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are not causative.
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1 | INTRODUCTION

The GATA zinc finger transcription factors (1-6) are an evo-
lutionally conserved family that plays various roles in em-
bryonic development. The GATA members have two zinc
finger domains that are required for recognition and affin-
ity for DNA and interaction with other transcription factors
(Morrisey, Ip, Tang, & Parmacek, 1997; Yang & Evans,
1992). The GATA4 family member has been shown to be in-
volved in development of the heart, pancreas, liver, foregut
as well as in the genital ridge of both sexes (Jacobsen et al.,
2002; Kuo et al., 1997; Molkentin, 2000; Molkentin, Lin,
Duncan, & Olson, 1997; Ritz-Laser et al., 2005; Schrade et
al., 2015). In humans, variants in GATA4 (MIM# 600576)
were first identified in patients with congenital heart disease
(CHD) including Atrial ventricular septal defects (AVSD)
(Garg et al., 2003; Rajagopal et al., 2007) and Tetralogy of
Fallot (TOF)(Zhang et al., 2008).

A number of cell-specific co-factors have been shown
to interact with GATA4 and influence its transcriptional
activity. The essential multi zinc finger protein FOG2
(ZFPM?2; MIM# 603693) directly interacts with GATA4,
by forming a heterodimer that represses expression of
GATAA4 target genes (Svensson, Huggins, Dardik, Polk, &
Leiden, 2000; Svensson, Tufts, Polk, & Leiden, 1999). In
mice a knock-in mutation of Gata4 and a modified knock-
out of Fog2/Zfpm?2 both show testicular anomalies charac-
terized by a failure to up-regulate Sry and Sox9 (Manuylov,
Fujiwara, Adameyko, Poulat, & Tevosian, 2007; Manuylov
et al., 2011; Tevosian et al., 2002). Although the molecu-
lar mechanisms are unclear, the direct interaction between

number of variants in ZFPM2 in a cohort of individuals with 46,XY Differences/
Disorders of Sex Development (DSD) (Eggers et al, Genome Biology, 2016; 17:

Method: Here, we review variant curation and test the functional activity of GATA4
and ZFPM?2 variants. We assess variant transcriptional activity on gonadal specific
promoters (Sox9 and AMH) and variant protein—protein interactions.

Results: Our findings support that the majority of GATA4 and ZFPM?2 variants we
identified are benign in their contribution to 46,XY DSD. Indeed, only one variant,
in the conserved N-terminal zinc finger of GATA4, was considered pathogenic, with
functional analysis confirming differences in its ability to regulate Sox9 and AMH
and in protein interaction with ZFPM?2.

Conclusions: Our study helps define the genetic factors contributing to 46,XY DSD
and suggests that the majority of variants we identified in GATA4 and ZFPM2/FOG2

disorders of sexual development, FOG2, functional analysis, GATA4, mutations, ZFPM?2

Gata4 and Zfpm2 are thought to be required for differenti-
ation of testis cell lineages (Bouma, Washburn, Albrecht,
& Eicher, 2007), yet just a handful of reports have found
GATA4 and ZFPM?2 variants in humans with DSD. In
2011, a heterozygous missense variant in the GATA4 gene
was identified in a family with two affected brothers, one
presented with ambiguous genitalia and inguinal hernia
at birth, the other was diagnosed later in life to also have
testicular anomalies (Lourenco et al., 2011). The variant
was also present in the unaffected mother, however other
female relatives and 46,XY affected individuals had heart
anomalies (from systolic murmur to Tetralogy of Fallot).
The variant c.661G > A (p.G221R) was located in the
N-terminal zinc finger domain and had reduced DNA bind-
ing and transcriptional activity, as well as reduced inter-
action with co-factor protein ZFPM2/FOG2 (Lourenco et
al., 2011). A report of missense variants in ZFPM?2 in two
probands was published in 2014 (Bashamboo et al., 2014).
One proband (with a heterozygous variant; c.1206T > A
[p.S402R]) presented with 46,XY complete gonadal dys-
genesis, and evidence suggested familial inheritance. While
the second proband was born with ambiguous genitalia and
testicular tissue (46,XY partial gonadal dysgenesis) with
two variants in the ZFPM?2 gene; a homozygous missense
variant ¢.1631G > A (p.M5441) and a heterozygous change
c.779G > A (p.R260Q) (Bashamboo et al., 2014).

While screening 279 46,XY DSD individuals for vari-
ants in genes known to cause DSD, we previously identi-
fied four variants in GATA4 and 10 variants in ZFPM?2 in 16
patients (Eggers et al., 2016). This was a surprisingly large
number of variants for ZFPM?2 considering only one paper
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had previously implicated this gene in DSD (Bashamboo et
al., 2014). A large proportion of these variants were previ-
ously reported in association with congenital heart defects
(CHD) but a lack of supporting evidence led us to classify
many of these GATA4 and ZFPM?2 variants as variants of
unknown significance (VUS). Here we have re-curated these
GATA4 and ZFPM?2 variants using updated tools, and have
tested their molecular activity in the context of gonadal sig-
naling using several in vitro assays.

2 | RESULTS
2.1 | GATA4 variants identified in 46,XY
DSD individuals

In our previous study (Eggers et al., 2016), we identified a
number of affected individuals with heterozygous missense
variants in GATA4 (MIM# 600576) (four variants in seven
patients), detailed in Table 1. Of the seven individuals with
GATA4 variants, five presented with hypospadias (case 2,
3, 5-7). Case 5 in addition to hypospadias presented with
multiple congenital anomalies including imperforate anus
and dysmorphic facial features (Table 1). While, case 4 pre-
sented as a nonvirilized female with inguinal testes and no
uterus. No hormonal data were available to confirm andro-
gen insufficiency; however, our panel did identify a previ-
ously described variant in Androgen Receptor (AR:NM_00
0044:exon7:¢.2599G > A:p.Val867Met) (MIM# 313700) in
association with androgen resistance syndrome (AIS; MIM#
300068), consistent with the patient's phenotype (detailed in
Table 1 and Table S1). Case 1 had a familial history of mi-
cropenis and cryptorchidism with a similar phenotype also
present in a maternal uncle. The ¢.684G > C (p.Trp228Cys)
variant identified in the proband and uncle was also reported
by LaPiscina (Martinez de LaPiscina et al., 2018). A large
number of ClinVar reported variants in GATA4 are associ-
ated with various forms of CHD, including three of the vari-
ants we identified c.1037C > T (p.Ala346Val), c.1180C > A
(p-Pro394Thr), and ¢.1220C > A (p.Pro407Gln), in asso-
ciation with Atrio ventricular septal defect (AVSD4; MIM#
614430) (Table 1).

The GATA4 protein has two functionally conserved Zn-
finger domains that are essential for DNA binding and pro-
tein-protein interactions. The variant we found in case 1
(p-W228C) was located in the N-terminal Zn-finger (Figure
l1a). This amino acid position is highly conserved and in silico
algorithms suggests the residue is not tolerant to substitutions
(has the maximum Grantham score of 215; while in silico
predictors consistently deemed the change to be damaging)
(Table 1). The other three GATA4 variants we identified
(p-A346V, p.P394T, p.P407Q) were located in the C-terminal
TAD (Figure 1a).

. . . 3of 14
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ZFPM?2 variants identified in 46,XY
DSD individuals

In our cohort, we identified 10 ZFPM?2 (MIM# 603693) vari-
ants in 10 patients occurring in a wide spectrum of 46,XY
DSD phenotypes ranging from males with hypospadias (case
3,8, 10, 14, 15), ambiguous genitalia (case 9, 12) to 46,XY
individuals presenting with female external genitalia (case
11, 13, 16) (Table 1).

About half (5) of the ZFPM?2 variants we identified have
not been previously reported, while the other five variants
have been reported in ClinVar in association with congenital
heart defects (TOF; MIM# 187500), diaphragmatic hernia
(DIH3; MIM# 610187), or 46, XY DSD (SRXY9; MIM#
616067). Interestingly, two of the patients (case 8 and 9) each
had a novel variant and an identical second hit in a more com-
monly observed variant (c.89A > G, p.Glu30Gly) that has
been reported in ClinVar with numerous ZFPM?2-associated
conditions. In these cases it is not known whether the variants
effect the same or different alleles (Table 1).

We also mapped whether the ZFPM?2 amino acid changes
occur in annotated functional domains. The ZFPM2 (FOG?2)
protein has eight Zn-finger domains, and an N-terminal re-
gion (1-247) that is required for GATA4-mediated repression
of target genes (Svensson et al., 2000). Only one variant is lo-
cated in an annotated domain, the 6th Zn finger c.1632G > A
(p-Met703Leu); while four cluster around the 5th finger
c.1612G > A (p.Val538lle), c.1632G > A (p.Met544lle),
c.1770G > C (p.Lys590Asn), c.1818_1820del (p.Leu-
607del). The other five variants are within the N-terminal
region, ¢.89A > G (p.Glu30Gly), c.292G > A (p.Asp98Asn);
c.629G > C (p.Ser210Thr), ¢.1255G > A (p.Glu419Lys)
(Figure 1b).

2.3 | Re-curation of identified variants using
updated filtering and curation guidelines

In our previous study, variant filtering and curation fo-
cused on the 64 known diagnostic DSD genes (Eggers et
al., 2016). Variant curation was based on the following
criteria: population database global minor allele frequency
(MAF) (using ExAC), protein prediction tools and clini-
cal variant databases (ClinVar, HGMD). Current tools and
guidelines to filter and curate variants have evolved rap-
idly since our initial publication. Therefore, we have re-
curated the 5 GATA4 and 10 ZFPM?2 variants using current
population databases (GnomAD v2.1 (Karczewski et al.,
2019)), prediction tools, and implemented a scoring crite-
rion based on the American College of Medical Genetics
and Genomics (ACMG) guidelines (Nykamp et al., 2017;
Richards et al., 2015). For full details see Table S2 and
materials and methods section.
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FIGURE 1

1151

Protein schematic of GATA4 and ZFPM2/FOG?2 showing coding variants identified in 46,XY individuals. (a) The human GATA4

protein (NP_002043) is 440 amino acids with the following functional elements: two highly conserved N-terminal and C-terminal zinc finger

domains (N-Zn and C-Zn, grey filled boxes); three transactivation domains (TAD1-3); and a nuclear localization signal (NLS, black box). Positions

of four GATA4 heterozygous missense variants identified in four individuals are shown. One variant p.W228C (casel) initially identified by our

study and later reported by LaPiscina et al. occurs in the N-terminal zinc finger, along with the first variant published in association with 46,XY
DSD by Lourenco et al. (used as a positive control in this study). The other three variants (p.A346V, p.P394T, p.P407Q) occur in the C-terminal
transactivation domain (TAD3) and are reported in ClinVar in association with CHD (solid black triangle). (b) The human ZFPM?2 protein

(NP_036214) is 1,151 amino acids long with the following functional elements: eight zinc finger domains (grey filled boxes); nuclear localization

signal (NLS) (solid black box); a CTBP2 interaction domain (light grey box); residues known to undergo post-translational modifications (grey

arrow head). Position of nine ZFPM?2 heterozygous missense and one in-frame deletion variants found in ten individuals. All variants lie outside of

known functional domains, except the p.M703L variant which occurs within the 7th zinc finger domain. The solid black triangles represent variants

reported in ClinVar, the white triangles indicate unreported variants

Based on re-curation, three GATA4 missense variants
(p-A346V, p.P394T, p.P407Q) were reclassified as likely be-
nign or benign. Primarily, the global MAF or Popmax filter-
ing AF (95% CI) in GnomAD was higher than the expected
frequency of the condition (a threshold of 0.4%, based on the
prevalence of hypospadias at 1/250 male births (Blaschko,
Cunha & Baskin, 2012)). Protein function predictions were
often inconsistent therefore providing benign supporting evi-
dence. Due to limited clinical information and lack of segre-
gation data, patient-guided criteria contributed minimally to
variant classification.

The GATA4 variant identified in case 1 (p.W228C) was
curated as pathogenic. The variant is present in a highly con-
served domain without benign variation and absent from
population databases. Additional pathogenic supporting ev-
idence was confirmed by familial segregation of the variant
in the affected maternal uncle and genotype—phenotype cor-
relation (see Table S2).

Reclassification of the ten ZFPM?2 variants revealed six
missense were considered benign or likely benign (p.E30G,

p.DISN, p.S210T, p.L335V, p.M5441, p.M703L). While
three missense (p.V538I, p.E419K, p.K590N) and one in
frame deletion (p.L607del) were re-classified as variants of
unknown significance (VUS) due to conflicting or lack of ev-
idence to support classification. Similarly, to individuals with
GATA4 variants, limited patient information was available for
curation (Table S2).

2.4 | Oligogenic inheritance in other
DSD genes

Oligogenic inheritance of DSD variants was observed for four
individuals with a GATA4 or ZFPM?2 variant. Both probands
with the GATA4 p.P394T variant had an additional DSD gene
variant; case 3 ZFPM2:NM_012082:c.1003C > G (p.L335V)
(benign classification) and case 4 had a well-described patho-
genic variant in the ligand binding domain of the androgen re-
ceptor (AR:NM_000044.4:exon7:¢.2599G > A (p.V867M))
(Abilash et al., 2016; Li et al., 2017; Lubahn et al., 1989) in
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FIGURE 2 Transactivation assays assessing GATA4, ZFPM2/FOG?2 and co-factor activity on gonadal promoter elements. (a) Transcription
factors GATA4, ZFPM?2 and co-factor NR5A1 were transfected into HEK293 cells and transcriptional activity of mTesco enhancer element
construct was measured with luciferase as a reporter. Wild-type transcription factors were tested individually as well as in combination, empty
vector was used as a negative control (white and black bars). Wild-type co-factor NR5A1 and ZFPM?2 were transfected with individual GATA4
variants (dark grey bars), or wild-type NR5A1 and GATA4 with ZFPM?2 variants (light grey). Maximal transactivation of mTesco was observed
with wild-type NR5A1 alone. Wild-type GATA4 or ZFPM?2 (alone or in combination) is able repress NRSAI activation. Most variants tested

were able to maintain repression of NR5A I activation of mTesco (compared to wild-type NR5A1/ZFPM2/GATA4, black bar, horizontal dotted
line), only GATA4 p.G221R (previously published positive control, Lourenco et al.) and p.W228C variants showed loss of NR5A 1 repression. (b)
Transcriptional activity of GATA4, ZFPM?2 and co-factor WT1 (—KTS) on human AMH promoter (+10-[—270]) assessed by luciferase assays.
Wild-type transcription factors were tested individually as well as in combination, empty vector was used as a negative control (white and black
bars). Wild-type co-factor WT1 (—KTS) and ZFPM?2 were transfected with individual GATA4 variants (dark grey bars), or wild-type WT1 (—KTS)
and GATA4 with ZFPM?2 variants (light grey bars). Maximal transactivation of hRAMH was observed with wild-type WT1 (=KTS), ZFPM?2 and
GATA4 (black bar, horizontal dotted line). A similar level of transactivation compared to the wild-type was observed for the majority of variants
tested, except for GATA4 p.G221R and p.W228C variants which showed loss of activation. For all transactivation assays: Data represented as the
mean and SEM of at least three independent experiments (n = 3), as a fold change relative to the empty vector control (background), each assay was
run in technical triplicate. P-values were calculated using a one-way ANOVA multiple comparisons (Dunnett test) (compared to the wild-type—
black bar, horizontal dashed line), p-value **** < .0001
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association with androgen resistance syndrome (AIS; MIM#
300068), consistent with the patients phenotype (Table S1).
Two individuals with a ZFPM?2 variant also had additional
variants in diagnostic DSD such as AR and NR5A] which
also correlate with the described 46,XY phenotype (case 15:
AR:NM_000044.4:exon5:¢.2191G > A (p.V731M) and case
16: NR5AI:NM_004959.4:c.251G > A (p.R84H) (Kohler
et al., 2008; Robevska et al., 2017). In cases 4, 15, and 16,
GATA4 and ZFPM? variants were curated as benign support-
ing evidence but were included as potential risk factors that
may contribute to the severity of the DSD phenotype (Table
S1 for additional DSD variant description).

2.5 | Transcriptional control of gonadal
specific promoters by GATA4 and ZFPM?2

A large proportion of variants identified in GATA4 and
ZFPM?2 were classified as likely benign or benign under our
new curation guidelines. Despite this, many of these vari-
ants were also reported in association with CHD but their
role in DSD is unclear. To determine whether GATA4 and
ZFPM? variants specifically affect testis signaling we tested
the ability of over-expression constructs to activate gonadal
promoters using dual luciferase reporter assays in HEK293
cells. Whilst ZFPM2 and GATA4 alone are not able to trans-
activate mTesco (the mouse enhancer of Sox9) (Bashamboo
et al., 2014) (Figure 2a), NR5A1 is a known activator (Sekido
& Lovell-Badge, 2008), and GATA4 and ZFPM? can repress
this activation. Indeed, when we co-transfected NR5AI with
ZFPM?2 alone we saw a 30% reduction, while with GATA4
or GATA4 + ZFPM2, we saw a 50% reduction (p < .0001)
in NR5AI activation of mTesco (p < .0001) (Figure 2a). We
then tested GATA4 variants with ZFPM?2 wild-type (or vice
versa) using the previously described deleterious variant
GATA4 p.G221R, as a positive control (Lourenco et al., 2011)
(Figure 2a). Both the control GATA4 variant p.G221R and
case 1 variant (p.W228C) with wild-type ZFPM?2 had a loss
of repression of NR5A 1 mediated activation of mTesco (com-
parable to NR5SA1/ZFPM?2 wild-type levels without GATA4)
(p <.0001) (Figure 2a). The other variants in GATA4 showed
a very similar level of mTesco activity as the wild-type. None
of the 10 ZFPM?2 variants significantly affected repression,
suggesting these variants are still able to form a complex
with GATA4 and repress NR5A1 activity (Figure 2a). Two
patients (case 8 and 9) had two heterozygous missense vari-
ants in ZFPM?2; it is not known whether these variants are in
cis- or trans-. However, we tested them individually and in
combination but no loss of activity was observed (Figure 2a).

Several publications have highlighted AMH as a target of
GATA4 activity (Tremblay, 1999; Tremblay & Viger, 2001,
2003; Viger, Mertineit, Trasler, & Nemer, 1998) and the prox-
imal promoter (+1-[—270]) can be activated by GATA4 in
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FIGURE 3 Protein interaction analysis of GATA4 and
ZFPM2/FOG2 complex by co-immunoprecipitation and Western blot
analysis. (a) Detection of GATA4 variant and wild-type ZFPM?2 protein
complex. Co-immunoprecipitation was performed by transiently
overexpressing wild-type ZFPM?2 protein with GATA4 wild-type or
variant protein in HEK293 cells. Pull down of the GATA4/ZFPM?2
complex was performed using the FLAG-tag of the ZFPM?2 protein
construct. The complex was then detected by Western blot analysis
using the GATA4 protein antibody. The protein input was verified

by Western blotting using ZFPM?2 antibody. An interaction was
detected for wild-type GATA4 and ZFPM?2 proteins (WT). A
decreased interaction was detected for the GATA4 variants p.G221R
(positive control) and p.W228C. (b) Detection of ZFPM?2 variant
and wild-type GATA4 protein complex. In this case ZFPM2 wild-
type or variant proteins were over-expressed with wild-type GATA4
protein in HEK293 cells. Pull down of the GATA4/ZFPM?2 complex
was detected using the HA-tag of the GATA4 protein construct. The
complex was detected by Western blot analysis using a ZFPM?2
antibody. The protein input was verified by Western blotting using
the GATA4 antibody. An interaction was detected for wild-type
GATA4 and ZFPM? proteins (WT). All ZFPM?2 variants showing the
GATA4/ZFPM? interaction were retained

synergy with WT1 or NR5AI (Allali et al., 2011; Miyamoto,
Taniguchi, Hamel, Silversides, & Viger, 2008; Tremblay,
1999). We found that GATA4 + ZFPM?2 co-transfected with
WT1 —KTS isoform consistently activated the human AMH
proximal promoter around sixfold compared to empty vec-
tor controls (Figure 2b). When we tested GATA4 variants we
found control variant p.G221R and p.W228C variant (casel)
had a 50% reduction in activity. The other GATA4 variants
show activity comparable to wild-type (Figure 2b). Similarly,
all 10 ZFPM?2 variants showed wild-type level activation of
AMH (Figure2b). Taken together, these data suggest that only
the GATA4 p.W228C variant had a loss of activity.



VAN DEN BERGEN ET AL.

2.6 | Detection of ZFPM2/GATA4 complex
protein interaction

We have found that only GATA4 variants in the zinc finger
domain had a loss of activity in the assays above. As both
transactivation assays tested synergy with different co-fac-
tors, we decided to test whether the protein interaction be-
tween GATA4 and ZFPM?2 complex was affected in these
variants.

Individual GATA4 and ZFPM?2 variant proteins were
overexpressed in HEK293 cells and localization and expres-
sion was assessed by immunofluorescence and Western blot
analysis. All variant proteins were detected at a similar level
and pattern to the wild-type protein (see Figure S1). We then
tested the interaction of wild-type GATA4/ZFPM? proteins
and variant proteins using an in vitro co-immunoprecipitation
assay. Variant protein (eg. GATA4) of interest was overex-
pressed in combination with the wild-type binding partner
(ZFPM?2) or vice versa in HEK293 cells. The complex was
immunoprecipitated using the tag antibody of the wild-type
protein and variant interaction was assessed using the native
antibody on Western blot. Wild-type GATA4 and ZFPM?2
protein complex was detected (Figure 3). GATA4 variants
p-A394V and p.P407Q interacted with ZFPM?2 at similar
levels to the wild-type protein. Variants p.A346V and dou-
ble GATA4/ZFPM?2 variants (GATA4:p.P394T, ZFPM2:p.
L335V) showed reduced interaction (however the input pro-
tein levels were also reduced). Zinc finger variants p.G221R
and p.W228C variants were almost undetectable (Figure 3a).
We detected a clear band for all ZFPM?2 variants, indicating
that their ability to interact with GATA4 protein in vitro was
maintained (Figure 3b).

3 | DISCUSSION
3.1 | Re-curation of GATA4 and ZFPM2
variants in 46,XY DSD

Since our initial study, the use of population databases to as-
sess whether a variant is rare enough to cause a condition
has advanced significantly. In addition, several studies have
highlighted the need to consider various additional genetic
factors in DSD such as prevalence, penetrance, genetic and
allelic heterogeneity (Whiffin et al., 2017).

The incidence of 46, XY DSD can vary dramatically; from
very rare disorders such as complete gonadal dysgenesis af-
fecting 1/20,000 births, to relatively common conditions,
such as hypospadias affecting 1/250 male births (Ahmed et
al., 2004; Thyen, Lanz, Holterhus, & Hiort, 2006; reviewed
in Ohnesorg, Vilain, & Sinclair, 2014). In our study, the ma-
jority of patients presented with hypospadias. Given the lack
of hormonal data or gonad histology, we considered that this
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could be isolated hypospadias or represent underlying go-
nadal dysgenesis. Therefore, we have set our conditional spe-
cific maximal allele frequency (AF) threshold to 0.4% (the
approximate incidence of hypospadias).

Additionally, around 75% of the cases (case 2/3/5—
8/10/14-16) were from distinct ethnic backgrounds such as
Pakistan, Cambodia and Indonesia. GnomAD has limited
population data for these geographical subsets. Due to the
small numbers available from South East Asian countries
(like Cambodia and Indonesia), these populations were
likely included in the “other” category (Karczewski et al.,
2019; Lek et al., 2016). Ancestry based MAF was not used
in these cases as low numbers and sample variance of the
“other” subset, would be misleading and of limited value.
Instead the Popmax filtering AF (95% CI) for each variant
is available in GnomAD v2.1 (based on the subpopulation
the variant is most commonly observed), was used as an
alternative. This feature assists in determining whether a
variant is sufficiently rare but does not account for com-
mon SNPs in distinct ethnic populations which is only pos-
sible with closely matched reference populations (Génin,
Letort, & Babron, 2015; MacArthur et al., 2014). However,
this first step of variant curation contributed supporting be-
nign evidence when using the maximal incidence for a 46,
XY DSD of 0.4% for one out of four GATA4 variants and
six out of ten ZFPM2 variants which were very close to the
threshold (see Table S2).

Obvious gaps in our curation included lack of allelic and
segregation data, and genotype—phenotype correlation due to
a general lack of clinical information. For these reasons, vari-
ant curation relied on only 2-3 scoring criteria, with mainly
supporting benign evidence contributing to classification.
With the exception of case 1 (p.W228C) which was consid-
ered pathogenic. Multiple lines of evidence contributed to
pathogenicity including, confirmation of inheritance in an
affected family member, genotype—phenotype correlation
with a published study (Lourenco et al., 2011), and localized
in a well characterized functional domain without benign
variation.

A number of DSD genes are known to show variable
expressivity and/or incomplete penetrance which compli-
cates interpretation of segregation analysis. Indeed, the first
GATA4 variant described in 46,XY DSD showed variable
expressivity in affected males. While incomplete penetrance
of CHD was reported for some female relatives who were
affected by CHD, while the mother was an unaffected carrier
of the variant (Lourenco et al., 2011). Several examples have
also been described for NR5A 1, which plays multiple roles in
testis development. Pathogenic variants have been reported
to cause a wide range of 46,XY DSD phenotypes, from mod-
erate to severe gonadal dysgenesis, isolated hypospadias, to
infertility, (Allali et al., 2011; Robevska et al., 2017; Ropke
et al., 2013; Werner et al., 2017), even sometimes within the
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same family (Eggers et al., 2015). Recently, the phenotypic
spectrum of NR5A [ variants has expanded to include 46,XX
individuals presenting with testicular or ovo-testicular DSD
(Knarston et al., 2018; Swartz et al., 2017) or primary ovar-
ian insufficiency (Voican et al., 2013).

3.2 | Functional analysis substantiates
GATA4 and ZFPM?2 variant classification in
46,XY DSD

Given the complex genetic architecture of 46,XY DSD
as described above and the limited patient evidence avail-
able to guide curation, we were interested in whether these
GATA4 and ZFPM?2 variants demonstrated aberrant molec-
ular function in the context of testis signaling. Using sim-
plified transactivation assays we tested co-transcriptional
repression or activation by GATA4 and ZFPM?2 in combi-
nation with key co-factors on gonadal specific promoters.
We found that only the GATA4:p.W228C variant showed a
significant loss of activity (levels similar to the previously
identified positive control GATA4:p.G221R (Lourenco et al.,
2011)), supporting pathogenic classification of this variant.
This variant is located in the N-terminal zinc finger and is
thought to be required for interaction with various co-factors
including ZFPM?2 (Crispino et al., 2001; Lourenco et al.,
2011; Svensson et al., 1999; Tevosian et al., 2002). Indeed,
we found this variant lost protein—protein interaction with
known partner ZFPM?2 protein, revealing the likely mecha-
nism underlying its pathogenicity.

These results confirm the outcome of our re-curation,
where the remaining GATA4 and ZFPM?2 variants had wild-
type activity, providing additional evidence for their be-
nign contribution to DSD. This suggests that these patients
should be assessed for other genetic causes. Indeed, three
variants in other diagnostic DSD genes (NR5AI or AR) were
found in three of cases presented here (case 4, 15, 16).

Taken together, our study highlights the importance of pe-
riodically reassessing DSD gene variants with up to date cu-
ration evidence, and disease/tissue-specific functional assays,
particularly when they have been identified as pathogenic in as-
sociation with another condition. We believe that an integrative
approach between the clinical and research setting is essential to
further advance our understanding of the genetic basis of DSD.

4 | MATERIALS AND METHODS

4.1 | Patient clinical data and DNA

Collaborating clinicians recruited patients for the study, in-
formed consent was obtained and EDTA bloods were collected.
Approval for this study was obtained from the Human Ethics

Committee of the Faculty of Medicine at the Royal Children's
Hospital (application HREC 22073). DNA was extracted by
an independent laboratory such as Victorian Clinical Genetics
Service (VCGS) or by other hospital providers.

4.2 | Targeted gene panel, MPS data, and
bioinformatics analysis

Targeted MPS gene screening and analysis of these patients
has been previously described by Eggers et al. (2016). The
bioinformatics pipeline and processing of data is further
detailed in Sadedin et al. (2015). All variant annotations
were verified in Mutalyzer name checker (https://www.
mutalyzer.nl/). Variants of lower quality were verified
by Sanger sequencing (details not shown). The sequenc-
ing data for each patient is available from the Sequencing
Read Archive (SRA) using reference numbers SRP092281
and project PRINA350857 (Murdoch Children's Research
Institute, 2016).

For details regarding initial variant filtering please refer
to Eggers et al., 2016. Variants were assessed based on the
following criteria: minor allele frequency (MAF) in 1,000
Genomes Project, ESP6,500 and EXAC less than 1%; in silico
prediction using (SIFT, Polyphen2, LRT, Mutation Taster);
reported or novel based on clinical databases (ClinVar and
HGMD); in the case of trio or family analysis inheritance
mode was assessed.

43 | Re-curation of variants using updated
databases, tools and guidelines

GATA4 and ZFPM?2 variants identified in the above study
were re-classified using current population databases
GnomAD v2.1 (Karczewski et al., 2019); pathogenicity pre-
dictive online tools such as PolyPhen2 (genetics.bwh.harvard.
edu/pph2) (Adzhubei et al., 2010) Mutation taster (http:/
www.mutationtaster.org/) (Schwarz, Rodelsperger, Schuelke,
& Seelow, 2010) and SIFT (https://sift.bii.a-star.edu.sg/) (Sim
et al., 2012). We considered MAF and Popmax Filtering AF
(95% CI) to be less than 0.4% (incidence of hypospadias) as
sufficiently rare to cause the condition. See Table S2 for more
details on curation evidence and scoring criteria used for vari-
ant classification for each patient presented in this study.

4.4 | Variant expression constructs

The variant overexpression vectors for ZFPM?2
(NM_012082.3: ¢.89A > G; c.1612G > A, c.1255G > A,
c.292G > A, ¢.292G > A, c.629G > C, ¢.1003C > G,
c.1632G > A, ¢.1770G > C, c.1816_1818del, c.2107A > C)
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and GATA4 (NM_002052.4: ¢c.684G > C, c.1037C > T,
c.1180C > A, c.1220C > A) were created by site-directed
mutagenesis (QuickChange II XL Site-directed Mutagenesis
Kit; Agilent Technologies Inc.) according to the manufac-
turer's instructions (see Table S3 for specified primer se-
quences). Mutagenesis was performed using the mammalian
expression vector containing the human cDNA ORF for:
pCMV6-Entry-hGATA4 (RC210945 [NM_002052.4]; from
OriGene Technologies Inc.) and pCMV6-Entry-hZFPM?2
(RC214338 [NM_012082.3]; from OriGene Technologies
Inc.) both with a C-terminal Myc-DDK tag. Prior to intro-
ducing mutations to the pCMV6-Entry-hGATA4 the vector
was modified to remove the Myc-DDK tag and introduce a
C-terminal HA tag. Sanger sequencing using universal vector
primers was used to confirm the introduction of the correct
variant.

4.5 | Transactivation assays

Luciferase transactivation assays for mouse enhancer of
Tesco (pGL4-mTesco) and human proximal promoter of
AMH (pGL4-hAMH, +10-[-270]bp, cloned in- house)
were setup using HEK293-T human embryonic kidney
cells and Lipofectamine-2000 as the transfection reagent.
Cells were setup in 96-well plates, co-transfected with
promoter vector (75 ng pGL4-mTesco or 100 ng pGL4-
hAMH) and 5 ng of Renilla (pRL-TK) as a marker of
transfection efficiency. For the mTesco assay: transcrip-
tion factors were also transfected with or without 40 ng of
wild-type pCMV6-Entry-hNR5A1 (RC207577; OriGene
Technologies Inc.); 40 ng of pCMV6-GATA4 wild-type
(RC210945, OriGene Technologies Inc.) or mutant vec-
tors; and 40 ng pCMV6-ZFPM?2 wild-type (RC214338;
OriGene Technologies Inc.) or mutant vector. Total DNA
for each mTesco assay was 200 ng, pCMV-empty was
used to adjust the total DNA for each well. In the case of
the hAMH assay: 45 ng wild-type pcDNA-WT1 KTS—/—;
with or without) 15 ng pCMV-GATA4 (wild-type or mu-
tant); and 15 ng pCMV-ZFPM?2 (wild-type or mutant), were
used at a respective ratio of 3:1:1 (WT1:GATA4:ZFPM?2).
Total DNA for each hAMH assay was 180 ng, pCMV-
empty was used to adjust the total DNA for each well.
Assays were lysed 24 hr post-transfection and luciferase
activity was measured using the dual-luciferase reporter
assay (Dual-Luciferase Reporter 1,000 Assay System Kit;
Promega) on an Infinite M200 Pro plate reader (Tecan).
Each data point represents the average ratio of firefly to
renilla luciferase for each condition (performed in tripli-
cate), normalized to the empty vector control (fold change
relative to the negative control). The standard error of the
mean is shown for three to four independent experiments
that were run in technical triplicate.
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4.6 | Protein overexpression analysis
(immunofluorescence and Western blot)

Protein for immunofluorescent imaging was prepared by
seeding HEK293-T cells on 8-well chamber slides, 200 ng
of individual overexpression constructs was transfected with
Lipofectamine 2000 (Invitrogen). After 24 hr post-transfection
cells were processed for staining by removing media, briefly
washing cells with ice-cold PBS, fixing cells for 10 min with
4% PFA, 10 min permeabilization with 1% triton-X-100 in
PBS, and blocking with 2% BSA in PBS. Cells were then in-
cubated overnight with primary antibody in 1% BSA PBS as
follows: for GATA4 (wild-type or mutant) over expression,
rabbit polyclonal anti-GATA4 antibody at 1:200 (Abcam,
ab84593); and for ZFPM?2 (wild-type or mutant) over expres-
sion, mouse monoclonal anti-FOG2 (HS) at 1:1000 (Santa
Cruz, sc398011). The next day, cells were washed several
times with PBS before incubating with the following second-
ary antibodies in 1% BSA in PBS: for GATA4 overexpression
staining secondary antibodies donkey anti-rabbit Alexa-488
(1:1,000; green, Invitrogen) and for ZFPM?2 overexpression
donkey anti-mouse Alexa-488 (1:1,000; green, Invitrogen).
Nuclear counterstaining with DAPI (blue) was also per-
formed. Images were acquired on a Zeiss AXIO Imager M1
for each overexpressed gene the variants were captured using
the same settings as for the wild-type image.

Protein analysis using Western blot was prepared by seed-
ing 4 X 10° HEK293-T cells in a 24-well plate and trans-
fecting 800 ng pCMV6-Entry-GATA4 (NM_002052.4)
(RC210945, OriGene Technologies Inc.) or pCMV6-En-
try-ZFPM2 (NM_012082.3) overexpression construct
(RC214338; OriGene Technologies Inc.) (wild-type or mu-
tant) with Lipofectamine 2000 (Invitrogen). Protein was
harvested 24 hr post-transfection by removing media and
washing the cells with ice-cold PBS, and lysed using Pierce
IP lysis buffer (25 mM Tris HCI pH7.4, 150 mM NaCl, 1%
NP-40, 1 mM EDTA, 5% glycerol) with protease inhibitors
(COmplete ULTRA tablets, EDTA free EASYpack, Roche,
05892791001). Protein was quantified using the Pierce BCA
protein assay kit (ThermoScientific, 23227), along with
BSA protein standards. Five micrograms of total protein was
run on a 10% Bis-Tris gel with MOPS buffer (GATA4), or
4%-12% Bis-Tris with MOPS buffer (Invitrogen) (ZFPM?2),
transferred to PVDF membrane, blocked using 5% skim
milk powder/TBST and incubated with rabbit polyclonal
anti-GATA4 antibody (1:2000, Abcam, ab84593); or mouse
monoclonal anti-FOG2 (H5) (1:2000, Santa Cruz, sc398011)
overnight at 4°C. After washing with TBST, swine anti-rab-
bit HRP (1:10000 DAKO P0399) was incubated at room
temperature for 2 hr. After blot washing the Amersham ECL
Prime Western blotting detection reagent was used and vi-
sualized with the GE Healthcare Life Sciences ImageQuant
LAS 4000. Blots were washed and then incubated with
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loading control—anti-alpha Tubulin (HRP) (1:5000, Abcam,
ab40742) or anti-GAPDH (HRP) (1:5000, Abcam, ab9482),
washed and detected as mentioned above.

4.7 | Protein interaction detected by co-
immunoprecipitation and Western blotting

Interaction of GATA4 and ZFPM?2 proteins was detected
as follows: HEK293-T cells were seeded at 1.6 x 10° in
6-well plates, transfected with 1.5 ug of pCMV6-GATA
(HA-tag) (modified pCMV6-GATA4, RC210945, OriGene
Technologies Inc.) containing the human cDNA ORF of
GATA4 (NM_002052.4) (wild-type or variant); and 1.5 ug
pCMV6-Entry-hZFPM2  (myc-DDK  tag) (RC214338;
OriGene Technologies Inc.) containing the human cDNA
ORF of ZFPM2 (NM_012082.3) (wild-type or variant) with
Lipofectamine 2000. After 24 hr, cells were washed and har-
vested in 500 ul of Pierce IP lysis solution with protease in-
hibitors (COmplete ULTRA tablets, EDTA free EASYpack,
Roche, 05892791001), protein lysates were quantitated using
the Pierce protein assay kit. For each IP reaction 500 ug of pro-
tein lysate (in a total volume 250 ul) was incubated with 1.5 ul
rabbit anti-HA (Sigma, H6908) (when testing for ZFPM?2 pro-
tein interaction) or 1.5 ul rabbit anti-FLAG (Sigma, F7425)
(when testing for GATA4 protein interaction) overnight on a
suspension mixer with inversion at 4°C degrees. The following
day, 20 ul A/G plus agarose beads (Santa Cruz, sc2003) was
directly added to each IP reaction and incubated for 4 hr on a
suspension mixer at 4°C degrees. The IP reaction was then cen-
trifuged at 587g for 5 min at 4°C degrees, supernatant carefully
removed and the pellet washed 4-5 times with 500 ul PBS, in
the same manner as mentioned above. The IP protein was then
resuspended directly in 40 ul 2x SDS protein loading buffer
(100 mM Tris-Cl [pH 6.8], 4% [w/v] SDS, 0.2% [w/v] bromo-
phenol blue, 200 mM DTT), boiled at 95-100°C for 5 min to
denature the protein and release it from the beads. Western blot
analysis of the co-immunoprecipitation was setup as described
above: for each IP reaction 15 ul was run per lane; while the
5% of the input sample was run on a separate gel as a control.
When testing for GATA4 mutant protein interactions, anti-
GATA4 was used to probe the IP reactions and anti-ZFPM?2
was used to probe the input (as mentioned above). When test-
ing for ZFPM?2 mutant protein interactions, anti-ZFPM?2 was
used to probe the IP reactions and anti-GATA4 was used to
probe the input (as mentioned above).
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