tie)-Cre embryos, we compared the endocardial cush- found that the AV endocardial cushions of E10.5 Sox7+/~;Wnt4*/~
ions of Sox7+~;Wnt4*/~ embryos harvested at E10.5 with those embryos had significantly reduced mesenchymal cell density
of their wild-type, Sox7*/~ and Wnt4*/~ littermate controls. We compared with those of their control littermates (Fig. 4E). This
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Figure 3. RNA-seq and RNA-ISH analyses of E9.5 wild-type and Sox7~/~ heart tubes reveal perturbations in the expression of genes involved in
epithelial-to-mesenchymal transition and a decrease in Wnt4 and Bmp2 transcripts. (A) MSigDB Hallmark gene set enrichments for 722 genes that
were differentially expressed with P-value <0.001 and absolute fold change > 2. (B) A volcano scatter plot representation of differentially expressed
genes. We found significantly decreased levels of Wnt4 expression in Sox7~/~ heart tubes compared with those of wild-type embryos. The expression
of Bmp2, WNT4's downstream target, was also diminished but not sufficiently to meet criteria for inclusion among the list of differentially expressed
genes. (C-C') RNA-ISH performed on sections obtained from E9.5 wild-type embryos demonstrates that Wnt4 is expressed in the endocardium covering
the AV endocardial cushions (blue arrow in magnified image C'). (D-D') Sox7~/~ embryos show reduced levels of Wnt4 transcripts in the AV endocardium
when compared with wild-type embryos (blue arrow in magnified image D). (E-F) Bmp2 transcripts are detected in the myocardium of the AV canal
with reduced levels being seen in Sox7~/~ embryos (red arrow in F) compared with wild-type controls (red arrow in E). (G) In our proposed model,
SOX7 functions in the endocardium to positively regulate the expression of Wnt4. WNT4 acts as a paracrine factor to upregulate Bmp2 expression in
the myocardium (21). BMP2 then functions to induce EndMT in the AV canal (22). In Sox7~/~ embryos, a defect in EndMT leads to the development of
hypocellular AV endocardial cushions and ventricular septal defects. RNA-ISH figures are representative images from RNA-ISH studies performed on

frozen sections obtained from four embryos of each genotype that were generated in crosses of Sox7+/~ mice on a C57BL/6 background.

suggests that Sox7 and Wnt4 interact genetically to reduce the
mesenchymal cell density of the endocardial cushions of the
developing AV canal.

The mesenchymal cell density of the AV endocardial cushions
of E10.5 Wnt4+/~ embryos was also significantly reduced com-
pared with those of wild-type and Sox7*/~ embryos (Fig. 4E).

Discussion

CHD is present in over 1% of all newborns and is the leading
cause of birth-defect-related deaths (23,24). Most CHD cases in the
general population are thought to be caused by multiple genetic
and environmental factors interacting in a multifactorial mode of
inheritance (23). These types of interactions are difficult to study
in the general population because of their complexity. One means
of reducing this complexity is to study microdeletions in which
the number of major CHD candidate genes is limited based on
their location within a specific region.

8p23.1 microdeletion syndrome is associated with a high inci-
dence of CHD with septal defects being particularly common

(1). Although haploinsufficiency of GATA4 is sufficient to cause
CHD (6,7,25-27), clinical data suggest that haploinsufficiency of at
least one additional gene in this region contributes to the develop-
ment of CHD (1). Recently, Huang et al. described a four-generation
family in which CHDs co-segregated with a c.310C>T, p.(GIn104*)
[NM_031439.4] premature stop variant in SOX7. This report pro-
vided evidence that SOX7 haploinsufficiency contributes to the
development of CHD in individuals with 8p23.1 microdeletion
syndrome and is sufficient to cause CHD in humans (8). Here,
we used mouse models, collagen gel explant studies and RNA-
seq transcriptome analysis to explore the morphogenetic and
molecular mechanisms by which SOX7 deficiency causes septal
defects in mice.

SOX7 deficiency in the endocardium leads to
hypocellular AV cushions and VSDs through its
effects on EndMT

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
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Figure 4. Sox7 and Wnt4 interact genetically in the formation of VSDs and hypocellular AV endocardial cushions. (A-B) Crosses between Sox7+/~ and
Wnt4*/~ mice generated wild-type, Sox7*/~, Wnt4*/~ and Sox7+/~;Wnt4*/~ double heterozygous E15.5/E16.5 embryos in Mendelian ratios. In contrast,
wild-type, Sox7+/~, Wnt4+/~, and Sox7+/~;Wnt4*/~ double heterozygous mice were not found in Mendelian ratios at weaning (P = 0.0038). Although the
number of double heterozygous mice recovered at weaning is lower than the number of heterozygotes recovered, this difference was not statistically
significant (P=0.36). The cause of the increased mortality among Sox7*/~ and Wnt4*/~ heterozygous mice and Sox7*/~;Wnt4*/~ double heterozygous
mice between E15.5/E16.5 and weaning is unclear. (C-D) 38% (3/8) Sox7*/~;Wnt4*/~ double heterozygous embryos develop perimembranous (black arrow
in C) and muscular (black arrow in D) VSDs not seen in wild-type or Sox7*/~ and Wnt4*/~ heterozygous controls (n=8 of each genotype). (E) The AV
endocardial cushions of Sox7*/~;Wnt4+/~ embryos are hypocellular compared with those of wild-type, Sox7+/~ and Wnt4*/~ heterozygous controls. The
mesenchymal cell density of the AV endocardial cushions of E10.5 Wnt4*/~ embryos was also significantly reduced compared with those of wild-type
and Sox7*/~ embryos. Normalized mesenchymal cell densities were calculated on the basis of 10 sagittal sections through the heart obtained from at
least four embryos of each genotype. Error bars represent the standard error of the mean. NS = not significant. *P <0.05, ***P <0.001, ****P <0.0001.

cardiac jelly, delamination of the endocardium, EndMT, and SOX7 regulates EndMT through its effects on
mesenchymal cell proliferation (28-32). We have shown that Wnt4 transcription
the AV cushions of Sox7~/~ and Sox7f°¥/flox;Tie2-Cre embryos Since SOX7 is an endocardially expressed DNA binding transcrip-

at E10.5 have progressed successfully to the stage at which tion factor (12,18,19), and its deficiency causes a severe defect in
the endocardium separates from the underlying myocardium, EndMT (Fig. 3), we hypothesized that it functions to regulate the
and that the size of the AV endocardial cushions in these transcription of genes that control EndMT. RNA-seq performed on
embryos is comparable to those of their wild-type littermates wild-type and Sox7~/~ E9.5 heart tubes (Fig. 3A and B) and RNA-
(Fig. 2A, B, D and E). However, these cushions are hypocellular ISH studies (Fig. 3C-F) revealed decreased expression of Wnt4 in
(Fig. 2C and F), and Sox7°¢~:Tie2-Cre and Sox7{lo¥/flox-Tie2-Cre SOX7-deficient heart tubes. During the development of the AV
embryos develop VSDs (Fig. 1), suggesting a defect in EndMT. endocardial cushions, WNT4 is expressed in the endocardium

A severe defect in EndMT was confirmed in collagen explant and acts as a paracrine factor to upregulate Bmp2 expression in
studies in which there was a striking reduction in the number the adjacent myocardium (21). In turn, BMP2 functions to induce
of migrating mesenchymal cells in Sox7~/~ heart tube explants EndMT in the AV canal (22). Hence, our data are congruent with

compared with explants from wild-type embryos (Fig. 2G-1). This the model previously proposed by Hong et al. in which SOX7
leads us to conclude that the VSDs associated with SOX7 defi- modulates EndMT in the developing AV canal by modulating
ciency (Fig. 1) are due to an underlying defect in EndMT caused the expression of Wnt4 and its downstream target gene, Bmp2
by loss of SOX7 function in endocardium. (Fig. 3G) (13). This model is further supported by ChIP-gPCR and



2158 | Human Molecular Genetics, 2023, Vol. 32, No. 13

luciferase assays performed by Hong et al. in which they demon-
strate that SOX7 can bind to regions of the Wnt4 promoter in both
adult mouse hearts and in a mouse embryonic endocardial cells
(MEECs) cell line and can activate the Wnt4 promoter in MEECs
(13).

Evidence that WNT4 and BMP2 play a role in
ventricular septal development in humans

Systemic depletion of WNT4 expression in mice leads to peri-
natal death within 48 h associated with severe developmental
anomalies of the kidneys, reproductive tract, and gonads (33-35).
This is consistent with the phenotypes seen in individuals with
Mullerian aplasia and hyperandrogenism [Mendelian inheritance
in man (MIM)# 158330] who carry heterozygous missense variants
in WNT4 (36-38). We note that no cardiac phenotypes have been
reported to date in WNT4-deficient mice, nor in individuals with
Mullerian aplasia and hyperandrogenism.

Homozygous loss-of-function variants in WNT4 have been
reported in a single family to cause autosomal recessive 46,XX
sex reversal with dysgenesis of kidney, adrenals and lungs
(SERKAL) syndrome (MIM# 611812) whose features also include
VSDs (39). We demonstrate that Wnt4 haploinsufficiency causes
decreased AV endocardial mesenchymal cell density (Fig. 4E), and
that Sox7 and Wnt4 interact genetically in the development of
hypocellular endocardial cushions (Fig. 4E) and perimembranous
and muscular VSDs (Fig. 4C and D). This suggests that WNT4
deficiency plays an important role in mammalian cardiac
development and provides supportive evidence that WNT4
deficiency can cause heart defects in the setting of SERKAL
syndrome. Additional studies will be needed to confirm that loss
of WNT4 function alone is sufficient to produce CHDs.

In contrast to WNT4, the role of BMP2 in mouse and human
heart development has been clearly demonstrated. Studies
performed in mice have shown that BMP? is essential for EndMT
in the AV canal and normal myocardial patterning (22). In
humans, heterozygous pathogenic variants in BMP2 cause short
stature, facial dysmorphism and skeletal anomalies with or
without cardiac anomalies 1 (SSFSC1) syndrome (MIM# 617877)
(40). As expected from our studies, the cardiac defects seen in
SSFSC1 syndrome include VSDs.

Taken together, our results provide additional evidence that
SOX7, WNT4 and BMP2 function in the same signaling pathway
during mammalian septal development, and that their deficiency
can contribute to the development of VSDs in humans with 8p23.1
deletions, SERKAL syndrome, and SSFSC1 syndrome, respectively.
Our results also suggest the possibility that combinations of
deleterious SOX7, WNT4 and BMP2 alleles could contribute to the
development of VSDs with an oligogenic or multifactorial mode of
inheritance and underscore the importance of considering possi-
ble genetic interactions when reporting and interpreting genetic
test results.

Materials and Methods
Mouse models

The generation of mice bearing Sox7 conditional (flox) and null
alleles were described previously (12). Briefly, the second exon of
Sox7, which encodes half of SOX7's HMG-box DNA binding domain
and the entire SOX7 activation domain, was flanked by loxP sites
to generate the flox allele. In the presence of Cre, the second exon
and the 3’ untranslated region are excised generating a null allele.

Mice bearing the Wnt4 GCE knock-in/knock-out allele (Wnt4SCE,
Jackson Laboratory, strain #032489) have been previously described

(41). This allele abolishes Wnt4 gene function and expresses an
EGFP and creERT2 (eGFPCreERT2) fusion protein from the Wnt4
promoter/enhancer elements. In this manuscript, we refer to
embryos and mice that are heterozygous for this allele as being
Wnt4+/~.

All mice in our study were maintained on a C57BL/6 back-
ground. 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. The associated protocols were approved by the Insti-
tutional Animal Care and Use Committee of Baylor College of
Medicine (Animal Welfare Assurance #A3832-01).

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 phosphate-buffered
saline (PBS), dehydrated in ethanol, embedded in paraffin and
sectioned at 10 um. Sections were then stained with hematoxylin
and eosin.

Collagen gel explant assays

Collagen gel explant assays were performed as described by Xiong
et al. (42). Briefly, collagen gels were prepared from a type [ rat-tail
collagen stock at ~4 mg/ml (Corning). The solution was diluted
with 1x PBS and buffered with 1 N NaOH. Collagen gels were
soaked with culture medium containing OptiMEM-I (Gibco), 1%
FBS (Thermo Fisher Scientific), 100 U/ml penicillin (Thermo Fisher
Scientific) and 100 ug/ml streptomycin (Thermo Fisher Scientific)
overnight at 37°C, and were allowed to solidify inside a 5% CO,
incubator at 37°C. The culture medium was removed from the gels
prior to the dissection of the AV canals.

E9.5 embryos with 20-25 pairs of somites were harvested in
cold PBS. After removing the pericardial sac, AV canals were
dissected and placed with the endocardium facing downwards
on the surface of a collagen gel. Explants were incubated in 5%
CO; at 37°C. Images were acquired at 48 h of culture using an
Axiovert 40 CFL inverted microscope equipped with an AxioCam
digital camera and imaging system (Carl Zeiss Microscopy).

Migratory mesenchymal cells (hypertrophied cells with elon-
gated spindle-shaped morphology found growing out from the
explant marginal area) were counted from explants obtained from
wild-type and Sox7~/~ embryos. An unpaired two-tailed Student’s
t-test was used to compare the numbers of migratory mesenchy-
mal cells generated from explants of different genotypes.

E9.5 heart tube RNA isolation and RNA-seq
analysis

Heart tubes were isolated from Sox7~/~ embryos and their wild-
type littermates at E9.5. Briefly, heart tubes were microdissected
at the distal part of the outflow tract before it opens within the
region of the aortic sac. Next, a lower slice was performed at the
end of the common atrial chamber to obtain a heart segment
including the endocardial cushions and the AV canal. Cephalic
and tail poles were saved for genotyping. RNA was obtained from
pools of ~30-50 heart tubes of each genotype using an RNAeasy
Plus Micro kit (QIAGEN) according to the manufacturer’s instruc-
tions. RNA from two pooled Sox7~/~ samples and one pooled wild-
type sample were used for RNA-seq analyses.

Bulk RNA-Seq were performed at the Department of Molecular
and Human Genetics Functional Genomics Core at Baylor College
of Medicine. RNA-seq libraries ware made using a KAPA stranded
mRNA-seq kit (KK8420). Briefly, poly-A RNA was purified from



total RNA using Oligo-dT beads, fragmented to a small size,
after which the first-strand cDNA was synthesized. Second-strand
cDNA was synthesized and marked with dUTP. The resultant
cDNA was used for end repair, A-tailing, and adaptor ligation.
Finally, libraries were amplified for sequencing using the Novaseq
platform (Illlumina). The strand marked with dUTP was not ampli-
fied, allowing strand-specific sequencing.

RNA-ISH

Embryos (E9.5) were collected, washed in cold PBS and fixed
overnight in 4% PFA. After washing, the embryos were cry-
oprotected sequentially in PBS buffered 15% and 30% sucrose
solutions, embedded in optimum cutting temperature compound
(Tissue-Tek) and snap frozen. RNA-ISH was performed on
serial 10 and 12 um thick sections cut on a Leica CM3050
S cryostat. Sections were probed with digoxigenin-labeled
sense and anti-sense mRNA probes. The Wnt4 probe included
an 800 bp sequence on the basis of NM_009523.2 flanked
by forward 5'-CAGCATCTCCGAAGAGGAGAC-3' and reverse
5'-CTTTAGATGTCTTGTTGCACG-3' sequences. The Bmp2 probe
included a 259 bp region sequence on the basis of NM_007553.1
flanked by forward 5-GATCTTCCGGGAACAGATACAG-3' and
reverse 5'-CACCTGGGTTCTCCTCTAAATG-3' sequences as previ-
ously described in the Allen Brain Atlas (43). In situ hybridization
was performed by the RNA In Situ Hybridization Core at Baylor
College of Medicine using an automated robotic platform and a
previously described protocol (44,45). Images were acquired using
a Leica DM4000 microscope equipped with a Leica DMC 2900
camera (Leica Biosystems).

Statistics

Standard errors were calculated using the Standard Error
Calculator from Good Calculators (https://goodcalculators.
com/standard-error-calculator/). P-values were determined
between categories using an unpaired t-test performed using the
T-Test Calculator from GraphPad (https://www.graphpad.com/
quickcalcs/ttestl.cfm). To determine if genotyping results were
consistent with expected Mendelian ratios, we used a Chi-
square test performed using the Chi-square test calculator from
GraphPad (https://www.graphpad.com/quickcalcs/chisquared?2/).

Supplementary Material

Supplementary Material is available at HMG online.
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