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Eggers et  al.9 identified two likely pathogenic GATA4 variants 
(p.P407Q and p.W228C), together with two variants of uncertain 
significance, in six patients with 46,XY DSD without heart anomalies. 
These findings suggest that GATA4 mutations can underlie 46,XY 
DSD without heart malformations. However, there has been no 
further report of GATA4 sequencing analyses for large 46,XY DSD 
cohorts, and therefore, the clinical significance of GATA4 mutations 
as the cause of 46,XY DSD remains uncertain.

Here, we performed GATA4 mutation screening for 119 patients 
with 46,XY DSD without heart anomalies. Patients with additional 
congenital anomalies, cytogenetically detectable chromosomal 
abnormalities, or pathogenic mutations in the major known causative 
genes for 46,XY DSD, androgen receptor (AR), chromobox 2 (CBX2), 
desert hedgehog  (DHH), mitogen-activated protein kinase kinase 
kinase 1  (MAP3K1), NR5A1, SOX9, SRY, steroid 5 alpha-reductase 
2  (SRD5A2), Wilms tumor 1  (WT1), and ZFPM2,3 were excluded 
from the study group. Detailed methods are described in 
Supplementary Information. This study was approved by the 
Institutional Review Board Committee at the National Center for Child 
Health and Development, Tokyo, Japan, and performed after obtaining 
written informed consent. Of the 119  patients, 111 manifested 
male-type external genitalia with micropenis, cryptorchidism, and/or 
hypospadias, while the remaining eight presented with ambiguous 
genitalia. All patients were of Japanese origin. The coding region and 
splice sites of GATA4 were analyzed using next-generation sequencers. 
We selected variants whose allele frequencies in Exome Aggregation 
Consortium  (ExAC) Browser (http://exac.broadinstitute.org/; 
last accessed on 25 September 2017) and the 1000 Genomes Browser 
(http://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/; 
last accessed on 25 September 2017) were both <1.0%. All variants of 
interest were confirmed by Sanger sequencing and subjected to in silico 
functional prediction. Furthermore, the transactivating activity of each 
variant protein was examined by in vitro reporter assays using the Amh 
promoter. In these assays, the activities of the variants were compared to 
that of p.G221R, a mutation previously identified in three patients with 
46,XY DSD.8 To clarify the frequency of each variant in the Japanese 
general population, we sequenced DNA samples from 100 unaffected 
Japanese males. We also analyzed familial samples of variant-positive 
patients, when possible.

Dear Editor,
Disorders of sex development (DSDs) are a group of conditions in 

which chromosomal, gonadal, or anatomical sex is atypical.1 DSD in 
genetic males (46,XY DSD) primarily results from impaired androgen 
production or action or perturbed genital morphogenesis.1 The current 
understanding of the genetic basis of 46,XY DSD remains fragmentary. 
For example, although more than 15 genes have been implicated in the 
development of nonsyndromic hypospadias,2 one of the most common 
forms of 46,XY DSD,1 mutations in these genes account for <20% of 
the cases.3

GATA-binding protein 4  (GATA4) is a transcription factor 
involved in cardiac and sexual development.4–7 GATA4 harbors 
two zinc finger domains which mediate the interaction with 
various proteins such as friend of GATA2/zinc finger protein, 
multitype  2  (FOG2/ZFPM2) and nuclear receptor subfamily 5, 
group  A, member 1  (NR5A1).4,5 Known target genes of GATA4 
include sex-determining region Y  (SRY), SRY box-9  (SOX9), and 
anti-Mullerian hormone  (AMH) involved in testicular or genital 
development.4,5 GATA4 was initially reported as a causative gene for 
congenital heart anomalies.6 To date, heterozygous GATA4 mutations 
have been identified in more than 140  patients with ventricular 
septal defect, tetralogy of Fallot, or other cardiac malformations.7 
In 2011, Lourenço et al.8 identified a heterozygous GATA4 missense 
mutation (p.G221R) in three 46,XY DSD patients from one family. 
Two of the three patients manifested ambiguous external genitalia 
with hypospadias and intra-abdominal gonads, and the remaining 
one patient exhibited male-type genitalia with micropenis and 
intra-abdominal gonads. The proband had no heart anomaly, whereas 
the other affected males and two female family members showed 
various cardiac abnormalities including tetralogy of Fallot. In vitro 
assays confirmed that the p.G221R mutant protein failed to bind to 
FOG2 and did not transactivate the Amh promoter. Subsequently, 
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As a result, we identified p.R265C  (c.793C>T) in one 
patient (Case 1) and p.P407Q  (c.1220C>A) in four patients 
(Case 2–5)  (Figure  1a). Case 1–5 manifested male-type genitalia 
and hypospadias with and without micropenis and cryptorchidism. 
The variants were present in a heterozygous state. The p.R265C and 
p.P407Q variants were extremely rare polymorphisms accounting for 
2 of 120 802 and 68 of 121 396 alleles with ExAC Browser, respectively 
(Supplementary Table  1). In silico analyses scored both variants 
as deleterious (Supplementary Table  1). The p.R265C variant was 
predicted to alter the protein structure  (Figure  1b). The structural 
prediction of the p.P407Q variant was unobtainable, because of the lack 
of information of the C-terminal crystal structure of wild-type GATA4. 
In vitro assays revealed that p.R265C retained normal transactivation 
activity, while p.P407Q had markedly decreased activity similar to that 
of p.G221R (Figure 1c). None of our 100 control individuals carried 
p.R265C, whereas two had p.P407Q. We also analyzed DNA samples 
obtained from parents of Case 1–3 and siblings of Case 1 and 2. The 
variants of Case 1 and 2 were shared by their unaffected fathers, while 

the variant of Case 3 was identified in the mother. In addition, a younger 
brother of Case 1 also carried p.R265C. None of the variant-positive 
relatives of Case 1–3 had heart anomalies.

The aforementioned data raise questions about the causal 
relationship between the GATA4 variants and 46,XY DSD in 
our participants. Particularly, p.R265C retained normal in  vitro 
transactivation activity for the Amh promoter and was shared by the 
unaffected father and brother of Case 1. Hence, although p.R265C 
is extremely rare in the general population and was predicted to be 
deleterious by multiple in silico analyses, this variant is unlikely to 
disrupt sexual development in genetic males. Similarly, p.P407Q seems 
to be insufficient to cause 46,XY DSD, because this variant was shared 
by the unaffected father of Case 2 and two of the 100 control males. 
However, we cannot exclude the possibility that p.P407Q exerts some 
deleterious effects on male sex development, because this variant 
showed compromised transactivation activity for the Amh promoter. 
Notably, this variant has been reported as a pathogenic mutation 
responsible for tetralogy of Fallot, atrial septal defect, and ventricular 
septal defect.7 The lack of heart anomalies in Case 2–5 with p.P407Q 
may reflect incomplete penetrance of heart anomalies resulting from 
GATA4 mutations,10 although the relatively high frequency of heart 
anomalies in previously reported cases suggests that developing hearts 
are more vulnerable to GATA4 dysfunction than developing testes.6

Collectively, the results of this study demonstrate that GATA4 
mutations are rare in patients with 46,XY DSD without heart 
anomalies. Further studies such as pull-down assays using FOG2 and 
NR5A1 antibodies and mutation screening for large patient cohorts 
are necessary to clarify whether GATA4 variants, including p.P407Q, 
contribute to the genetic predisposition of 46,XY DSD.
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SUPPLEMENTARY INFORMATION

SUPPLEMENTARY METHODS
Subjects
This study was approved by the Institutional Review Board Committee 
at the National Center for Child Health and Development. The study 
group consisted of 119 Japanese patients with 46,XY disorders of sex 
development  (DSD). We excluded patients with syndromic forms 
and/or pathogenic mutations in the major causative genes for 46,XY 
DSD  (AR, CBX2, DHH, MAP3K1, NR5A1, SOX9, SRY, SRD5A2, 
WT1, and ZFPM2).1  Patients with additional congenital anomalies 
or cytogenetically detectable chromosomal abnormalities were also 
excluded.

Mutation screening of GATA4
After obtaining written informed consent, we isolated genomic DNA 
samples from peripheral leukocytes of the patients. The cording 
region and splice sites in GATA4 were amplified from genomic 
DNA using the SureSelect Target Enrichment kit  (Catalog number 
G7531C, Agilent Technologies, Santa Clara, CA, USA) or the HaloPlex 
system (Catalog number G9901C, Agilent Technologies) and the library 
was sequenced on the HiSeq2000 or MiSeq sequencers (Illumina, San 
Diego, CA, USA).

The library adaptor sequences and trimmed low-quality bases at 
both ends were removed using cutadapt 1.7.1. The sequencing reads 
were mapped using BWA 0.7.12. Single-nucleotide variations (SNPs) 
and short indels were called by GATK 2.8. We selected nonsynonymous 
SNPs and indels whose allele frequencies in ExAc Browser (http://exac.
broadinstitute.org/) and 1000 Genomes Browser (http://www.ncbi.nlm.
nih.gov/variation/tools/1000genomes/) were both <1.0%. All variants 
of interest were confirmed by Sanger sequencing. As controls, we used 
genomic DNA samples of 100 Japanese healthy males purchased from 
Japanese Collection of Research Bioresources Cell Bank  (Ibaraki, 
Japan). We also attempted to analyze the samples obtained from family 
members of the variant-positive patients.

In silico analyses
Functional consequences of GATA4 variants were assessed by 
in silico programs, i.e.,  MutationTaster  (http://www.mutationtaster.
org/), PolyPhen-2  (http://genetics.bwh.harvard.edu/pph2/), 

SIFT  (http://sift.jcvi.org/), Combined Annotation Dependent 
Depletion (CADD) (http://cadd.gs.washington.edu/), and Mendelian 
Clinically Applicable Pathogenicity (M-CAP) (http://bejerano.stanford.
edu/mcap/).

Protein structures of wild-type and mutant GATA4 were predicted 
using the PyMOL Molecular Graphic System (http://www.pymol.org/). 
We used the data from Protein data bank (PDB ID: 4HC7, http://www.
rcsb.org/pdb/) as a reference.

In vitro analysis
We purchased expression vectors encoding GATA4 from the Kazusa 
DNA Research Institute (Kisarazu, Japan). Vectors expressing GATA4 
mutants  (p.R265C and p.P407Q) were generated by site-directed 
mutagenesis using the PrimeSTAR Mutagenesis Basal Kit (Takara Bio, 
Kusatsu, Japan). In addition, we generated the p.G221R mutant which 
has been reported as a pathogenic mutation leading to 46,XY DSD.2 
We used a reporter vector containing the murine Amh promoter.3 
COS-1  cells  (RIKEN Bio Resource Center, Tsukuba, Japan) were 
seeded in 12-well dishes (1.0 × 105 cells/plate) and were treated with 
Lipofectamine 3000 Reagent  (Thermo Fisher Scientific, Waltham, 
MA, USA) according to the manufacturer’s instructions. We 
transfected the cells with 100 ng of the GATA4 expression vector, 
500 ng of the Amh reporter vector, and 2 ng of the pRL-CMV control 
vector (Promega, Madison, WI, USA). At 48 h after transfection, we 
measured luciferase activities using the Dual-Luciferase Reporter 
Assay System  (Promega) and a luminometer  (Lumat LB9507, 
Berthold Technologies, Bad Wildbad, Germany). The assays were 
performed in triplicate in an experiment and repeated at least three 
times.

Statistical analysis
The results of luciferase assays were expressed as the mean  ±  one 
standard deviation. Statistical significances were determined by 
Student’s t‑test. P < 0.05 was considered statistically significant.
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Supplementary Table 1: Allele frequencies and in silico functional prediction of GATA4 variants

cDNA Protein dbSNP ExAC a 1000Gb MutationTaster c Polyphen-2d SIFT e CADD f M-CAP g

Prediction Score Prediction Score Prediction Score Prediction Score Prediction

c.793C>T p.R265C rs776523140 2/120 802 0/5008 Disease causing 1.000 Probably damaging 0.00 Deleterious 35.0 Deleterious 0.781 Deleterious

c.1220C>A p.P407Q rs115099192 68/121 396 6/5008 Disease causing 0.675 Possibly damaging 0.00 Deleterious 23.8 Deleterious 0.210 Deleterious

All analyses were performed by using the default parameters. aExAC Browser (http://exac.broadinstitute.org/). Current Version: 0.3.1, GRCh37; b1000 Genomes Browser (http://www.
ncbi.nlm.nih.gov/variation/tools/1000genomes/). Current Version: 3.7, GRCh37.cMutationTaster (http://www.mutationtaster.org/). Current version: MutationTaster2, GRCh37/Ensembl 69; 
dPolyphen-2 (http://genetics.bwh.harvard.edu/pph2/). Current version: 2.2.2, GRCh37. Scores between 0.909 and 1, between 0.447 and 0.908, and below 0.446 were assessed as probably 
damaging, possibly damaging, and benign, respectively; eSIFT (http://sift.jcvi.org/). Current version: JCVI-SIFT v1.03. GRCh37/Ensembl 63. Scores <0.05 were assessed as deleterious; 
fCAAD (http://cadd.gs.washington.edu/). Current version: v1.3, GPCh37. Scores >20 were assessed as deleterious; gM-CAP (http://bejerano.stanford.edu/mcap/). Current version: M-CAP v1.0, 
GPCh37. Scores >0.025 were assessed as deleterious. ExAC: Exome Aggregation Consortium; CAAD: Combined Annotation Dependent Depletion; M-CAP: Mendelian Clinically Applicable 
Pathogenicity; dbSNP: The single nucleotide polymorphism database
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