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Mouse model reveals the role of SOX7 in the
development of congenital diaphragmatic hernia
associated with recurrent deletions of 8p23.1
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Recurrent microdeletions of 8p23.1 that include GATA4 and SOX7 confer a high risk of both congenital dia-
phragmatic hernia (CDH) and cardiac defects. Although GATA4-deficient mice have both CDH and cardiac
defects, no humans with cardiac defects attributed to GATA4 mutations have been reported to have CDH.
We were also unable to identify deleterious GATA4 sequence changes in a CDH cohort. This suggested
that haploinsufficiency of another 8p23.1 gene may contribute, along with GATA4, to the development of
CDH. To determine if haploinsufficiency of SOX7—another transcription factor encoding gene—contributes
to the development of CDH, we generated mice with a deletion of the second exon of Sox7. A portion of these
Sox7*°*?* mice developed retrosternal diaphragmatic hernias located in the anterior muscular portion of the
diaphragm. Anterior CDH is also seen in Gata4*’~ mice and has been described in association with 8p23.1
deletions in humans. Inmunohistochemistry revealed that SOX7 is expressed in the vascular endothelial
cells of the developing diaphragm and may be weakly expressed in some diaphragmatic muscle cells.
Sox74ex2/Aex2 empryos die prior to diaphragm development with dilated pericardial sacs and failure of yolk
sac remodeling suggestive of cardiovascular failure. Similar to our experience screening GATA4, no clearly
deleterious SOX7 sequence changes were identified in our CDH cohort. We conclude that haploinsufficiency
of Sox7 or Gata4 is sufficient to produce anterior CDH in mice and that haploinsufficiency of SOX7 and
GATA4 may each contribute to the development of CDH in individuals with 8p23.1 deletions.

INTRODUCTION meta-analysis of 15 studies published between 1976 and 1996

in which the birth incidence of CDH ranged from ~1/1750 to
Congenital diaphragmatic hernia (CDH) is characterized by a ~1/5900 (1). However, this estimate may not accurately
protrusion of abdominal viscera into the thorax through an ab- reflect the current birth incidence due to changes in prenatal
normal opening or defect in the diaphragm which is present at care and the current rates of pregnancy termination. CDH is
birth. CDH has an incidence of ~1 in 4000 births—based on a  associated with both a high mortality rate and significant
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long-term morbidity among survivors. Although CDH can be
an isolated defect, additional anomalies are present in 40—
60% of cases with cardiac defects being the most common
(2-4).

Over 20 copy-number-dependent chromosomal regions that
are recurrently associated with the development of CDH have
been identified (5—7). Some of these chromosomal regions
contain genes that have been clearly implicated in the develop-
ment of CDH based on both mouse models of CDH and the
identification of deleterious changes in individuals with
CDH. These genes include the zinc finger protein, multitype
2 (ZFPM2, formerly known as FOG2) gene on 8q22 and the
Wilms tumor 1 (WTI) gene on 11p13 (8—13). Other regions
contain genes that have been implicated in the development
of CDH based on mouse models alone. The nuclear receptor
subfamily 2, Group F, Member 2 (NR2F2, formerly known
as COUP-TFII) gene, for example, is located in the minimally
deleted region for CDH on chromosome 15q26.2. Conditional
ablation of Nr2f2 in the foregut mesenchyme, including the
post-hepatic mesenchymal plate, is associated with a high in-
cidence of posterolateral CDH in mice (14). However, to date,
no clearly deleterious changes in NR2F2 have been identified
in individuals with CDH, despite efforts to identify such
changes (15).

A similar situation is seen with regards to the GATA
binding protein 4 (GATA4) gene. GATA4 encodes a transcrip-
tion factor and is located in a region of chromosome 8p23.1
that is flanked by segmental duplications 8p-OR-REPD and
8p-OR-REPP. This region is recurrently deleted via non-allelic
homologous recombination. CDH and cardiac malformations
are common complications of recurrent 8p23.1 microdeletions
with one published estimate of penetrance being 22% for CDH
and 94% for cardiac malformations, although the actual fre-
quencies will be clarified as additional cases are reported
(16). Mouse models suggest that haploinsufficiency of
GATA4 is likely to contribute to the development of both of
these birth defects. On a pure C57BL6 background, Jay
et al. reported that ~14% (3/21) of mice that were heterozy-
gous for a Gata4 allele in which the second exon has been
removed (Gata4+***?) developed overt diaphragmatic hernia-
tion and ~36% (5/14) had cardiac defects that included secun-
dum atrial septal defects, ventricular septal defects and
atrioventricular canal defects (17).

Haploinsufficiency of GATA4 has also been clearly shown
to be sufficient to cause cardiac defects in humans. Some of
the most compelling evidence for the role of GATA4 in abnor-
mal cardiac development comes from studies in which hetero-
zygous GATA4 mutations were found to segregate with atrial
septal defects in seven families with varying levels of pene-
trance (18—21). Further evidence comes from Nemer et al.
who documented de novo Glu216Asp mutations in two indivi-
duals with tetralogy of Fallot, and Reamon-Buettner ef al. who
found a frameshift mutation (Pro226fs) and a nonsense muta-
tion (Arg266Ter) in two patients with atrioventricular septal
defects (22, 23). However, none of these individuals—nor
over 30 additional individuals with sporadic cardiac defects
reported to have non-synonymous changes in GATA4—have
been reported to have CDH (16). In this report, we looked
for evidence that mutations in GATA4 are sufficient to cause
CDH, but no deleterious GATA4 sequence changes were

identified in DNA samples from a cohort of 77 individuals
with CDH.

These observations and findings led us to hypothesize that
haploinsufficiency of another gene in this interval may contrib-
ute, along with GATA4, to the development of CDH in indivi-
duals with 8p23.1 deletions. Of the 21 other genes located in
this region, the sex-determining region Y (SRY)-box 7
(SOX7) gene appeared to be the most likely gene to play a role
in diaphragm development (16). SOX7 is a member of the
SOX (SRY-related HMG-box) family of transcription factors
whose members play key roles in the regulation of embryonic
development and in the determination of cell fate (24,25).
SOX7 has also been shown to modulate the expression of
GATA4 in human embryonic stem cells and in mouse F9 embry-
onal carcinoma cells and is expressed in both embryonic and
adult tissues (26—38).

To determine whether deficiency of SOX7 could contribute
to the development of CDH, we generated mice with deletions
of the second exon of Sox7, which encodes half of SOX7’s
HMG-box DNA binding domain and the entire SOX7 activa-
tion domain (28). Up to 14% of Sox7 /22 mice on a mixed
C57BL6/SV129 background developed retrosternal CDH
that was similar to the CDH seen in GATA4-deficient mice
and the anterior CDH described in one patient with an
8p23.1 deletion (16). In contrast to Sox7 2> mice that are
viable and fertile, Sox7°**2°*2 embryos died prior to dia-
phragm development with signs suggestive of cardiovascular
failure.

By immunohistochemistry, we examined the expression of
SOX7 in the diaphragm of wild-type mice. We found that
SOX7 is expressed in the vascular endothelial cells of the
developing diaphragm and may be weakly expressed in
some diaphragmatic muscle cells. This pattern of expression
is different from that seen for GATA4, making it unlikely
that SOX7 directly regulates GATA4 expression during dia-
phragm development.

Similar to our experience with GATA4, no clearly deleteri-
ous SOX7 sequence changes were identified in DNA samples
from 77 individuals with CDH. Taken together, these results
suggest that haploinsufficiency of Sox7 or Gata4 is sufficient
to produce CDH in mice and that haploinsufficiency of
SOX7 and GATA4 may each contribute to the development
of CDH in individuals with 8p23.1 deletions.

RESULTS

Screening for sequence changes in GATA4 in patients
with CDH

In an effort to identify GATA4 sequence changes that contrib-
ute to the development of CDH, we screened the coding
sequence and intervening intron—exon boundaries of GATA4
in a cohort of 77 patients with CDH. The results of this screen-
ing are summarized in Table 1. Twelve individuals were found
to have non-synonymous changes—1 with an A346V change
inherited from an unaffected father and 11 individuals with
an S377G change which, in some cases, were confirmed to
have been inherited from an unaffected parent. Both changes
have been reported previously by the 1000 Genomes project
(http://browser.1000genomes.org/index.html) and in control



Table 1. GATA4 sequence changes observed in 77 patients with CDH
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Change Number of patients 1000 Genomes/dbSNP/DNA source—number Predicted effect Predicted effect
(inheritance) of patient samples (SIFT) (PolyPhen2)
Non-synonymous changes
p.Ala346Val ¢.1037C>T 1 (Paternal) Yes/yes (Het 0.010)/L-1 Tolerated Benign
p-Ser377Gly c.1129A>G 11 Yes/yes (Het 0.113, MAF 0.0517)/WB-8, L-3 Tolerated Benign
Synonymous changes
p.Glyl12=c.336G>A 1 No/no/L-1 N/A N/A
p.Phel54=c.462C>T 1 Yes/yes/WB-1 N/A N/A
p.Tyr244=c.732C>T 1 No/yes (Het 0.003)/L-1 N/A N/A
p.Pro341=c.1023T>C 1 Yes/yes (Het 0.024)/L-1 N/A N/A
p-Asn352=c.1056C>T 2 Yes/yes (Het 0.221 MAF 0.0631)/WB-2 N/A N/A
p-Ser371=c.1113A>G 2 Yes/yes (Het 0.500 MAF 0.0259)/WB-2 N/A N/A

Data accessed on October 2011.

Het, heterozygosity reported by dbSNP; MAF, minor allele frequency reported by dbSNP; WB, whole blood; F, fibroblasts cultures; L, EBV transformed

lymphocytes; N/A, not applicable.

individuals reported in dbSNP (http://www.ncbi.nlm.nih.gov/p
rojects/SNP/). These changes were predicted to be ‘Tolerated’
by SIFT (http://sift.jcvi.org/) and ‘Benign’ by PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/). This suggests that
they are unlikely to have contributed to the development of
CDH in the patients in whom they were identified.

Haploinsufficiency of Sox7 causes retrosternal CDH

To determine if deficiency of SOX7 could cause CDH in mice,
we generated mice with deletions of the second exon of Sox7
which encodes for half of SOX7's HMG-box DNA binding
domain and the entire SOX7 activation domain, which is
located in the C-terminal region of the protein (Fig. 1) (28).
Sox7+/A%2 mice were viable and their average weight at 2,
4 and 6 weeks after birth was indistinguishable from wild-type
mice (data not shown). However, on a mixed C57BL6/SV129
background, ~14% (10/71) of Sox7 /2> mice aged P28 to
adult had CDH located directly behind the sternum in the
ventral midline.

In the most severe of the anterior retrosternal hernias seen in
Sox77/A2 mice, the gallbladder and a pedunculated portion
of the liver were found in the thoracic cavity (Fig. 2A—C).
These herniated viscera were encased in a thin, membranous
sac. The pedunculated nature of the liver mass often made it
difficult to reduce the contents of the hernia sac into the ab-
dominal cavity. Both gross and histological analyses revealed
the presence of a muscular ring around the diaphragmatic
defect (Fig. 2C, F and G).

Less severe hernias consisted of a retrosternal opening
in the diaphragm without evidence of liver incarceration
through the diaphragm defect (Fig. 2D). These diaphragmatic
defects lacked a membranous covering. Occasionally, the gall-
bladder was abnormally fused to the underside of the anterior
diaphragm (Fig. 2D). In all cases, the defect was located in a
region of the anterior diaphragm that would typically be mus-
cularized.

This type of CDH was similar to that described by Jay ef al.
in Gata4™'**** mice on a congenic C57BL6 background (17).
Occasionally, we also observed this type of CDH in a different
Gata4™~ mouse strain described by Molkentin ef al.—in

which a Gata4 null allele was generated by replacing exons
encoding GATA4's two DNA-binding zinc finger domains
with a neomycin resistance gene—after it had been back-
crossed through six or more generations onto a C57BL6 back-
ground (Fig. 2E) (39). In contrast, CDH was not seen in
Sox74%*2 mice (0/41) backcrossed through eight generations
onto a C57BL6 background.

Expression pattern of SOX7 and GATA4

To determine when and where SOX7 was expressed in the dia-
phragm, we performed immunohistochemistry for SOX7 in
wild-type embryos and pups at E12.5, E14.5, E15.5, E16.5
(embryonic days) and P1. SOX7 was not detected in the pleur-
operitoneal fold (PPF) at E12.5 or in the anterior, middle or
posterior diaphragm at this time point (Supplementary Material,
Figs S1 and S2). Between E14.5 and E16.5, SOX7 was not
detected in the anterior, middle or posterior diaphragm
except in the nuclei of vascular endothelial cells (Fig. 3A
and B; Supplementary Material, Figs S3 and S4). In sections
from P1 pups, SOX7 expression was not seen in the non-
muscular diaphragm (Fig. 3C; Supplementary Material,
Fig. S5). In the muscularized portion of the diaphragm,
strong nuclear staining for SOX7 was again seen in the vascu-
lar endothelium (Fig. 3C and D). In P1 pups, the expression of
SOX7 in diaphragmatic muscle cells was more difficult to
evaluate, with some cells appearing to have a subtle blush of
SOX7 nuclear staining (Fig. 3C and D; Supplementary Mater-
ial, Fig. S5).

SOX7-positive cells were also seen in the endocardium and
in the vascular endothelium of the heart and lungs between
E12.5 and P1 (Fig. 3B; Supplementary Material, Fig. S6).
The specificity of the SOX7 antibodg was confirmed in sec-
tions from a rare E15.5 Sox7%**2*2 embryo which showed
no SOX7 staining in these tissues (Supplementary Material,
Fig. S7).

We also determined the expression pattern of GATA4
during diaphragm development. Nuclear GATA4 immunor-
eactivity was detected in a subset of cells in the PPF at
E12.5 and in a subset of cells in the anterior, middle and pos-
terior regions of the diaphragm from E12.5 to E16.5
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Figure 1. Targeting strategy for generating the Sox78ex2

allele. The coding (white) and non-coding (grey) portions of the Sox7 gene are shown along with the

location of relevant restriction sites in the genomic DNA. The targeting construct contained a single loxP site (black triangle) upstream of exon 2 and a neomycin
resistance cassette (Neo) flanked by FRT sites (grey triangles) and a 3’ loxP site (black triangle) downstream of exon 2. Proper targeting was confirmed by
Southern blot using novel EcoRI and Hindlll restriction sites contained in the targeting vector. The approximate locations of the Southern blot probes are repre-
sented by black boxes. The second exon of Sox7 and the neomycin resistance cassette were deleted by collapsing the two loxP sites in vivo. This was accom-
plished by crossing mice carrying a properly targeted Sox7 gene to mice expressing Cre in the female germline.

(Supplementary Material, Figs S1—S4). In sections from P1
pups, GATA4 nuclear staining was not detected in the muscu-
lar and non-muscular regions of the diaphragm with the excep-
tion of the outermost cell layers—corresponding to the
diaphragmatic pleura and peritoneum—and in rare vascular
endothelial cells (Supplementary Material, Fig. S5). These
data are consistent with previously published reports in
which GATA4 expression was shown to be restricted to the
non-muscular, mesenchymal component of the PPF and the
MyoD-negative mesenchymal cells of the diaphragm at
E16.5, with little GATA4 expression being seen in the muscu-
lar diaphragm at P1 (17,40).

Comparison of the diaphragmatic vasculatures of
Sox7*/2% and wild-type embryos and mice

To determine if Sox7 haploinsufficiency had a deleterious
effect on the formation of blood vessels in the developing an-
terior diaphragm, we looked for evidence of vascularization in
sagittal histological sections of Sox7+2%*? (n = 4) and wild-
type (n = 4) embryos at E14.5. Blood vessels were observed
in midline sections of the anterior diaphragm of all embryos
at this time point (Supplementary Material, Fig. S8).

We then compared the diaphragmatic vascular patterns
of Sox7+"2**2 mice on a mixed C57BL6/SV129 background
(n = 6) with the vascular patterns of wide-type mice on a
mixed C57BL6/SV129 background (n = 6), a pure SV129
background (» = 2) and a pure C57BL6 background (n = 2).
Particular attention was given to the vessels leading to the an-
terior diaphragm. Although variations in the branching pat-
terns, connections and the diameters of vessels were seen in
Sox77A*2 mice, in each case, similar variations were seen
in at least one of the wild-type controls (Supplementary
Material, Fig. S9).

Homozygous Sox7***2*2 embryos die in utero with signs
of cardiovascular failure

In crosses between Sox712%*? mice, heterozygous progeny

were recovered in expected Mendelian ratios and in appropriate

male/female proportions at weaning (P28), but no Sox 742/
homozygous mice were identified. To determine the time point
at which Sox72%%2*2 homozygous embryos/mice die,
embryos from Sox7/2°*? intercrosses were harvested at E8.5,
E9.5, E10.5 and E14.5. Sox72*%4°*2 embryos were recovered
in Mendelian ratios through E10.5 but no Sox72*¥Aex2
embryos were seen at E14.5 (Table 2).

At E8.5 all embryos were alive and wild-type, Sox7+/Aex2,
and Sox7°%%22 embryos were indistinguishable. In contrast,
by E10.5, 79% (22/28) of Sox7°?A2 embryos showed evi-
dence of delayed development, including one embryo that had
died, 61% (17/28) had pericardial edema and 79% (22/28) had
failure of yolk sac remodeling. These findings are suggestive
of cardiovascular failure (Fig. 4).

Although the great majority of Sox7°**22 embryos die
before E14.5, genotyping of embryos from Sox7/2*? inter-
crosses used for subsequent studies has revealed the existence
of rare Sox72*¥2%2 embryos that survive beyond E14.5.

Screening for sequence changes in SOX7 in patients with
CDH

In an effort to identify SOX7 sequence changes that contribute
to the development of CDH, we screened the coding sequence
and intervening intron—exon boundaries of SOX7 in 77
patients with CDH. The results of this screen are summarized
in Table 3. Five individuals with non-synonymous changes
were identified; two with a T169S change inherited from an
unaffected father, one with an R233H change inherited from
an unaffected father and two with a G267S change that was
not found in their mothers but for whom the paternal DNA
was not available for analysis. None of these individuals had
non-synonymous changes in GATA4. Only the T169S
change has been reported previously in data from the 1000
Genomes project and in dbSNP. However, all of these
changes were predicted to be ‘Tolerated” by SIFT and
‘Benign’ by PolyPhen2. This suggests that they are unlikely
to have contributed to the development of CDH in the patients
in whom they were identified.
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Figure 2. A portion of Sox mice develop retrosternal CDH that is similar to those seen in Gata4™ ~ mice. (A) A retrosternal CDH in a Sox mouse
as viewed from the thorax (yellow circle). The herniated gallbladder and liver tissue are covered by a thin membranous sac. The liver (Lv) can be seen through
the intact portion of the transparent diaphragm. (B and C) A retrosternal CDH as viewed from the abdomen. A pedunculated mass of liver tissue (Lv, black
arrow) was reduced through a muscular ring at the border of the diaphragmatic defect (yellow arrow and circle). (D) A retrosternal CDH (yellow arrow)
viewed from the abdomen. The gallbladder is abnormally fused to the underside of the diaphragm. (E) A retrosternal CDH (yellow arrow) seen from the
abdomen in a Gata4*'~ mouse. A pedunculated mass of liver tissue (Lv, black arrow) was reduced into the abdomen. (F) H&E-stained section through the
diaphragm and the retrosternal hernial sac of a Sox7+**? mouse reveals a mass of herniated liver tissue (Lv) and the gallbladder (yellow arrow) surrounded
by a thin membranous sac (black arrowhead). This section was taken in a region located away from the pedicle so a portion of the membrane (black arrow)
appears between the herniated liver (above) and the unherniated liver (below). (G) H&E-stained section through the same hernial sac shown in panel (F).
The pedicle of the herniated liver mass (white star) joins the unherniated liver in the abdomen. There is a sharp demarcation between the diaphragmatic mus-
culature and the membranous sac (black arrow) and evidence of muscular thickening at the edge of the diaphragmatic defect (black arrowhead). D = diaphragm;
Lv = liver.

DISCUSSION

Haploinsufficiency of SOX7 and GATA4 is likely
to contribute to the development of CDH

duplicated in affected individuals (5). Using this cytogeneti-
cally based approach, a recurrently deleted region bounded
by segmental duplications was identified as the location of
the genetic factors contributing to CDH in patients with

The paucity of families with multiple affected individuals
makes it difficult to use a linkage-based approach to identify
genes responsible for sporadic birth defects like CDH.
However, the location of copy-number-sensitive genes that
contribute to these defects can often be inferred by identifying
regions of the genome that are recurrently deleted or

8p23.1 deletions (16,41,42). This region contains both SOX7
and GATAA4.

In this report, we have shown that a portion of Sox7 ™" Aex2
mice develop retrosternal diaphragmatic hernias that are
covered with a membranous sac. These hernias are located
in the anterior midline behind the sternum. Similar hernias
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Figure 3. Immunohistochemical staining for SOX7 in the developing diaphragm. SOX7 expression in the anterior diaphragms of wild-type mice at E14.5 (panel
A) and E15.5 (panel B) is limited to the vascular endothelium (yellow arrows). SOX7 immunoreactivity is also seen in the vascular endothelium of the heart
(panel B). At P1, SOX7 is not expressed in the non-muscular diaphragm (red arrow, panel C). Strong nuclear staining for SOX7 is seen in the vascular endo-
thelium (yellow arrows) in the muscular portions of the anterior (panel C) and the posterior diaphragm (panel D) at P1. Subtle SOX7 staining is also seen in the
nuclei of some diaphragmatic muscle cells in the anterior and posterior diaphragm. D = diaphragm; H = heart; L = liver; red scale bars = 50 pm.

Table 2. Sox7**¥22 embryos die between E10.5 and E14.5

Embryonic day WT Sox7+Aex2 Sox7Aex2/Aex2 Total
E8.5 31(25%) 60 (49%) 32 (26%) 123
E9.5 24 (17%) 77 (56%) 37 (27%) 138
E10.5 35(27%) 66 (50%) 30 (23%) 131
El4.5 10 (45%) 12 (55%) 0 (0%) 2

are also seen in Gata4 ™'~ mice. Although most reported cases
of CDH in patients with 8p23.1 deletions are described simply
as left-sided, and are likely to be posterolateral, we have pre-
viously reported one patient with a de novo 8p23.1 deletion
who had a large anterior CDH with herniation of the liver
(16). These observations lead us to conclude that haploinsuffi-
ciency of SOX7 and haploinsufficiency of GATA4 are likely to
contribute to the development of CDH in patients with 8p23.1
deletions. We recognize, however, that our results do not
exclude the possibility that haploinsufficiency of another
gene or genes may also be contributing to the risk of CDH
seen in patients with 8p23.1 deletions.

Over 20 copy-number-dependent chromosomal regions that
are recurrently associated with the development of CDH have
been described (5-7). The dosage-sensitive genes that

contribute to the development of CDH associated with the ma-
jority of these regions have yet to be identified. Although copy
number changes of a single gene may be found to be respon-
sible for CDH at some of these loci, our results underscore the
importance of considering the possibility that two or more
genes contribute to this phenotype. This is particularly import-
ant when mutation screens conducted in cohorts of CDH
patients fail to identify deleterious changes in individual can-
didate genes.

Deleterious changes in either SOX7 or GATA4 alone are
likely to contribute to only a small portion of CDH cases

Although haploinsufficiency of either Sox7 or Gata4 is suffi-
cient to produce CDH in mice, no deleterious changes in
either of these genes were identified in the cohort of CDH
patients screened in this report. Although sequencing of the
coding regions and associated intron/exon boundaries of
SOX7 and GATA4 is likely to detect most deleterious
changes in these genes, the exact sensitivities of the mutation
screens employed in our studies are not known. However, if
we assume that these screens are sufficient to identify 80%
of deleterious changes in these genes, then a screen of 77 indi-
viduals with CDH would have a >95% chance of identifying
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Figure 4. The majority of Sox7°*¥22 embryos at E10.5 show signs of delayed development and cardiovascular failure. (A—C) Wild-type and Sox7+452
embryos appeared normal at E10.5. In contrast, the majority of Sox7***2*2 embryos showed signs of developmental delay and pericardial edema (yellow

arrow). (D—F) The yolk sacs of wild-type and Sox7+42

of Sox72*¥A2 embryos at E10.5 show failure of yolk sac remodeling.

Table 3. SOX7 sequence changes observed in 77 patients with CDH

mice show evidence of normal vascular remodeling (yellow arrow heads). In contrast, the majority

Change Number of patients 1000 Genomes/dbSNP/DNA source—number of  Predicted effect Predicted effect
(inheritance) patient samples (SIFT) (PolyPhen2)
Non-synonymous changes
p.Thr169Ser ¢.506C>G 2 (Paternal) Yes/yes (MAF 0.0533)/WB-2 Tolerated Benign
p-Arg233His 1 (Paternal) No/no/WB-1 Tolerated Benign
c.698G>A
p-Gly267Ser 2 (Not maternal, fathers not Yes/yes/L-2 Tolerated Benign
c.799G>A available)
Synonymous changes
p.Prol16=c.348G>A 1 Yes/yes (MAF 0.0609)/WB-1 N/A N/A
p.Gly239=c.717G>A 1 Yes/yes (Het 0.008, MAF 0.0018)/L-1 N/A N/A
p.Leu303=c.909T>C 36 Yes/yes (MAF 0.4579)/WB-27, F-1, L-8 N/A N/A

Data accessed on October 2011.

Het, heterozygosity reported by dbSNP; MAF, minor allele frequency reported by dbSNP; WB, whole blood; F, fibroblasts cultures; L, EBV transformed

lymphocytes; N/A, not applicable.

at least one deleterious change, if such changes contributed to
at least 5% of CDH cases. This suggests that deleterious
changes in either SOX7 or GATA4 alone are likely to contrib-
ute to only a small portion of CDH cases.

Sox7+"A*2 mice demonstrate strain-dependent variation in

CDH penetrance

Only a portion of Sox7"2*? mice develop CDH. Incomplete

penetrance and discordance for CDH among monozygotic
twins have also been reported in association with recurrent
8p23.1 microdeletions (16). This suggests that other genetic,
environmental and/or stochastic factors influence the develop-
ment of diaphragmatic defects in Sox7+"2*2 mice and in
humans with 8p23.1 deletions. The influence of other

genetic factors on the penetrance of CDH is clearlX demon-
strated by the higher rate of CDH seen in Sox7 2 mice
on a mixed C57BL6/SV129 background compared with the
rate observed on a pure C57BL6 background.

This strain-dependent variation in CDH penetrance could
prove useful in future studies involving Sox7+A%2 mice
aimed at identifying modifying genes which contribute to
the development of CDH. At the same time, the presence of
strongly modifying genes also poses a significant challenge
to the use of mouse models as a primary means of identifying
genes that cause CDH since it is difficult to predict, a priori,
which background will allow the clearest demonstration of a
gene’s effect on diaphragm development. Indeed, it is likely
that the most sensitive background will not only vary based
on hernia type but may be specific to the pathway(s) being
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disrupted. Studies focused on increasing our understanding of
the histopathologic and molecular mechanisms that underlie
CDH and the genetic properties of common mouse strains
may ultimately lead to an improved ability to make such
predictions.

Despite the present challenges arising from strain-dependent
variability, the increasing availability of mouse knock-out
resources—combined with the limitations encountered in
screening affected cohorts—makes it likely that mouse knock-
out studies will continue to be one of the most effective and
efficient means of evaluating the role of candidate genes in the
development of CDH and other sporadic birth defects.

The expression of GATA4 and SOX7 in the developing
diaphragm and its relationship with CDH

The anterior CDH seen in Sox72*? and Gata4"'~ mice
arises in the ventral midline directly behind the sternum in a
region of the anterior diaphragm that would typically be
muscularized. Previous studies have shown that GATA4
expression is restricted to the non-muscular, mesenchymal
component of the PPF, and the MyoD-negative mesenchymal
cells of the diaphragm at E16.5 (17,40). In our immunohisto-
chemical studies, we did not detect GATA4 expression in the
nuclei of diaphragmatic muscle cells at P1. These data suggest
that the anterior CDH seen in GATA4-deficient mice is unlike-
ly to be due to a primary defect in muscle precursor cells or in
the mature muscle cells of the diaphragm.

In contrast to GATAA4, a subtle blush of SOX7 nuclear stain-
ing was seen in some muscle cells of the anterior and posterior
diaphragm at P1 suggesting that SOX7 may be expressed at a
low level within the diaphragmatic musculature. It is possible,
therefore, that a primary defect in the muscle cells of the
diaphragm may contribute to the development of CDH in
Sox7/2%2 mice. If such a defect exists, it could predispose
Sox7+'A**2 mice to the development of CDH by causing a
transient or permanent weakness in the muscular portion of
the diaphragm. While a lack of hernias or eventrations in
other regions of the muscularized diaphragm argues against
a strong, generalized effect on the diaphragmatic musculature,
hernias caused by a mild effect on the musculature could arise
preferentially in the anterior portion of the diaphragm since it
is the last region to be muscularized.

In the developing diaphragm, strong SOX7 expression
appears to be limited to the endothelial cells of the diaphragmat-
ic vasculature. This leads us to also consider how decreased
SOX7 expression in endothelial cells might contribute to the de-
velopment of these hernias. One possibility is that decreased
SOX7 expression in endothelial cells leads to abnormal devel-
opment of the vascular network which directly compromises
the development or the integrity of the anterior diaphragm due
to an inadequate blood supply. However, severe abnormalities
in vascular development typically result in early embryonic le-
thality, and it is difficult to postulate why the anterior diaphragm
would be particularly sensitive to this type of defect. The anter-
ior diaphragmatic vasculatures of Sox72*? and wild-type
mice also appeared to be comparable in our studies.

Alternatively, decreased expression of SOX7 may result in
abnormal endothelial signaling. Endothelial cells from various
sources have been shown to express a variety of signaling

molecules including members of the FGF, TGF-beta, Wnt
and PDGF families, as well as Notch ligands, neurotrophins
and components of the basement membrane (43). Endothelial
signaling has also been shown to play an important role in the
development of other organs such as the liver, pancreas and
kidney (43,44). As a transcription factor, SOX7 may regulate
the expression of signaling proteins causing abnormal or
delayed diaphragm development.

Further studies will be needed to determine whether
decreased SOX7 expression in the muscle cells or in the
vascular endothelium of the diaphragm is sufficient to cause
anterior CDH, and to elucidate the molecular mechanisms
by which SOX7 regulates diaphragm development.
However, since the patterns of SOX7 and GATA4 expression
in the diaphragm are different, it is unlikely that SOX7 directly
regulates GATA4 expression during diaphragm development.

Sox7 is required for normal cardiovascular development

It is possible that haploinsufficiency of SOX7 may also con-
tribute to the development of cardiac defects in patients with
8p23.1 (16). The majority of Sox7°**22 embryos demon-
strates evidence of cardiac failure—dilated pericardial sacs
and failure of yolk sac vascular remodeling—at E10.5 and
likely die shortly thereafter. This early lethality precludes
their use in studies of diaphragm development but suggests
that SOX7 plays a critical role in the development of the car-
diovascular system. We are presently investigating the cause
of the cardiovascular failure in Sox7°**2°*> embryos which
may be due to a primary cardiac defect, a defect in vascular
development or a combination of these factors.

MATERIALS AND METHODS
Patient accrual and DNA preparation

Informed consent was obtained from individuals with both iso-
lated and non-isolated CDH and their parents in accordance
with internal review board-approved protocols. DNA extracted
from whole blood, fibroblast cultures or EBV-immortalized
lymphoblastic cells was used for sequencing studies. In
cases where the amount of genomic DNA available was
limited, ~10 ng of DNA was amplified using a GenomiPhi
DNA amplification kit (GE Healthcare Life Sciences, NJ,
USA) according to the manufacturer’s instructions. This amp-
lified DNA was then used as a template for PCR amplification
and sequencing.

Sequencing of GATA4 and SOX7

PCR primers were designed to amplify the coding sequence
and the intron—exon boundaries of SOX7 from genomic
DNA. Sequence changes in PCR-amplified products were
identified by comparison with control DNA sequences using
Sequencher 4.7 software (Gene Codes Corporation, Ann
Arbor, MI, USA). A similar procedure was used to screen
for mutations in the coding sequence and intervening intron/
exon boundaries of GATA4 using primers previously described
by Okubo ef al. (20).



Generation and genotyping of Sox7 transgenic mice

All mouse studies were performed in accordance with protocols
approved by the internal review board of Baylor College of
Medicine and conform to relevant regulatory standards.

A Sox7 targeting vector was created using a recombineering
strategy (Fig. 1) (45). Briefly, genomic DNA containing both
exons of Sox7 was retrieved into plasmid PL253 from bacterial
artificial chromosome clone bMQ124L.22. A neomycin cas-
sette flanked by loxP sites was then targeted into the first
intron after which the neomycin gene was removed by induc-
tion of Cre activity in EL350 cells incubated in 0.1% arabin-
ose. This left a single loxP site and a new EcoRI restriction
site upstream of exon 2. A second neomycin cassette flanked
by Frt sites and bearing a 3’ loxP site was targeted upstream
of the second exon of Sox7 creating a new HindIll restriction
site downstream of exon 2.

The targeting vector was linearized and electroporated into
129SvEv embryonic stem (ES) cells and proper integration of
the 5’ loxP site was confirmed by detection of a 6504 bp EcoRI
digestion product (wild-type allele 8785 bp) using an 850 bp
Southern probe generated using primers CKO-5'-South 1R
(5-AAGCAACTTTCCCAACCTGTATTC-3') and CKO-5-
South 1L (5-CTCCCAAGACCTTTCCTAATCC-3'). Integra-
tion of the 3’ neomycin cassette was confirmed by detection
of a 13530 bp Hindlll digestion product (wild-type allele
17372 bp) using a 953 bp Southern probe generated using
primers CKO-3'-South IR (5-GTGGGGGCACACAGCAC
GTAAG-3') and CKO-3-South 1L (5-GGAAGGGGC
GAGGTATGTGA-3').

Properly targeted embryonic stem cells were injected into
C57 albino blastocysts. Chimeric mice were identified by eye
and coat color and were mated to C57 albino females. Agouti
progeny bearing the targeted Sox7 allele were identified by
PCR analysis of tail DNA using probes Sox7Junct 5R
(5-CTTCGATTCTACACATTAGTGC-3’), Sox7Junct 5L
(5-CTAAAGCGCATGCTCCAGAC-3’) and Sox7Junct 6L
(5-CATGAATGCTCCCAATGAATGC-3") which amplified
a 419bp product from the targeted allele and a 660 bp
product from the wild-type allele.

The second exon and 3’ untranslated region of Sox7 were
excised in vivo by mating these mice with Ella-cre mice that
express Cre recombinase in the female germline. The
Sox7%%2 allele was detected by PCR analysis of tail DNA
using probes Sox7 Del 1F (5-AAACTGTCCTGCTATGGTC
AGAAAGTCCTA-3’) and Sox7 Del 1R (5-AGTGCTAC
TGAATAATGGGTGTGGGTTATG-3’) which yields a
258 bp product.

Histology and immunohistochemistry

Hernial sacs and portions of the liver were dissected free from
Sox7"2*2 mice and placed in a solution of 10% formaldehyde
at room temperature for ~48 h. The specimens were trimmed,
washed in phosphate-buffered saline (PBS), dehydrated in
ethanol, embedded in paraffin and sectioned coronally. Repre-
sentative sections were then stained with hematoxylin and eosin.

For routine histological analyses, embryos were fixed in a
solution of 10% formaldehyde overnight, washed in PBS,
dehydrated in ethanol, embedded in paraffin and sectioned at
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8 wm. Representative sections were then stained with hema-
toxylin and eosin.

For immunohistochemistry, embryos were fixed in a solu-
tion of 10% formaldehyde overnight, embedded in paraffin
and sectioned at 8 pm. Sections were mounted on glass
slides, dewaxed in xylene and rehydrated using a graded
series of alcohol washes. For antigen retrieval, slides were
immersed in 250 ml of Vector Antigen Unmasking Solution
(Vector Laboratories, Burlingame, CA, USA) and placed in
a 1200 watt microwave for 3 to 7 min at 70% power and
10 min at 10% power. Slides were then cooled to room tem-
perature and washed in PBS.

For GATA4 immunohistochemistry, slides were incubated
in 0.3% H,0O, for 10 min to quench endogenous peroxidases.
GATA4 was then detected using Vector M.O.M. Immunode-
tection kit (Vector Laboratories) in conjunction with a 1:50 di-
Iution of GATA4 mouse primary monoclonal antibody
Sc-25310 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) according to manufacturer’s instructions.

For SOX7 immunohistochemistry, slides were blocked for 1 h
in a PBS-based solution containing 0.5% bovine serum
albumin and 5% normal donkey serum followed by an over-
night exposure to a 1:200 dilution of SOX7 goat polyclonal
antibody AF2766 (R& D Systems, Minneapolis, MN, USA).
Slides were washed in PBS and exposed to a 1:200 dilution
of donkey anti-goat IgG 705-065-003 (Jackson ImmunoRe-
search Laboratories, West Grove, PA, USA) for 1 h at room
temperature. Slides were then washed in PBS and sections
were incubated in ABC solution (Vector Laboratories) for
30 min before being washed again in PBS.

Slides were stained by exposing sections to Nova Red sub-
strate (Vector Laboratories) for a duration between 30 s and
2 min after which slides were washed in water and counter-
stained with methyl green (Vector Laboratories).

Visualization of diaphragmatic vasculature

Juvenile and adult mice between the ages of 3.5 and 8.5 weeks
were euthanized by exposure to CO,. Carcasses were stored at
room temperature for ~1.5 to 3 h before dissection. After
removal of the skin, a cut was made through the thorax. The con-
tents of the abdominal and thoracic cavities were removed and
the remaining tissues were trimmed leaving the intact dia-
phragm supported by a ring of tissue. The diaphragm was
washed with PBS and photographed from the abdominal side.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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