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Spermatid nuclear DNA content (Fig. 2 and
fig. S6) and zygotic chromosome analyses (Fig. 3)
revealed that the great majority of spermatids
from XEOSry males were diploid and yielded
triploid zygotes, which would explain the poor
ROSI success. In order to overcome the problem
of meiotic block arising from X chromosome
univalence, we used males in which a minute
Y*X chromosome (fig. S1) was added to provide
a second pairing region (PAR) for PAR-PAR
chromosome synapsis (12). In these XEY*XSry
males (fig. S1), successful pairing of Y*X and X
was observed in 85% of pachytene spermato-
cytes (fig. S8). However, the testicular pheno-
type did not improve (figs. S2 and S7, A to C).
The proportion of live offspring obtained after
injection was similarly low as with XEOSry males
(Table 1), and only five out of eight males that
provided cells for ROSI sired offspring. We there-
fore tested for ploidy and demonstrated that most
of the XEY*XSry spermatids were diploid (Fig. 2
and fig. S6) and that most zygotes after ROSI
were triploid (Fig. 3). Thus, overcoming X chro-
mosome univalence in XEY*XSry males did not
allow overcoming meiotic arrest and increasing
ROSI success (see supplementary text).

We next asked whether other Y chromosome
genes may be beneficial for spermatid func-
tion in assisted reproduction. To address this, we
used males in which the Sry transgene driving
sex determination was replaced with the sex re-
versal factor Sxrb (XESxrbO and XESxrbY*X

in fig. S1). In these males, the X chromosome
carries an Eif2s3y transgene necessary for sper-
matogonial proliferation (7), together with the
Sxrb encoding for Zfy2/1, Sry, H2al2y, and the
Rbmy gene cluster.

Fig. 1. Testis histology,
round spermatids, and
live offspring. (A) Males
with only two Y genes,
Eif2s3y and Sry, have mei-
otic and postmeiotic ar-
rests that only occasionally
allow formation of sper-
matids (arrowheads) that
are frequently delayed and
do not develop beyond
St8/9. (B) Tubule degen-
eration with formation of
“multinucleate bodies”
(long arrows), vacuoles
(short arrows), and dying
and/or apoptotic germ
cells (arrowheads) is fre-
quently observed. (C) SCO
syndrome–like phenotype
in an old male. (D) Testic-
ular suspension from wild-
type males contains testicular sperm (arrows) and many round spermatids
(arrowheads) with clear morphological features. (E) Males with two Y genes have
substantially fewer germ cells in testicular cell suspension, with no sperm and
very few round spermatids (arrowhead). These spermatids are functional in ROSI.
(F) ROSI pup obtained after transfer of embryos generated with spermatids

from a male with only two Y genes. (G) An adult female developed from the
pup shown in (F) with her own litter. Roman and arabic numerals in (A) are
tubule stages and steps of spermatid development (St), respectively (see fig.
S3). Scale bars, 16 mm (A and B), 50 mm (C), and 10 mm (D and E); inset, ×3
magnification; mo, months of age.

Table 1. The results of round spermatid injection (ROSI) with spermatids from males with
limited Y gene complement. For Y gene contribution, see fig. S1. Percentages of live offspring
and implants were calculated from embryos transferred. Male ages ranged from 63 to 229 days.
Statistical significance (Fisher’s exact test): aP < 0.01 and bP < 0.001 versus XYRIII control. Sxrb:
Sry, Zfy2/1, H2al2y, Rbmy cluster (reduced).

Male genotype Y gene contribution Live offspring % (no.) Implants % (no.)

XEOSry Eif2s3y and Sry 9.1 (12/132)a 29.5 (39/132)b

XEY*XSry Eif2s3y and Sry 5.7 (13/227)b 27.3 (62/227)b

XESxrbO Eif2s3y and Sxrb 20.0 (24/120) 45.8 (55/120)a

XESxrbY*X Eif2s3y and Sxrb 16.0 (24/150) 37.3 (56/150)b

XYRIII control Intact Y 26.0 (19/73) 69.9 (51/73)

Fig. 2. Incidence of haploid spermatids. Each graph bar represents an individual male providing
testicular cells for analysis; the numerals above show the percentage of pups obtained after ROSI.
The data in rectangular boxes represent average percentage of haploid spermatids (blue) and ROSI
offspring (red) for each genotype. Control male with intact Y chromosome had 97% (67 out of 69)
of spermatids haploid. XESxrbY*X males had higher average incidence of haploid spermatids than
other genotypes (P < 0.01).
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Two Y Genes Can Replace the Entire
Y Chromosome for Assisted
Reproduction in the Mouse
Yasuhiro Yamauchi, Jonathan M. Riel, Zoia Stoytcheva, Monika A. Ward*

The Y chromosome is thought to be important for male reproduction. We have previously shown
that, with the use of assisted reproduction, live offspring can be obtained from mice lacking
the entire Y chromosome long arm. Here, we demonstrate that live mouse progeny can also be
generated by using germ cells from males with the Y chromosome contribution limited to only two
genes, the testis determinant factor Sry and the spermatogonial proliferation factor Eif2s3y. Sry
is believed to function primarily in sex determination during fetal life. Eif2s3y may be the only
Y chromosome gene required to drive mouse spermatogenesis, allowing formation of haploid germ
cells that are functional in assisted reproduction. Our findings are relevant, but not directly
translatable, to human male infertility cases.

The mammalianYchromosome,once thought
to be a genetic wasteland (1), is now
known to encode a battery of genes, many

of which are thought to be involved in male
reproduction (2). A substantial amount of work
has been done to define which genes are im-
portant for maintaining sperm function under
normal, in vivo, conditions. In the era of assisted
reproduction technologies (ART), it is now pos-
sible to bypass several steps of normal human
fertilization using immotile, nonviable, or even
immature sperm. We have shown that infertile
male mice lacking the entire Y chromosome long
arm can generate live offspring when their se-
verely morphologically abnormal sperm are de-
livered into oocytes via intracytoplasmic sperm
injection (ICSI) (3). In these mice, the Y chromo-
some is reduced from 78 Mb to ~2 Mb and en-
codes only seven genes and three gene families
(XY*XSxra in fig. S1).

In most mammals, including humans and
mice, testis determination is regulated by Sry,
which directs developing gonads to male differ-

entiation (4–6). Upon transgenic addition of Sry,
mice with one X chromosome (XOSry) develop
testes that are populated with spermatogonia,
male germ cells that have the potential to under-
go differentiation and initiate spermatogenesis.
In the absence of other Y chromosome genes, these
spermatogonia undergo proliferation arrest, and
the meiotic and postmeiotic stages of spermato-
genesis are absent (7). Transgenic addition of
individual missing Y genes led to the identifica-
tion of Eif2s3y as the gene that restored normal
spermatogonial proliferation (7). In XOSry males
transgenic for Eif2s3y, spermatogenesis was shown
to complete meiotic prophase and the first meiotic
division before the cells arrested as secondary
spermatocytes, with the occasional production of
spermatid-like cells (7, 8). Here, we tested wheth-
er these spermatid-like cells were functional in
assisted reproduction and what other components
of the Y chromosome help to increase develop-
ment of functional gametes.

We first examined mice with the Y gene com-
plement limited to two transgenically derived
genes, autosomally located Sry and X chromo-
some located Eif2s3y (XEOSry in fig. S1) (9).
These mice had testes smaller than wild-type XY
males (fig. S2) but populated with germ cells.
Analysis of testicular sections confirmed that sper-

matogenesis was ongoing, which allowed develop-
ment of germ cells with spermatid-like morphology
(Fig. 1A, arrowheads), similar to those observed
earlier (7, 10). The occurrence of these spermatids
was low, and their development was restricted to
steps 5 to 7 of spermatid development, with the
occasional presence of step 8 to 9 spermatids
[Fig. 1A (inset) and fig. S3]. We also observed
secondary changes to seminiferous tubules, with
increased incidence of dying cells, multinucleate
bodies, and vacuoles (Fig. 1B). These changes
increased progressively as the males aged and
ultimately led to Sertoli-cell-only (SCO) syn-
drome tubules (Fig. 1C).

We next tested the function of the spermatid-
like cells from XEOSry in assisted reproduction.
Round, spermatid-like cells could be found in
testicular cell suspensions from all males used in
ART trials, although these cells were rare and
their morphology was often slightly abnormal
(increased size, less pronounced nuclei, and rough
rather than smooth surface) when compared with
spermatids from control XY males (Fig. 1, D and
E). Nevertheless, when we performed round sper-
matid injection (ROSI), the oocytes were success-
fully fertilized, as evidenced by the development
of two pronuclei and extrusion of the second polar
body, as well as subsequent cleavage (fig. S4).
When the developed two-cell embryos were trans-
ferred into the oviducts of recipient females, live
offspring were obtained (Table 1 and Fig. 1F).
Three out of four males that provided sperma-
tids for injections successfully sired offspring.
The efficiency of ROSI with XEOSry males was
significantly lower than with XY controls (9%
versus 26%) (Table 1). All the progeny had the
genotypes as expected when derived from XEOSry
fathers and were healthy; those bred were fertile
(Fig. 1G, fig. S5, and supplementary text).

An unpaired sex chromosome leads to meiotic
arrest and apoptosis (11), so partial meiotic failure
in XEOSry males was not unexpected. The few
spermatids that could be found in the testes could
be the cells that “leaked” through the meiotic ar-
rest, i.e., finished meiosis and were haploid. Alter-
natively, these could be the cells that developed
spermatid-like morphology without undergoing
the second meiotic division (8, 10).
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Approximately 1 of every 250 newborns has some abnormality of
genital and/or gonadal development. However, a specific molec-
ular cause is identified in only 20% of these cases of disorder of
sex development (DSD). We identified a family of French origin
presenting with 46,XY DSD and congenital heart disease. Sequenc-
ing of the ORF of GATA4 identified a heterozygous missense mu-
tation (p.Gly221Arg) in the conserved N-terminal zinc finger of
GATA4. This mutation was not observed in 450 ancestry-matched
control individuals. The mutation compromised the ability of the
protein to bind to and transactivate the anti-Müllerian hormone
(AMH) promoter. The mutation does not interfere with the direct
protein–protein interaction, but it disrupts synergistic activation of
the AMH promoter by GATA4 and NR5A1. The p.Gly221Arg mu-
tant protein also failed to bind to a known protein partner FOG2
that is essential for gonad formation. Our data demonstrate the
key role of GATA4 in human testicular development.

Human disorders of sex development (DSD) are congenital
conditions in which the development of chromosomal, go-

nadal, or anatomical sex is atypical (1). 46,XY DSD includes
errors of testis determination and differentiation (complete or
partial gonadal dysgenesis), or undervirilization or under-
masculinization of an XY male (1). Despite the considerable
advances in our understanding of the genetic components of
gonad development, the mechanisms involved in human sex
determination remain poorly understood. This is reflected in the
relative paucity of pathogenic mutations that have been identi-
fied in DSD patients. It has been estimated that a molecular
diagnosis is made in only 20% of DSD cases, except where the
biochemical profile indicates a specific steroidogenic block (1).
GATA4 belongs to the evolutionarily conserved GATA family

of six tissue- and organ-specific vertebrate transcriptional regu-
lators, consisting of two zinc fingers (2, 3). The C-terminal zinc
finger region is required for the recognition and binding of DNA,
and the N-terminal zinc finger region contributes to the stability
of this binding (3). The zinc fingers are also crucial for protein–
protein interactions with other transcription cofactors (2, 3). In
the mouse and human, GATA4 is strongly expressed in the so-
matic cell population of the developing gonad before and during
the time of sex determination (4). GATA4 cooperatively inter-
acts with several proteins, including NR5A1 and FOG2, to reg-
ulate the expression of the sex-determining genes SRY (encoding
sex-determining region Y), SOX9 (encoding SRY box 9), AMH
(encoding anti-Müllerian hormone), as well as key steroidogenic
factors, including STAR (encoding steroidogenic acute regula-
tory protein), CYP19A1 (encoding aromatase), INHA (encoding
inhibin α-subunit), and HSD3B2 (encoding hydroxy-δ-5-steroid
dehydrogenase, 3 β- and steroid δ-isomerase 2) (5–7).
Mice lackingGata4 die in utero due to profound abnormalities

in ventral morphogenesis and heart tube formation (8, 9). In the
human, mutations in GATA4 are associated with congenital
heart defects (CHD), including atrial septal defects, ventricular
septal defects, pulmonary valve thickening, or insufficiency of the
cardiac valves (10–13). In all of the cases of CHD associated with
mutations in GATA4, other organs were reported as normal.
The critical role for GATA4 in gonadal development is

highlighted by Gata4ki mice that have a p.Val217Gly mutation in

the N-terminal zinc finger domain (14). This knock-in mutation
abrogates the interaction of GATA4 with the cofactor FOG2,
and these animals display severe anomalies of testis development
(15, 16). FOG2 may act as a transcriptional repressor or acti-
vator, depending on the cellular and promoter context. Mice
lacking Fog2 exhibit a block in gonadogenesis, and a trans-
location involving FOG2 in the human is reported to be associ-
ated with male hypergonadotropic hypogonadism (15–17). In
vitro FOG2 represses GATA4-dependent transcription of AMH
in primary Sertoli cell cultures (18). Although the mechanism of
FOG-2 and GATA4 interaction in the gonad is not well defined,
it is essential that a direct physical interaction between GATA4
and FOG2 be maintained, because abrogation of the same
results in abnormal testis development in mice (14–16).
NR5A1, also termed Ad4 binding protein (Ad4BP) or ste-

roidogenic factor 1 (SF-1), is a key transcriptional regulator of
genes involved in sexual development, many of which are also
regulated byGATA4 (19–21).Mutations inNR5A1 are associated
with 46,XX ovarian insufficiency and 46,XY DSD (22, 23).
GATA4 functionally interacts with NR5A1 in primary Sertoli cell
cultures to positively regulate the expression ofAMH, through two
complementary mechanisms, either by binding to its site on the
AMH promoter or by direct interaction with NR5A1 when either
NR5A1 alone or both GATA4 and NR5A1 are bound to their
respective sites on the AMH promoter (18). Mutations in NR5A1
may cause 46,XY DSD through a lack of appropriate interaction
with GATA4 (24). Nomutations inGATA4 have been reported in
association with human cases of DSD. The absence of an associ-
ated gonadal anomaly in the reported cases of CHD associated
with GATA4 mutations may also be due to the ability of the mu-
tated GATA4 proteins to retain the ability to interact with either
FOG2 or NR5A1 or both (15–18, 25).
Here, we describe a familial case of 46,XY DSD and CHD

associated with a heterozygous GATA4 p.Gly221Arg mutation.
This mutation in GATA4 is associated with 46,XY DSD, and the
data suggest that DNA-binding activity of GATA4 is essential for
transcriptional activation of the AMH promoter.

Results
Clinical Spectrum in a French Family with 46,XY DSD and CHD. The
family studied is of French ethnic origin (Fig. 1A). The three
affected male patients had 46, XY karyotype and normal
parameters at birth. The index case (IV.2) was referred at birth
for ambiguous external genitalia (Table 1). Genitography
showed a 15-mm-diameter cavity communicating with urethra at
the level of veru montanum and no uterus. Plasma concentra-
tions of adrenal steroids before and 1 h after synthetic adreno-
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corticotropic hormone were within the normal range. At 40 d and
at 1 y, the patient was given 30 mg of testosterone enanthate i.m.
four times each 14 d, leading to an increase in phallus size and to
pubic hair development. At 1 y, he was operated on for crypt-
orchidism. This revealed a bilateral disjunction between the

epididymus and testis and a perforation in the left albuginea. At
1.5 y, urethroplasty was performed. At 10 y, testicular ultraso-
nography revealed diffuse calcifications. At 20 y, he is a sexually
active male with height of 186 cm and weight 77 kg. He has
azoospermia. There was no clinical evidence of heart anomalies
by echocardiogram assessment (data available upon request).
His brother (IV.1) had decreased phallus length and inguinal

hernias at birth (Table 1). He was operated on at 2.8 y for bi-
lateral inguinal hernias, and a minor systolic murmur was noted,
suggesting an atrial septal defect. At 10.5 y, he was evaluated
because of the ambiguous external genitalia seen in his brother
(IV.2). His external genitalia were normal with pubic hair de-
velopment. At 12.5 y, testicular ultrasonography revealed calci-
fications. At 18 y, a systematic cardiac evaluation was performed
because of the previous systolic murmur. Doppler echocardiog-
raphy revealed a normal left ventricle and a slightly dilated
hypokinetic right ventricle. There were no cardiac rhythm
anomalies, pulmonary pressure was normal, and there was no
evidence of atrial septal defect. At 22.8 y, he is a sexually active
male with height of 178 cm and weight 68 kg.
Case IV.3 was referred at 26 d for ambiguous external genitalia

(Table 1). Genitography showed a cavity of 15 × 8 mm communi-
catingwith theurethra at the levelof verumontanumandnouterus.
A minor systolic murmur was noted that did not require medical
intervention. At 7 mo, he was operated on for bilateral inguinal
hernias. The gonads measured 4 mm at their largest and were
surrounded by an epidydimus and vas deferens. They were re-
moved, and histological examination revealed bilateral dysgenetic
testes. At 9 mo, he was given testosterone, and urethroplasty was
performed at 2 y. At 16 y, his height is 177 cm and weight 60 kg and
he is undergoing substitutive testosterone replacementtherapy.
Case IV.4 was diagnosed at birth with tetralogy of Fallot and

received corrective surgery. She is now 10 y and in good health.
Case III.11 was noted at birth to have congenital cyanotic heart
disease. This was well tolerated, and medical intervention was
not required. She has two healthy daughters and one son with no
history of medical intervention.

Heterozygous GATA4 Mutation in the N-Terminal Zinc Finger. We
identified a heterozygous c.661G<A transition that is predicted to
result in a p.Gly221Arg mutation in the highly conserved N-ter-
minal zinc finger domain of GATA4 (Fig. 1B). This mutation was
initially detected in the proband (IV.2) and was identified in af-
fected brother (IV.1) and his affected cousin (IV.3). Further in-
vestigation of the family revealed that the apparently unaffected
mothers (III.5 and III.9) also carried the mutation. DNA samples
from other family members were not available for study. Se-
quencing of the entire GATA4 ORF in 450 unrelated, healthy
control samples of European descent that included 342 individuals
of French ancestry showed no rare allelic variants, including the
mutation in this family. To exclude a role of other known sex-de-
termining genes, we sequenced the coding regions and intron-exon
boundaries of the Doublesex and Mab-3-related transcription
factor 1 (DMRT1), sex-determining region Y (SRY), SRY-box 9
(SOX9), nuclear receptor subfamily 5, group A, member 1
(NR5A1), nuclear receptor subfamily 5, group A, member 2
(NR5A2), Wilms tumor 1 (WT1), and mastermind-like domain
containing 1 (MAMLD1) in case IV.2 and his affected brother case
IV.1. Pathogenic mutations were not detected in any of these
known sex-determining genes. Discrete chromosomal rearrange-
ments are known to be associated with 46,XY DSD (26). High-
resolution comparative genomic hybridization indicated that case
IV.2 did not carry any rearrangement in his genome known to be
associated with 46,XY DSD (such as del9p, del10q, dupXp, etc.).

GATA4 p.Gly221Arg Variant Does Not Affect Nuclear Localization but
Exhibits Altered DNA Binding and Transactivation Abilities. To assess
the impact of the GATA4 p.Gly221Arg mutation on cellular lo-
calization, a protein expression vector was constructed by cloning
mouse full-length GATA4 cDNA into the pIRES-hrGFP II
vector. TheGATA4 expression vector containing the p.Gly221Arg
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Fig. 1. (A) Pedigree of familial case with 46,XY DSD. Squares represent male
family members, and circles represent female family members. Solid squares
represent affected 46,XY DSD subjects who were raised as boys. Striped
circles and partially striped squares indicate individuals with cardiac anom-
alies. Symbols containing a black dot represent apparently unaffected car-
riers of the mutation. The index patient is indicated with an arrow. The
asterisk indicates individuals who were screened for mutations in the GATA4
gene. Individuals I.2, II.2, and II.3 had implantation of a cardiac pacemaker.
Case IV.2 developed hemolytic and uremic syndrome at 7 y, which resolved
spontaneously. Cases II.2, III.2, and IV.1 had benign hypervascularized thy-
roid nodules, all with normal thyroid function. (B) The localization of the
GATA4 p.Gly221Arg mutation in relation to the protein. (Top) Schematic
representation of the functional domains of the GATA4 protein is shown
with an arrow indicating the position of the p.Gly221Arg mutation. The N-
terminus transcription activation domains (TAD) and the DNA-binding do-
main containing two zinc-finger (ZN) motifs are indicated. The nuclear lo-
calization signal (NLS) lies distal to the second zinc finger. (Middle) Sequence
alignment of the proximal zinc finger of human GATA4 protein with other
species shows a high degree of amino acid conservation. The position of the
mutation is highlighted in yellow, and the arrow indicates the position of
the p.Val217Gly Gata4ki mutation in the mouse Gata4 protein that abolishes
interaction with the Fog2 protein and is associated with gonadal anomalies.
(Bottom) A representative chromatogram is shown of the heterozygote
mutation in DNA from the proband.
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MKK3/MKK6 and MKK4/MKK7, respectively [42,43]. A
reduction in the number of cells positive for activated MKK4
activity has been reported in the neuroepithelium of embryos
lacking MAP3K4 [44]. Therefore, we assayed for the presence of
activated MKK4 in wild-type XY gonads at 11.5 dpc using
antibodies specific for the phosphorylated form of this protein
(pMKK4). pMKK4-positive cells were observed in the gonad, but
these were primarily found in the coelomic region of the gonadal
periphery (Figure 6A and 6B), a profile reminiscent of pHH3-
positive mitotic cells (Figure 3A). A similar distribution was
observed when pMKK7-positive cells were imaged (Figure 6H).
Given these observations, we assayed directly for co-expression of

pMKK4 and pHH3 in the gonad at 11.5 dpc using immuno-
staining of sections. pMKK4-positive cells were found to be
positive for pHH3 too, both in the gonad and adjacent
mesonephros (Figure 6B–6D). We then assayed for the presence
of activated p38 (pp38) and pMKK7 in the same tissue sections,
and observed a similar pattern of pp38- and pMKK7-positive cells
at the gonadal periphery, which were also positive for pHH3
(Figure 6E–6J). The co-expression of pMKK4 and pHH3 was also
observed in XY byg/byg gonads at the same stage. In the case of
pMKK4, pMKK7, pp38, and pJNK, cells positive for these
activated proteins were still detectable in XY byg/byg gonads at
11.5 dpc (Figure S3), consistent with residual pMKK4 expression

Figure 4. Analysis of Sox9, Wnt4, and Stra8 expression reveals gonadal sex reversal in XY byg/byg embryos. (A) After back-crossing of
the byg mutation to C57BL/6J for at least two generations, XY byg/byg gonads expressed negligible levels of Sox9 (left) in comparison to control XY
gonads (right) at 14.5 dpc. (B) At 13.5 dpc, XY byg/byg gonads express Stra8, a marker of meiotic germs cells usually restricted to the ovary. (C) Wnt4,
a marker of ovarian somatic cells, is expressed in mutant XY gonads (right), in contrast to control gonads (left). (D) On the C3H/HeH background Sox9
transcription is detected at lower levels in the XY byg/byg gonad at 11.5 dpc (right) when compared to wild-type controls (left). Signal in the mutant
gonad appears concentrated towards the centre. (E) After backcrossing to C57BL/6J, Sox9 is expressed abundantly in the XY wild-type gonad at
11.5 dpc (left) but is now absent from XY byg/byg gonads, apart from just a few cells visible in the central region (asterisk, right). (F) XY byg/byg
gonads at 11.5 dpc express the ovarian somatic cell marker Wnt4 (top), in contrast to an XY control gonad (bottom). (G–I) Immunostaining of a
transverse section from a control C57BL/6J XY gonad at 11.5 dpc with anti-PECAM (germ cell, red) and anti-SOX9 (pre-Sertoli cell, green) antibodies
reveals large numbers of somatic cell nuclei (G), in contrast to XY byg/byg (H), and XX wild-type control (I), in which SOX9 protein is not detected at
significant levels.
doi:10.1371/journal.pbio.1000196.g004

MAP3K4 Is Required for Mouse Sex Determination
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Mutations in MAP3K1 Cause 46,XY Disorders
of Sex Development and Implicate a Common Signal
Transduction Pathway in Human Testis Determination

Alexander Pearlman,1 Johnny Loke,1 Cedric Le Caignec,2,3 Stefan White,4 Lisa Chin,1

Andrew Friedman,1 Nicholas Warr,5 John Willan,5 David Brauer,1 Charles Farmer,1 Eric Brooks,1

Carole Oddoux,1 Bridget Riley,1 Shahin Shajahan,1 Giovanna Camerino,6 Tessa Homfray,7

Andrew H. Crosby,7 Jenny Couper,8 Albert David,2 Andy Greenfield,5 Andrew Sinclair,4

and Harry Ostrer1,*

Investigations of humans with disorders of sex development (DSDs) resulted in the discovery of many of the now-known mammalian

sex-determining genes, including SRY, RSPO1, SOX9,NR5A1,WT1,NR0B1, andWNT4. Here, the locus for an autosomal sex-determining

gene was mapped via linkage analysis in two families with 46,XY DSD to the long arm of chromosome 5 with a combined, multipoint

parametric LOD score of 6.21. A splice-acceptor mutation (c.634-8T>A) inMAP3K1 segregated with the phenotype in the first family and

disrupted RNA splicing. Mutations were demonstrated in the second family (p.Gly616Arg) and in two of 11 sporadic cases (p.Leu189Pro,

p.Leu189Arg)—18% prevalence in this cohort of sporadic cases. In cultured primary lymphoblastoid cells from family 1 and the two

sporadic cases, these mutations altered the phosphorylation of the downstream targets, p38 and ERK1/2, and enhanced binding of

RHOA to the MAP3K1 complex. Map3k1 within the syntenic region was expressed in the embryonic mouse gonad prior to, and after,

sex determination. Thus, mutations in MAP3K1 that result in 46,XY DSD with partial or complete gonadal dysgenesis implicate this

pathway in normal human sex determination.

Sex determination in mammals is genetically controlled,
with the expression of SRY (MIM480000) on the Y chromo-
some causing the undifferentiated gonad to develop as
a testis.1 In turn, hormones secreted by the testis cause the
Wolffianducts to differentiate as seminal vesicles, vas defer-
ens, and epididymis, and the Müllerian ducts to regress. In
the absence of a Y chromosome and expression of SRY, the
undifferentiated gonad develops as an ovary, the Wolffian
ducts regress, and the Müllerian ducts develop as Fallopian
tubes, uterus, and the upper third of the vagina. If the
process of gonadal development goes awry, disorders of
sex development (DSDs) may result (46,XX DSD [MIM
400045], 46,XY DSD [MIM 400044]).2 Previously, these
were known as intersex disorders or as either male and
female pseudohermaphroditismor truehermaphroditism.3

Among the genes that have been identified by studying
individuals with 46,XX DSD are SRY4 and RSPO1 (MIM
609595).5 Among those identified by studying individuals
with 46,XY DSD are SRY,6 SOX9 (MIM 608160),7 NR5A1
(MIM 184757),8 WT1 (MIM 607102),9,10 NR0B1 (MIM
300473),11 and WNT4 (MIM 603490).12 The phenotype
of the affected individual, manifested by the degree of
masculinization or feminization of the gonads and
internal and/or external genitalia, is often determined by
the specific genetic mutations and, presumably, modifier
genes. Individuals may be completely masculinized or
feminized or have ambiguous genitalia.

The heritable nature of 46,XY DSD was identified in the
1970s.13–15 These studies anticipated sex-limited transmis-
sion of an autosomal-dominant or X-linked trait from
parents with the nonpenetrant genotype (46,XX) to those
with the penetrant genotype (46,XY), accounting for the
obvious lack of reproductive fitness. Most of these families
were lost to follow-up, but one was recruited in the 1990s
for future linkage and positional cloning studies and is re-
ported here.15 Another family, with 11 affected individ-
uals, was reported in 2003.16 Here, we describe mutations
in MAP3K1 (MIM 600982) (also known as MEKK1) that
are associated with both familial and sporadic cases of
46,XY DSD, including one in the index family. These
studies add MAP3K1 and the mitogen-activated protein
kinase (MAPK) signaling pathway to the repertoire of
genetic pathways that control normal human testis devel-
opment and identify mutations in this gene as a prevalent
cause of 46,XY DSD.
In 2003, we mapped a gene, which, when mutated, was

likely to be causative of the phenotype in family 1, to the
long arm of chromosome 5.17 This family was from France,
was of European descent, and included six women with
46,XY complete (IV-3 and IV-21 in Figure 1 and Table S1
[available online]) or partial (II-12, III-35, IV-2, and IV-27)
gonadal dysgenesis. One of the women with partial
gonadal dysgenesis (II-12) had clitoral hypertrophy and
hirsutism. Three of the women had gonadal tumors
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with the penetrant genotype (46,XY), accounting for the
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were lost to follow-up, but one was recruited in the 1990s
for future linkage and positional cloning studies and is re-
ported here.15 Another family, with 11 affected individ-
uals, was reported in 2003.16 Here, we describe mutations
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are associated with both familial and sporadic cases of
46,XY DSD, including one in the index family. These
studies add MAP3K1 and the mitogen-activated protein
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genetic pathways that control normal human testis devel-
opment and identify mutations in this gene as a prevalent
cause of 46,XY DSD.
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(III-35, IV-2, and IV-3). Four men had genital abnormali-
ties, including one with first-degree hypospadias with
chordee (III-29) and three with perineal hypospadias
(II-10, III-13, and IV-28). One of these individuals had
micropenis and cryptorchidism (III-13). The man with
first-degree hypospadias and chordee had normal fertility
and fathered two children: one with perineal hypospadias
and chordee (IV-28) and the other with 46,XY partial
gonadal dysgenesis (IV-27). No extraurogenital abnormali-
ties were observed in any individuals. Family 2 was from
New Zealand and included five females with complete
gonadal dysgenesis (II-5, II-6, II-7, III-4, and IV-2). This
familywas of Northern European origin andhad amaximal
LOD score of 1.14 at D5S2068 (see Table S2 for LOD scores
and Table S3 for primer sequences). The combined LOD
score for both families was 4.62 at D5S398; the multipoint
LOD score was 6.21.
On the basis of linkage recombination breakpoints, the

critical region between D5S1969 and D5S2028 encom-
passed 5 Mb of DNA and 34 candidate genes. Only two
genes within this region, Map3k1 (Figure 2) and Mier3
(data not shown), demonstrated high levels of expression
within 13.5 days postcoitum (dpc) in mouse gonads, and
the expression was approximately equal in male and
female gonads, as previously reported.18 Map3k1 expres-
sion was also observed throughout the mouse embryonic
gonad at 11.5 dpc, the sex-determining stage of gonad
development (Figure 2B).19 Staining occurred within the
testis cords at 13.5 dpc in a pattern indicative of Sertoli
cell expression (Figure 2H).

Sequence analysis of MIER3 (NM_152622.3) and
MAP3K1 (NM_005921.1) (Table S4) in affected individuals
in the French family 1 identified only one previously
unidentified heterozygous variant in the polypyrimidine
track of the splice-acceptor site in intron 2 of MAP3K1
(c.634-8T>A) that segregated with the phenotypes
(Figure 3A). This variant of MAP3K1 was not observed in
100 unrelated French individuals of European descent or
in the 1000 Genomes Project. Given the proximity of
this variant to the intron-exon boundary, a quantitative
PCR assay was developed to test the efficiency or fidelity
of mRNA splicing at this exon (Table S5). The level of
expression for the normal and affected samples was not
significantly different (Figure S1). However, variant cDNAs
resulting in heteroduplex molecules were identified in
samples from affected individuals by a second peak in
the SYBR-green-based qPCR dissociation curves
(Figure 3B). The splice products were analyzed by cloning
and sequencing. The cloned cDNAs from the affected
samples demonstrated both wild-type and aberrant
splicing that resulted in the addition of six nucleotides
into the RNA (c.633_634insAATCAG) and two amino
acid residues (p.Val211_Val212insIleGln) into the protein
in-frame at this site (Figure 3C). The ratio of the mutant
to wild-type transcript was > 1 in the lymphophoblastoid
cells of individuals carrying the mutation (Figure S1).
MAP3K1 was then sequenced in family 2 and in 11

sporadic cases. Mutations were identified in family 2
(c.1846G>A [p.Gly616Arg]) and in two unrelated sporadic
cases of 46,XY complete gonadal dysgenesis (c.566T>C
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vidual.
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convert p-coumarate to caffeate (24). However,
these alternative routes to lignin biosynthesis do
not fully compensate for a loss of CSE activity, be-
cause cse mutants are compromised in lignification
and development. Likewise, the accumulation of
caffeoyl shikimate that occurs in csemutants sug-
gests that HCT is relatively ineffective at metab-
olizing this substrate in vivo.

Lignin limits the processing of plant biomass
to fermentable sugars (25, 26). Processing of cse
mutant plants, which have reduced lignin con-
tent, might yield more sugars on saccharification.
We compared cellulose-to-glucose conversion
of senesced stems from both cse mutants and
wild-type plants. Cell wall residues of senesced
inflorescence stems of cse-1 have normal amounts
of cellulose, whereas those of cse-2 have 73% of
the normal amount of cellulose (table S2). The
cellulose-to-glucose conversion of the unpre-
treated cell wall residue was monitored over a
period of 48 hours (Fig. 4); when the plateau
was reached, the conversion had increased from
~18% in the wild type to ~24% in cse-1 (i.e., a
relative increase of 32%) and to ~78% (fourfold
higher than in the wild type) in cse-2. Therefore,
saccharification efficiency increases as lignin
content decreases. On a plant basis, cse-2mutants
released 75% more glucose than the wild type.
Saccharification efficiency frommaterial derived
from cse-2 plants is similar to that of ccr1-3, a
mutant in the lignin pathway gene for cinnamoyl-
CoA reductase that has the highest saccharifica-
tion efficiency described so far (26).

We found orthologs of CSE in a wide range
of plant species (fig. S14), including biofuel
feedstocks such as poplar, eucalyptus, and switch-
grass. Consistent with a potential conserved role
in lignification, CSE copurifies with lignin bio-
synthetic enzymes in extracts from poplar xylem

(27). The characterization of CSE in other species
will reveal how widely the revision of the lignin
biosynthetic pathway we propose here applies
and whether CSE could be a generally useful
target for reducing cell wall recalcitrance to di-
gestion or industrial processing in biomass crops.
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Epigenetic Regulation of Mouse Sex
Determination by the Histone
Demethylase Jmjd1a
Shunsuke Kuroki,1 Shogo Matoba,2 Mika Akiyoshi,1 Yasuko Matsumura,1 Hitoshi Miyachi,1

Nathan Mise,2* Kuniya Abe,2 Atsuo Ogura,2 Dagmar Wilhelm,3† Peter Koopman,3

Masami Nozaki,4 Yoshiakira Kanai,5 Yoichi Shinkai,6‡ Makoto Tachibana1,7‡

Developmental gene expression is defined through cross-talk between the function of transcription
factors and epigenetic status, including histone modification. Although several transcription
factors play crucial roles in mammalian sex determination, how epigenetic regulation contributes
to this process remains unknown. We observed male-to-female sex reversal in mice lacking the
H3K9 demethylase Jmjd1a and found that Jmjd1a regulates expression of the mammalian Y
chromosome sex-determining gene Sry. Jmjd1a directly and positively controls Sry expression by
regulating H3K9me2 marks. These studies reveal a pivotal role of histone demethylation in
mammalian sex determination.

The development of two sexes is essential
for the survival and evolution of most
animal species. Although several transcrip-

tion factors, including the factor encoded by the
Y chromosome gene Sry (1, 2), have been shown
to play crucial roles in mammalian sex differen-

Fig. 4. Cellulose-to-glucose conversion dur-
ing saccharification of the senesced inflo-
rescence stems of cse mutants. h, hours. Error
bars indicate T SEM. *0.05 > P> 0.01, **0.01 > P>
0.001, ***0.001 > P; unpaired two-sided t test.
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at E11.5 (fig. S4), presumably due to the different
SrymRNA amounts between them. On the other
hand, the number of cells expressing Nr5a1, an
orphan nuclear receptor expressed in gonadal
somatic cells (15), was unchanged by Jmjd1a
deficiency (fig. S5). A terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate
nick end labeling (TUNEL) assay and antibody
to Ki67 immunostaining analysis demonstrated
that Jmjd1a deficiency led to neither an increase
in apoptosis nor a decrease in proliferation (fig.
S6). In addition, we established a transgenic mouse
line (LN#9) in which the gonadal somatic cells
were specifically tagged with the cell surface
marker protein CD271. The gonadal somatic cells
were immunomagnetically isolated from these
mice with high efficiency (fig. S7). Using these
mice, we determined the numbers of gonadal
somatic cells and found that control and mu-
tant embryos contained similar numbers at E11.5
(~4 × 104 cells per gonad pair) (fig. S8), indicating
that Jmjd1a deficiency did not affect gonadal
somatic cell numbers. Thus, the critical role of
Jmjd1a during mammalian sex determination is
to ensure Sry expression above the threshold level.

To identify the critical step in the male sex-
determining pathway that is controlled by Jmjd1a,
we used two different approaches. First, we per-
formed a microarray analysis to address whether
Jmjd1a deficiency results in perturbed expression

of known genes required for Sry expression. The
analysis of a total of 41,181 probes revealed 131
genes, including Sry, with reduced (<0.5-fold) ex-
pression in XY Jmjd1aD/D, as compared to XY
Jmjd1aD/+ (table S3). However, Jmjd1a deficien-
cy did not compromise expression of known Sry
regulators (fig. S9), indicating that Jmjd1a contrib-
utes to a different mode of Sry regulation. Second,
we attempted to rescue the mutant phenotype by
experimentally restoring Sry function, by cross-
ing the Hsp-Sry transgenic mouse line (16) into
the Jmjd1a-deficient background. Forced expres-
sion of Hsp-Sry transgene rescued the defect of
testis cord development in XY Jmjd1a-deficient
gonads to the similar levels of those of XY con-
trol gonads (fig. S10). Furthermore, virtually no
Foxl2-positive cells were observed in XY Jmjd1a-
deficient gonads expressing theHsp-Sry transgene
(fig. S10), indicating that Sry acts epistatically
to Jmjd1a in regulating male sex determination
in mice.

We next investigated the expression profile of
Jmjd1a protein during gonadal development.
Jmjd1a was detected in gonadal somatic and germ
cells but not in mesonephric cells at E11.5 (18 ts)
(Fig. 3A). A comparative RT-qPCR analysis re-
vealed that Jmjd1a was the most highly tran-
scribed gene in E11.5 gonadal somatic cells,
among those encoding enzymes involved in the
maintenance of H3K9 methylation (fig. S11). An

RNA expression analysis indicated that the
amount of Jmjd1a mRNA increased from E10.5
(8 to 10 ts) and reached a plateau around E11.5 in
gonadal somatic cells (Fig. 3B). This temporal
expression profile is consistent with direct regu-
lation of Sry expression by Jmjd1a. An immuno-
fluorescence analysis demonstrated that Jmjd1a
deficiency resulted in an approximately two-fold
increase in the signal intensities of H3K9me2
in gonadal cells at E11.5 (Fig. 3, C and D), in-
dicating its substantial contribution to H3K9 de-
methylation. Sry expression is triggered in the
center of XY gonads at around 12 ts (17, 18).
We observed low levels of H3K9me2 through-
out XY gonads at 12 ts (fig. S12), suggesting
that Jmjd1a demethylates H3K9me2 before Sry
expression. Abundant Jmjd1a expression and
low levels of H3K9me2 were also observed in
XX gonads at E11.5 (fig. S13).

To prove the direct link between Jmjd1a func-
tion and Sry expression, a chromatin immuno-
precipitation (ChIP) analysis was performed,
using purified gonadal somatic cells at E11.5.
Jmjd1a was bound to regulatory regions within
the Sry locus in wild-type cells (Fig. 4, A and B).
Jmjd1a deficiency led to a significant increase in
H3K9me2 levels within the Sry locus (Fig. 4C),
without changing histone H3 occupancy (Fig.
4D). The H3K9me2 levels of the Sry locus were
indistinguishable between XYB6 and XYCBA

Fig. 2. Jmjd1a deficiency perturbs the expression of
Sry. (A and B) RT-qPCR analyses of Sry (A) and Sox9 (B) in
XY gonads. Each of the samples included one pair of gonads/
mesonephros. Results were normalized to Gapdh, and the
expression levels in XYB6 Jmjd1aD/+ were defined as 1. Num-
bers of examined embryos are shown above the bars. (C
and E) Coimmunostaining profiles of Sry (C) and Sox9 (E)
with the gonadal somatic cell marker, Gata4, in XYCBA

gonads. (D and F) The ratios of the cells positive for Sry (D)
and Sox9 (F) to the cells positive for Gata4. Scale bar, 50
mm. All data are presented as mean T SE. *P < 0.05; **P <
0.01; ***P < 0.001 (Student’s t test).
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Fig. S16. Functions of Jmjd1a in mammalian sex determination.  
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Sex in mammals is genetically determined and is defined at the cellular level by sex chromosome complement 
(XY males and XX females). The Y chromosome–linked gene sex-determining region Y (SRY) is believed to be 
the master initiator of male sex determination in almost all eutherian and metatherian mammals, functioning 
to upregulate expression of its direct target gene Sry-related HMG box–containing gene 9 (SOX9). Data suggest 
that SRY evolved from SOX3, although there is no direct functional evidence to support this hypothesis. Indeed, 
loss-of-function mutations in SOX3 do not affect sex determination in mice or humans. To further investigate 
Sox3 function in vivo, we generated transgenic mice overexpressing Sox3. Here, we report that in one of these 
transgenic lines, Sox3 was ectopically expressed in the bipotential gonad and that this led to frequent complete 
XX male sex reversal. Further analysis indicated that Sox3 induced testis differentiation in this particular line of 
mice by upregulating expression of Sox9 via a similar mechanism to Sry. Importantly, we also identified genomic 
rearrangements within the SOX3 regulatory region in three patients with XX male sex reversal. Together, these 
data suggest that SOX3 and SRY are functionally interchangeable in sex determination and support the notion 
that SRY evolved from SOX3 via a regulatory mutation that led to its de novo expression in the early gonad.

Sex in mammals is genetically determined and is defined at the 
cellular level by sex chromosome complement (XY males and XX 
females) and at the phenotypic level by the development of gen-
der-specific anatomy, physiology, and behavior. Disorders of sexual 
development (DSDs) in humans are characterized by a complete 
or partial mismatch between genetic sex and phenotypic sex. Col-
lectively, DSDs occur in at least 1 in 100 live births (1) and include 
relatively mild forms such as hypospadias (1 in 500 births) as well 
as more severe conditions such as ambiguous genitalia (1 in 4,500 
births) and complete sex reversal (46, XY females and 46, XX males; 
1 in 20,000 births). Although the etiology of many DSDs is not 
known, some cases of complete XX male and XY female sex rever-
sal are associated with translocations or mutations of the Y-linked 
testis-determining gene SRY (sex-determining region Y) (2–8). SRY 
encodes a transcription factor that contains a highly conserved 
high-mobility group (HMG) DNA-binding domain and poorly 
conserved N- and C-terminal domains. Gain-of-function and loss-
of-function studies in mice have demonstrated that Sry is necessary 
and sufficient for testis development (4, 7). Indeed, except in two 
species of the vole Ellobius (9) and the spiny rat (10), which lack the 
gene, SRY is believed to function as the master regulator of male sex 
determination in all therian (non-egg-laying) mammals (11).

The gonads develop from a band of mesoderm, the genital ridge 
(GR), that lies ventrally subjacent to the mesonephros, and together 
these constitute the urogenital ridge. The GR is considered to be 

bipotential, as it contains precursors that can differentiate into tes-
tis- or ovary-specific cell lineages (12). In mice, Sry is expressed in 
a transient center-to-pole wave in the XY GR from approximately 
10.5 to 12.5 dpc (13, 14). Analysis of hypomorphic Sry alleles and 
inducible Sry transgenic mice indicate that the level of Sry activity 
must exceed a critical threshold within a developmental window of 
approximately 6 hours (12–15 tail somite [ts] stage) for irreversible 
commitment to a male fate (15–17). Despite its pivotal role in direct-
ing male differentiation, it appears that the sole critical function of 
Sry in sex determination is to upregulate its direct target gene Sox9 
(Sry-related HMG box–containing gene 9), thereby initiating Ser-
toli cell differentiation (18–20). Sertoli cells subsequently undergo 
a period of rapid proliferation, aided by Sox9/Fgf9 and Sox9/Pgd2 
positive feedback loops (21, 22), and migrate and surround germ 
cells within the gonad to form testis cords. Sertoli cells also drive the 
male-specific migration of cells from the underlying mesonephros 
into the gonad. These are mostly endothelial cells that give rise to 
the coelomic vessel and other testis-specific vasculature (23). By 12.5 
dpc, steroidogenic Leydig cells have differentiated and, just 48 hours 
after Sry begins to initiate the male pathway, the early testis already 
has a highly organized stereotypical structure and is morphologi-
cally distinct from the ovary, which remains a mass of germ cells 
scattered within the gonadal mesenchyme.

Although female development has traditionally been considered 
by some to be a “default” pathway, it is now clear that sexual fate is 
determined by a balance of opposing signals within the gonad, in 
which Sry exerts a dominant masculinizing influence (22, 24). For 
example, loss-of-function mutations in Wnt4 and Rspo1 cause par-
tial XX male sex reversal, indicating that canonical Wnt signaling 
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or Sox9. The former would be consistent with the higher degree of 
similarity between the HMG box domains of Sry and Sox3, while the 
latter might reflect the presence of strong transactivation domains 
at the C-termini of both Sox9 and Sox3 (although with little homol-
ogy), whereas no such domain is found in Sry (18, 33).

To address this, it was important to first look at details of expres-
sion from the Sox3 Sr transgene (Sox3-SrTg). Endogenous Sry can 
first be detected at approximately 12 ts, and is shortly followed by 
an upregulation of Sox9 in Sry-positive cells (19). Expression of the 
Sox3 transgene was also first detected at 12 ts (see below), and by 
13 ts, several Sox3-positive cells were clearly present in the XX Tg/+ 
GR (Figure 4A). Some of these were also Sox9-positive (arrows), 
suggesting that Sox3 is directly involved in activating Sox9 expres-
sion in the XX Tg/+ GR. XY GRs had a similar small number of 
Sox9-positive cells, reflecting the initial upregulation of Sox9 by 
Sry (Figure 4A). Consistent with their differentiation along the 
testis pathway, and similar to control XY gonads, XX Tg/+ GRs 
exhibited robust Sox9 expression at 19 ts (approximately 11.5 
dpc), and this regionally coincided with EGFP expression across 
the GR (Figure 4B and data not shown). High-magnification con-
focal analysis revealed coexpression of EGFP and Sox9 consistent 
with cell autonomous induction of Sox9 by Sox3. There was not 
an exact correlation, however, as EGFP-positive, Sox9-negative 
cells were also observed in 11.5-dpc and 12.5-dpc XX Tg/+ gonads 
(Figure 4B and data not shown). These may represent cells fated 
to be Sertoli cells that have yet to upregulate Sox9, or interstitial 
cell precursors. We also found some Sox9-positive, EGFP-negative 
cells in the XX Tg/+ genital ridges (Figure 4B). These probably rep-
resent supporting cell precursors recruited to the Sertoli lineage 
by preexisting Sertoli cells, which occurs in early XY gonads via 
non-cell-autonomous mechanisms (21, 22).

Sox3, like Sry, transactivates the Sox9 testis-specific 
enhancer element TESCO through synergistic interaction 
with Sf1. Sry upregulates Sox9 transcription in the 
testis through binding and activation of a gonad-
specific enhancer, testis-specific enhancer of Sox9 
(TES), synergistically with Sf1 (18, 54). To further 
investigate functional similarity of Sox3 and Sry, we 
performed transactivation assays in vitro using the 
TES core element (TESCO) (18). Consistent with 
previously published data, Sry activated TESCO, but 
only when Sf1 was coexpressed (Figure 4C and ref. 
18). In the absence of Sf1, Sox3 also failed to trans-
activate TESCO. However, cotransfection of Sox3 
and Sf1 resulted in approximately 2-fold activation 
above Sf1 alone, indicating that Sox3, like Sry, syn-
ergistically activates the TESCO enhancer, albeit to a 
slightly lesser degree (ref. 18 and Figure 4C). In con-
trast, greater than 14-fold activation of the TESCO 

reporter was detected when Sox9 and Sf1 were coexpressed com-
pared with Sf1 alone. These results are also consistent with Sox3 
acting like Sry, and not like Sox9, in this context.

Sox3 from the Sr transgene requires endogenous Sox9 to induce testes. 
To further explore whether Sox3 is acting exclusively like Sry, 
or whether it also mimics Sox9 function, we designed a genetic 
experiment to test if the Sox3-SrTg was able to induce sex reversal 
in the absence of Sox9. If Sox3 is functionally equivalent to Sry, 
the Sox3-SrTg should be unable to rescue or induce testis devel-
opment in either XY or XX embryos also null mutant for Sox9. 
Conversely, if Sox3 acts like Sox9, the Sox3-SrTg should be able to 
substitute for both Sry and Sox9 to promote testis cord forma-
tion. Sox3-SrTg;Sox9fl/fl;R26-CreERT2 stud males were bred to Sox9fl/fl 
females. Pregnant females were given tamoxifen at 9.5 and 10.5 
dpc, a protocol found to give efficient Cre-mediated deletion of 
Sox9 and XY female sex reversal (data not shown), or ethanol as a 
vehicle control, and embryos harvested at 12.5 dpc to determine 
genotype and gonadal phenotype. In some experiments, a Tesco-cfp 
transgene was included, to allow a simple assay of Sertoli cell dif-
ferentiation (18). When tamoxifen was omitted, the Sr transgene 
was able to give XX male development, despite the altered genetic 
background (see below). However, after tamoxifen administration, 
we obtained 2 XY Sox3-SrTg;Sox9fl/fl;R26-CreERT2 embryos, one with 
ovotestes and the other with morphologically normal ovaries, and 
a total of 6 XX Sox3-SrTg;Sox9fl/fl;R26-CreERT2 embryos (4 with Tesco-
cfp, 2 without), all of which had gonads with the morphological 
appearance of ovaries (Figure 5). Marker analysis revealed robust 
expression of Foxl2, which is specific to ovarian cell types (Figure 
5). A number of Sox9-positive cells were still present due to inef-
ficient action of tamoxifen in the embryos (data not shown), and 
these are likely to be the same cells that show relatively high levels 
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or Sox9. The former would be consistent with the higher degree of 
similarity between the HMG box domains of Sry and Sox3, while the 
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slightly lesser degree (ref. 18 and Figure 4C). In con-
trast, greater than 14-fold activation of the TESCO 

reporter was detected when Sox9 and Sf1 were coexpressed com-
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ferentiation (18). When tamoxifen was omitted, the Sr transgene 
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background (see below). However, after tamoxifen administration, 
we obtained 2 XY Sox3-SrTg;Sox9fl/fl;R26-CreERT2 embryos, one with 
ovotestes and the other with morphologically normal ovaries, and 
a total of 6 XX Sox3-SrTg;Sox9fl/fl;R26-CreERT2 embryos (4 with Tesco-
cfp, 2 without), all of which had gonads with the morphological 
appearance of ovaries (Figure 5). Marker analysis revealed robust 
expression of Foxl2, which is specific to ovarian cell types (Figure 
5). A number of Sox9-positive cells were still present due to inef-
ficient action of tamoxifen in the embryos (data not shown), and 
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SOX3 rearrangement is associated with XX male sex reversal in humans. 
Cases of SRY-negative XX male sex reversal are particularly intrigu-
ing, and their genetic basis has been debated extensively in the lit-
erature since SRY was identified almost 20 years ago. To date, loss 
of only one gene, RSPO1, has been shown to be associated with 
a clear XX male sex reversal condition, albeit in an unusual syn-
dromic form of this disorder involving skin abnormalities (palmo-
plantar hyperkeratosis and predisposition to squamous cell carci-
noma; ref. 26). Genomic rearrangements and mutations of SOX9, 
SOX10, and SF1 have also been detected in rare cases of XX male 
and XY female sex reversal (80–82), although the molecular etiol-
ogy of most cases is unknown. In this study, we have identified 
SOX3 rearrangements in 3 patients with XX male sex reversal.  

Furthermore, we show that hSOX3 transactivates a human TES-
like enhancer sequence, suggesting that human SOX3, like its 
murine counterpart, can functionally compensate for SRY. In con-
trast to the murine TESCO analysis, transactivation experiments 
using hTES were performed in CHO cells in which endogenous 
SF1 is already present. This is likely to function in synergy with 
hSOX3 and hSRY to give the observed limited transactivation in 
the absence of exogenous SF1 (82). Taken together, these data 
raise two possible mechanisms by which SOX3 could activate the 
male differentiation pathway in these patients: increased dosage 
or ectopic expression. Based on previous reports of SOX3 duplica-
tion in humans (which is associated with hypopituitarism and 
variable mild intellectual disability; refs. 38, 47) and the absence 

Clinical summary of 46, XX male patients with SOX3 rearrangements

 Patient A Patient B Patient C

Age at evaluation 30 yr Endocrine: 19 yr; histology: 26 yr 19 mo
Height 165 cm 167.5 cm 75.2 cm
FSHA 22.0 mIU/ml 69.0 mIU/ml 
LHB 11.1 IU/L 35.0 IU/l 
ProlactinC 17.9 μg/l 3.0 μg/l 
Free testosteroneD 1.92 ng/dl (early morning) 0.86 ng/dl (afternoon measurement)
Testicular volume ∼5 ml ∼6 ml and soft Right testicle appears smaller
   than left testicle

Penis size  Shaft length, 10.2 cm; shaft diameter, 2.6 cm Shaft length, 3.4 cm

Genitals and testis  Histology: Atrophic changes with loss of normal Hypoplastic scrotum; 
  spermatogenesis; thickening and hyalinization of testes are retractile and
  the tubular basal lamina and diminished number can be brought down
  of interstitial cells; normal spermatic cords

Secondary sexual Normal Tanner stage 5 pubic hair and penile development N/A
 characteristics  with small testis; onset age, 13 yr

Developmental issues  Gender dysphoria from 6 years;  Developmental delay; microcephaly; 
  referred to behavior therapist growth retardation
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SUMMARY

In mammals, the transcription factor SRY, encoded
by the Y chromosome, is normally responsible for
triggering the indifferent gonads to develop as testes
rather than ovaries. However, testis differentiation
can occur in its absence. Here we demonstrate in
the mouse that a single factor, the forkhead tran-
scriptional regulator FOXL2, is required to prevent
transdifferentiation of an adult ovary to a testis.
Inducible deletion of Foxl2 in adult ovarian follicles
leads to immediate upregulation of testis-specific
genes including the critical SRY target gene Sox9.
Concordantly, reprogramming of granulosa and
theca cell lineages into Sertoli-like and Leydig-like
cell lineages occurs with testosterone levels compa-
rable to those of normal XY male littermates. Our
results show that maintenance of the ovarian pheno-
type is an active process throughout life. They might
also have important medical implications for the
understanding and treatment of some disorders of
sexual development in children and premature
menopause in women.

Foravideosummaryof thisarticle, see thePaperFlick
file with the Supplemental Data available online.

INTRODUCTION

Sex determination in vertebrate species exhibits a broad variety
of mechanisms based either on genotype or environmental
factors (Barske and Capel, 2008; Guiguen et al., 2009). In almost
all mammals the heterogametic sex is male, propagated by
the inheritance of a Y chromosome. The discovery of a single
gene, Sry, on the Y chromosome and its subsequent functional
analysis has demonstrated that SRY is necessary and sufficient
to initiate testicular development (Koopman et al., 1991; Sinclair

et al., 1990). SRY stands at the top of a genetic cascade that
directs the differentiation of the bipotential gonad toward a testis
fate through activation of its direct target gene Sox9 (Dinapoli
and Capel, 2008; Sekido and Lovell-Badge, 2009). When misex-
pressed in XX mice or humans, SOX9, which belongs to the
same family of HMG-box transcription factors as SRY but is
encoded by an autosomal gene, is also able to induce testis
formation (Bishop et al., 2000; Vidal et al., 2001). In the absence
of SRY or SOX9 function the bipotential gonad develops as an
ovary (Barrionuevo et al., 2006; Chaboissier et al., 2004). Subse-
quent to gonadal differentiation, the different types and levels
of hormones produced by the testes and ovaries dictate the
differentiation of most secondary sexual characteristics (Wilhelm
and Koopman, 2006), others being dependent on the direct
action of Y- and X-linked genes (Arnold, 2009).

XX male sex reversal could result from gain of function muta-
tions (GOF) in genes that promote testis development or loss of
function mutations (LOF) in genes that oppose them or actively
promote ovary development. In humans, most XX males have
a functional SRY gene due to abnormal X-Y interchange during
male meiosis, however some rare cases lack SRY (Pannetier
et al., 2004). Duplications affecting SOX9 can be responsible
(Huang et al., 1999), a situation that reflects experimental
manipulation of mice where complete XX sex reversal can be
achieved by ectopic expression in the developing XX gonad
of SRY or SOX9, or of other SOX proteins that mimic these
(Bishop et al., 2000; Koopman et al., 1991; Vidal et al., 2001).
XX gonads can also show testicular development in culture
when treated with FGF9 or prostaglandin D2, both of which
are involved in positive autoregulatory loops required to main-
tain high levels of SOX9 expression or activity (Kim et al.,
2006; Moniot et al., 2009; Wilhelm et al., 2007). The common
denominator in all these cases of primary XX male sex reversal
is the activation of SOX9 in the indifferent gonad. In the mouse,
SRY has to function within a narrow time window to upregulate
Sox9 otherwise the gene is repressed and ovaries develop
(Hiramatsu et al., 2009). Candidates for genes that oppose
the male pathway include Nr0b1 (also called Dax1), Wnt4,
Rspo1, and Foxl2.
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to granulosa cells which undergo programmed cell death
(apoptosis) at the end of a follicle life cycle, major apoptosis
is normally not seen in Sertoli cells. Consistent with this, the
Sertoli-like cells in XX conditional mutant gonads do not undergo
apoptosis and were still present after 6 months (Figures 2B and
2C). Together these findings further support the notion that true
lineage reprogramming has occurred, resulting in a stable cell
type conversion.

Transdifferentiation of Granulosa Cells Is Independent
of Oocyte Function
It has been proposed on the basis of indirect evidence that
oocytes are required to maintain granulosa cell fate, and that in
their absence the latter can transdifferentiate into Sertoli-like
cells (Burgoyne et al., 1988; Guigon and Magre, 2006; McLaren,
1991). We addressed this possibility by taking advantage of
a mouse strain that expresses Cre under the control of Gdf9
regulatory sequences exclusively in oocytes of postnatal
ovaries. First, we generated Gdf9Cre;Foxl2f/f mice which were
fully fertile demonstrating that FOXL2 does not play a role in
oogenesis (data not shown). Next we crossed Gdf9Cre mice
with a R26DTA mouse line in which Diphtheria toxin expression
is activated upon Cre expression resulting in cell ablation.
Gdf9Cre;R26DTA mice were viable and analysis of ovaries
from 8-week old females demonstrated a complete absence
of oocytes (Figure 3A), yet FOXL2 was still expressed and not
SOX9 (Figure 3B). To substantiate this finding further, we
compared a set of informative genes by quantitative RT-PCR
in 8-week-old wild-type, Gdf9Cre;R26DTA (oocyte-depleted)
and conditional mutant ovaries. Unlike the latter, the oocyte-
depleted ovaries showed no significant deregulation of Sox9,
Foxl2, Dmrt1, HSD17b3, testatin (Cst9) or 17-beta hydroxyste-
roid dehydrogenase type 1 (Hsd17b1), which converts estrone
into estradiol (Figure 3C and data not shown). Finally, we ablated
oocytes in 8-week old sexually mature female mice in case
this had different consequences from deleting oocytes during
sexual maturation. In mice, only cells that express the human
Diphtheria toxin receptor (DTR) are susceptible to cell ablation
upon Diphtheria toxin (DT) administration. We therefore gener-
ated Gdf9Cre;R26iDTR animals and compared their ovaries
with those of control R26iDTR mice 9 days after DT administra-
tion. This is when follicles activated at the time of DT administra-
tion should have reached an antral stage (Hoage and Cameron,
1976) and by when ‘granulosa’ cells in XX R26CreERT2;Foxl2f/f

gonads express SOX9 after TM administration. As expected, in
control R26iDTR ovaries, TUNEL assays revealed apoptosis in
atretic but not preantral follicles. In contrast, both oocytes and
surrounding granulosa cells underwent apoptosis in preantral
follicles of Gdf9Cre;R26iDTR ovaries with no SOX9 expression
detectable (Figure 3D and data not shown). Taken together these
experiments demonstrate that granulosa cells become reprog-
rammed into Sertoli-like cells in XX R26CreERT2;Foxl2f/f gonads
upon TM administration in a cell-autonomous way. Moreover,
although consistent with oocyte health being essential for follicle
growth (Eppig, 2001), our findings challenge a long-standing
hypothesis in the field that oocytes are directly required to main-
tain somatic cell identity during ovarian development (Guigon
and Magre, 2006; McLaren, 1991).
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Figure 2. Time-Course Analysis of XX R26CreERT2;Foxl2f/f Gonads
after Tamoxifen Administration
(A) FOXL2 and SOX9 immunostaining on ovarian sections of XX R26CreERT2;

Foxl2f/f gonads 2, 3, and 4 days after start of TM administration. In half of the

follicles SOX9 expression is first seen in mural but not cumulus granulosa cells

and thus spatially divided from the oocyte.

(B) TUNEL staining on conditional mutant XX gonads one week after TM treat-

ment, showing apoptotic nuclei (brown) in follicles which did not show signs of

transdifferentiation, but not follicles that have started to transdifferentiate into

Sertoli-like cells as evident by the appearance of the characteristic veil-like

cytoplasmatic extensions of Sertoli cells (see inset).

(C) PAS staining of XX R26CreERT2;Foxl2f/f gonads 6 months after an one-

week TM administration showing gross morphology. Note that Sertoli-like cells

are still present in the mutant XX gonads.

Cell 139, 1130–1142, December 11, 2009 ª2009 Elsevier Inc. 1133

TxĚĊĐøFoxl2ćĖĔĎĉĊĕ
éĄôÕ'Eß�E÷�%¨Y
éĄ+

Foxl2*



LETTER
doi:10.1038/nature10239

DMRT1 prevents female reprogramming in the
postnatal mammalian testis
Clinton K. Matson1,2, Mark W. Murphy1, Aaron L. Sarver3, Michael D. Griswold4, Vivian J. Bardwell1,2,3 & David Zarkower1,2,3

Sex in mammals is determined in the fetal gonad by the presence or
absence of the Y chromosome gene Sry, which controls whether
bipotential precursor cells differentiate into testicular Sertoli cells
or ovarian granulosa cells1. This pivotal decision in a single gonadal
cell type ultimately controls sexual differentiation throughout the
body. Sex determination can be viewed as a battle for primacy in the
fetal gonad between a male regulatory gene network in which Sry
activates Sox9 and a female network involving WNT/b-catenin sig-
nalling2. In females the primary sex-determining decision is not
final: loss of the FOXL2 transcription factor in adult granulosa cells
can reprogram granulosa cells into Sertoli cells2. Here we show that
sexual fate is also surprisingly labile in the testis: loss of the DMRT1
transcription factor3 in mouse Sertoli cells, even in adults, activates
Foxl2 and reprograms Sertoli cells into granulosa cells. In this
environment, theca cells form, oestrogen is produced and germ cells
appear feminized. Thus Dmrt1 is essential to maintain mammalian
testis determination, and competing regulatory networks maintain
gonadal sex long after the fetal choice between male and female.
Dmrt1 and Foxl2 are conserved throughout vertebrates4,5 and
Dmrt1-related sexual regulators are conserved throughout metazo-
ans3. Antagonism between Dmrt1 and Foxl2 for control of gonadal
sex may therefore extend beyond mammals. Reprogramming due to
loss of Dmrt1 also may help explain the aetiology of human syn-
dromes linked to DMRT1, including disorders of sexual differenti-
ation6 and testicular cancer7.

Human chromosome 9p deletions removing DMRT1 are associated
with XY male-to-female sex reversal, and Dmrt1 homologues deter-
mine sex in several non-mammalian vertebrates8–10. In mice, Dmrt1 is
expressed and required in both germ cells and Sertoli cells of the
testis11–13. XY Dmrt1-null mutant mice are born as males with testes,
although these gonads later undergo abnormal differentiation14; hence
the role of Dmrt1 in mammalian sex determination has been unclear
(for overview of mammalian sex determination see Supplementary
Fig. 1). Here we examine Dmrt1 mutant testes during postnatal
development, asking whether loss of Dmrt1 causes postnatal feminiza-
tion in mice.

We first examined gonads of Dmrt1-null mutant males (Dmrt12/2)
for the presence of FOXL2, a female-specific transcription factor
expressed in granulosa cells and theca cells15,16, the two somatic cell
types of the ovarian follicle (Fig. 1a). Four weeks after birth, abundant
FOXL2-positive cells were present within mutant seminiferous tubules
(Fig. 1b), which in control testes contain only germ cells and Sertoli
cells (Fig. 1c). To establish the origin of the FOXL2-positive cells, we
deleted Dmrt1 either in germ cells (using Nanos3-cre) or in Sertoli cells
(using Dhh-cre or Sf1-cre) (Supplementary Fig. 2a–l and Supplemen-
tary Table 1). Loss of Dmrt1 in fetal Sertoli cells (SCDmrt1KO) but not
in fetal germ cells (GCDmrt1KO) induced FOXL2 expression (Fig. 1d–f).
SCDmrt1KO gonads retained small numbers of germ cells, which
appeared to arrest in meiotic prophase on the basis of SYCP3 localiza-
tion (Supplementary Fig. 3). These results demonstrate that DMRT1

expression in Sertoli cells prevents FOXL2 expression and suggest that
Dmrt1 mutant testes become feminized during the first postnatal month.

Next we examined the timing of FOXL2 induction. At postnatal day
(P)7, SCDmrt1KO testes had seminiferous tubules in which all Sertoli
cells expressed SOX9 normally (Supplementary Fig. 2m–r), but at P14
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Figure 1 | DMRT1 maintains SOX9 and suppresses FOXL2 expression in
postnatal Sertoli cells. a–c, FOXL2 expression detected by immunofluorescence
in adult (Ad.) granulosa and theca cells of control ovary (a) and intratubular cells
of Dmrt1-null testis at P28 (b), but not in control testis (c). DAPI, 49,6-diamidino-
2-phenylindole. d–f, FOXL2 is robustly expressed when Dmrt1 is mutated in fetal
Sertoli cells with Dhh-cre (d) or Sf1-cre (e) but not when Dmrt1 is mutated in fetal
germ cells with Nanos3-cre (f). g–o, Timing of FOXL2 expression. FOXL2 is
absent from control testis at P14 (g–i). Cells expressing FOXL2 or FOXL2 and
SOX9 (arrowheads) are present in SCDmrt1KO testis at P14 (j–l). FOXL2-
positive cells are abundant in SCDmrt1KO testis at P28 and most cells no longer
express SOX9 (m–o). Scale bars, 20mm.
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DMRT1 prevents female reprogramming in the
postnatal mammalian testis
Clinton K. Matson1,2, Mark W. Murphy1, Aaron L. Sarver3, Michael D. Griswold4, Vivian J. Bardwell1,2,3 & David Zarkower1,2,3

Sex in mammals is determined in the fetal gonad by the presence or
absence of the Y chromosome gene Sry, which controls whether
bipotential precursor cells differentiate into testicular Sertoli cells
or ovarian granulosa cells1. This pivotal decision in a single gonadal
cell type ultimately controls sexual differentiation throughout the
body. Sex determination can be viewed as a battle for primacy in the
fetal gonad between a male regulatory gene network in which Sry
activates Sox9 and a female network involving WNT/b-catenin sig-
nalling2. In females the primary sex-determining decision is not
final: loss of the FOXL2 transcription factor in adult granulosa cells
can reprogram granulosa cells into Sertoli cells2. Here we show that
sexual fate is also surprisingly labile in the testis: loss of the DMRT1
transcription factor3 in mouse Sertoli cells, even in adults, activates
Foxl2 and reprograms Sertoli cells into granulosa cells. In this
environment, theca cells form, oestrogen is produced and germ cells
appear feminized. Thus Dmrt1 is essential to maintain mammalian
testis determination, and competing regulatory networks maintain
gonadal sex long after the fetal choice between male and female.
Dmrt1 and Foxl2 are conserved throughout vertebrates4,5 and
Dmrt1-related sexual regulators are conserved throughout metazo-
ans3. Antagonism between Dmrt1 and Foxl2 for control of gonadal
sex may therefore extend beyond mammals. Reprogramming due to
loss of Dmrt1 also may help explain the aetiology of human syn-
dromes linked to DMRT1, including disorders of sexual differenti-
ation6 and testicular cancer7.

Human chromosome 9p deletions removing DMRT1 are associated
with XY male-to-female sex reversal, and Dmrt1 homologues deter-
mine sex in several non-mammalian vertebrates8–10. In mice, Dmrt1 is
expressed and required in both germ cells and Sertoli cells of the
testis11–13. XY Dmrt1-null mutant mice are born as males with testes,
although these gonads later undergo abnormal differentiation14; hence
the role of Dmrt1 in mammalian sex determination has been unclear
(for overview of mammalian sex determination see Supplementary
Fig. 1). Here we examine Dmrt1 mutant testes during postnatal
development, asking whether loss of Dmrt1 causes postnatal feminiza-
tion in mice.

We first examined gonads of Dmrt1-null mutant males (Dmrt12/2)
for the presence of FOXL2, a female-specific transcription factor
expressed in granulosa cells and theca cells15,16, the two somatic cell
types of the ovarian follicle (Fig. 1a). Four weeks after birth, abundant
FOXL2-positive cells were present within mutant seminiferous tubules
(Fig. 1b), which in control testes contain only germ cells and Sertoli
cells (Fig. 1c). To establish the origin of the FOXL2-positive cells, we
deleted Dmrt1 either in germ cells (using Nanos3-cre) or in Sertoli cells
(using Dhh-cre or Sf1-cre) (Supplementary Fig. 2a–l and Supplemen-
tary Table 1). Loss of Dmrt1 in fetal Sertoli cells (SCDmrt1KO) but not
in fetal germ cells (GCDmrt1KO) induced FOXL2 expression (Fig. 1d–f).
SCDmrt1KO gonads retained small numbers of germ cells, which
appeared to arrest in meiotic prophase on the basis of SYCP3 localiza-
tion (Supplementary Fig. 3). These results demonstrate that DMRT1

expression in Sertoli cells prevents FOXL2 expression and suggest that
Dmrt1 mutant testes become feminized during the first postnatal month.

Next we examined the timing of FOXL2 induction. At postnatal day
(P)7, SCDmrt1KO testes had seminiferous tubules in which all Sertoli
cells expressed SOX9 normally (Supplementary Fig. 2m–r), but at P14

1Developmental Biology Center and Department of Genetics, Cell Biology, and Development, University of Minnesota, Minneapolis 55455, Minnesota,USA. 2Molecular, Cellular, Developmental Biology, and
Genetics Graduate Program, University of Minnesota, Minneapolis 55455, Minnesota, USA. 3University of Minnesota Masonic Cancer Center, Minneapolis, Minnesota 55455, USA. 4School of Molecular
Biosciences, Washington State University, Pullman, Washington 99164, USA.
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Figure 1 | DMRT1 maintains SOX9 and suppresses FOXL2 expression in
postnatal Sertoli cells. a–c, FOXL2 expression detected by immunofluorescence
in adult (Ad.) granulosa and theca cells of control ovary (a) and intratubular cells
of Dmrt1-null testis at P28 (b), but not in control testis (c). DAPI, 49,6-diamidino-
2-phenylindole. d–f, FOXL2 is robustly expressed when Dmrt1 is mutated in fetal
Sertoli cells with Dhh-cre (d) or Sf1-cre (e) but not when Dmrt1 is mutated in fetal
germ cells with Nanos3-cre (f). g–o, Timing of FOXL2 expression. FOXL2 is
absent from control testis at P14 (g–i). Cells expressing FOXL2 or FOXL2 and
SOX9 (arrowheads) are present in SCDmrt1KO testis at P14 (j–l). FOXL2-
positive cells are abundant in SCDmrt1KO testis at P28 and most cells no longer
express SOX9 (m–o). Scale bars, 20mm.
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IMAGe+syndrome+
(Intrauterine+growth+restricTon,+Metaphyseal+dysplasia,++

congenital+Adrenal+hypoplasia,+Genital+anomalies)�

Chinese, the mother is Caucasian. There was increased nuchal fold
thickening and severe intrauterine-growth restriction was identi-
fied at 20 weeks gestation. Chorionic villous sampling showed
normal male karyotype and TORCH screen was negative. The
pregnancy was closely monitored and delivery was induced at
32 weeks gestation. He was delivered by caesarean with a birth
weight of 936 g (<0.4th centile), head circumference of 29 cm (25th
centile), and length 35.9 cm (!0.4th centile).

He was ventilated immediately after birth until 9 days of age. On
day 3 of life, he had an adrenal crisis with severe hyponatremia. He
was diagnosedwith CAHand commenced on replacement therapy.
His skin was noted to be hyperpigmented and he was also noted to
have coronal hypospadias with mild chordee and right undescend-
ed testis. He had hypercalciuria. He stayed in the special care baby
unit for 77 days, mainly due to severe feeding problems and failure
to gain weight. He was subsequently discharged home on naso-
gastric tube feeding.

The propositus was subsequently followed up in the endocrine
clinic and a possible diagnosis of IMAGe syndromewas considered,
based on the clinical features. Studies looking for DAX1 and SF1
mutations were negative. SNP microarray was negative. Other
investigations included: a normal male karyotype and normal
pituitary function tests. His renal ultrasound showed no evidence
of nephrocalcinosis. Initial skeletal survey at 2 years of age revealed
slender ribs and clavicle and small proximal femoral epiphysis
with no evidence of metaphyseal dysplasia. He also had delayed
bone age.

On subsequent reviews, he was noted to have severe failure to
gain weight. At a chronological age of 13 months, corrected
gestation of 11 months, his weight was 5.86 kg and length 61.5 cm
(!0.4th centile), head circumference of 46.5 cm (25th centile). He
was noted to havemild global developmental delay, functioning at a
6–9months age at this stage.He remained onnasogastric tube feeds
until 2 years of age. His hypercalciuria had resolved. His weight
remainedbelow the 0.4th centile with poor linear growth. At the age
of 3 years 11months, his weight was 12.5 kg (<0.4th centile), height
was 80.5 cm (10 cm below the 0.4th centile), and head circumfer-
ence was 52.5 cm (50th to 75th centile). He remained on adrenal
replacement therapy.On examination, our patient has a prominent
forehead with a depressed nasal bridge and short nose. He has
simple cupped ears, which are slightly low-set (Fig. 1). He has
relative macrocephaly and mild fifth finger clinodactyly. He went
on to have an orchidopexy for his right undescended testis at 2 years
of age. The genital anomalies are not of major concern at the
moment, but are being followed-up by relevant professionals.

In terms of his hearing, he had passed the newborn hearing
screen. There was no evidence of auditory neuropathy due to
prematurity. He only had one episode of infection during his
course in the neonatal period needing antibiotics. However, on
follow-up he failed a distraction test, which subsequently indicated
evidence of bilateral sensorineural hearing loss. He was provided
with hearing aids at 3 years of age. The thresholds in the right ear
range from 55 dBHL for the low frequencies down to 70–75 dBHL
for the higher frequencies on the right and 60–75 dBHL on the left.
Sondfieldperformance testing andbinaural threshold ranging from
55 to 70 dBA were recorded across the speech frequencies. He was
also noted to have very shallow conchae, needingmore appropriate

fitting of his hearing aids. His tympanograms were reported as
normal. Connexin-26 testing was negative.

Developmental assessment of our patient revealed delayedmile-
stones, in that he sat at 10–11 months of age, took his first steps at
22 months, did not crawl and was a bottom-shuffler. His speech
was also delayed, although he had very good understanding. At
3 years 11 months, his functioning was at a 2.5-year level. On
ophthalmic assessment, he was noted to have good binocular
function and there was no evidence of squinting. He was reported
to have healthy retinas.

Genetics evaluation at 6 and 7 years of age, revealed similar
examination findings as before. His growth was still delayed with
weight of 15.6 kg (<0.4th centile), height 90.4 cm (!0.4th centile),
and head circumference of 52.5 cm (25th centile). Bone age was
delayed demonstrating a bone age of 3.4 years at a chronological age
of 8 years. Repeat skeletal survey at 7 years of age showed evidence of
flattened distal femoral epiphysiswith epiphyseal dysplasia. Thehip
X-ray at 7 years showed flattening and fragmentation of the
proximal femoral epiphysis with broad proximal femoral meta-
physis. There was normal appearance to the acetabulum and
evidence of epiphyseal dysplasia in the left femoral head. There
were accessory ossification centers of the metaphyses in the index
andmiddlefingers.Accessory ossification centerswere alsonoted in
the epiphyses of the 2nd, 3rd, and 4th metatarsals. There was some
evidence of mild metaphyseal dysplasia and progression of epiph-
yseal dysplasia was noted (Fig. 2). He continues to havemild global
developmental delay, in particular speech delay and delayed linear
growth. He has been commenced on growth hormone (GH)
therapy, despite normal pituitary function tests, which has con-
tributed to better linear growth.

DISCUSSION

IMAGe syndrome is a rare, but well-recognized multisystem
disorder of unknown etiology. It has a broad phenotype and
early recognition is important to avoid major and possibly life-

FIG. 1. a: Frontal view showing frontal bossing, depressed nasal
bridge, and short nose. b: Profile showing simple, low-set cupped
ears. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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IMAGe syndrome (intrauterine growth restriction, metaphyseal 
dysplasia, adrenal hypoplasia congenita and genital anomalies) 
is an undergrowth developmental disorder with life-threatening 
consequences1. An identity-by-descent analysis in a family with 
IMAGe syndrome2 identified a 17.2-Mb locus on chromosome 
11p15 that segregated in the affected family members. 
Targeted exon array capture of the disease locus, followed 
by high-throughput genomic sequencing and validation by 
dideoxy sequencing, identified missense mutations in the 
imprinted gene CDKN1C (also known as P57KIP2) in two 
familial and four unrelated patients. A familial analysis showed 
an imprinted mode of inheritance in which only maternal 
transmission of the mutation resulted in IMAGe syndrome. 
CDKN1C inhibits cell-cycle progression3, and we found that 
targeted expression of IMAGe-associated CDKN1C mutations 
in Drosophila caused severe eye growth defects compared to 
wild-type CDKN1C, suggesting a gain-of-function mechanism. 
All IMAGe-associated mutations clustered in the PCNA-binding 
domain of CDKN1C and resulted in loss of PCNA binding, 
distinguishing them from the mutations of CDKN1C that cause 
Beckwith-Wiedemann syndrome, an overgrowth syndrome4.

Since the initial description of IMAGe syndrome (MIM300290)1, a 
number of isolated and familial cases have been reported1,5–11. To 
identify a causative gene for IMAGe syndrome, we performed a 250K 
Nsp Affymetrix SNP Array on seven affected and one unaffected sib-
ling from family A, a five-generation family from Argentina (Fig. 1a). 
Further analysis using a custom script detected a 17.2-Mb identical- 
by-descent (IBD) region on chromosome 11 that was shared by seven 
affected family members but not an unaffected sibling (Fig. 1b), 
with an LOD (logarithm (base 10) of odds) score of 5.4. Despite the 
multisystem involvement of IMAGe syndrome, we did not identify 
a contiguous gene deletion or duplication in the affected individuals 
(Supplementary Fig. 1).

To determine the causative mutation in IMAGe syndrome, we 
performed targeted high-throughput genomic sequencing of all the 
exons within a conservative IBD region. We designed an Agilent 244K 
custom CGH array to capture all exons and splice sites within the 
region spanning 0–22.6 Mb on chromosome 11. In total, we prepared, 
pooled and captured five custom barcoded genomic DNA libraries 
(V-1 and V-6 from family A and unrelated patients 1, 2 and 3) on a 
single custom array and sequenced the DNA enriched for the IBD 
region on one lane of the Illumina Genome Analyzer II. Our tar-
geted approach yielded an average coverage of 32×. Patient 3 had a 
substantially lower coverage of 9× across the targeted intervals, and 
we did not use this individual in the initial bioinformatics analysis. 
In the remaining four samples analyzed, ~85% of all targeted regions 
were covered at 10×.

The pedigree and IBD analysis led us to hypothesize that IMAGe 
syndrome was inherited as a rare autosomal-dominant disorder. Our 
bioinformatics analysis required that both individuals V-1 and V-6 
share the same rare gene variant and at least one of the unrelated 
IMAGe syndrome patients harbor a rare variant (defined as a variant 
not present in dbSNP129) in the same gene. This approach identified 
a single gene, CDKN1C.

On further examination, we noted that CDKN1C was captured and 
sequenced at a much lower rate compared to other targeted genes 
as a result of its high GC content of 80%. To compound this low 
gene coverage, we resequenced CDKN1C by dideoxy sequencing (the 
primers used are listed in Supplementary Table 1) in all five indivi-
duals previously sequenced by high-throughput sequencing and in an 
additional individual with sporadic disease (patient 4). The affected 
individuals from family A carried a c.825T>G mutation resulting 
in a p.Phe276Val missense alteration. The four unrelated patients 
with IMAGe syndrome harbored one of the following alterations in 
CDKN1C: p.Phe276Ser, p.Arg279Pro, p.Asp274Asn and p.Lys278Glu 
(Table 1). In total, we identified five rare heterozygous missense 
mutations in CDKN1C that cluster within six amino acids of the 
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domain or nonsense mutations, both of which result in protein loss 
of function, overproliferation and predisposition to cancer22 as a 
result of a loss of cell-cycle inhibition3. In contrast, we show that 
missense mutations that are localized to a highly conserved region of 
the PCNA-binding domain of CDKN1C in IMAGe syndrome result 
in excess inhibition of growth and differentiation—a gain of func-
tion (Fig. 5).

As two of the five mutations fall into a putative nuclear locali-
zation signal, we determined whether IMAGe mutants interfere 
with active nuclear transport of CDKN1C. Human H295R cells and 
M1 fibroblasts transfected with GFP-CDKN1C fusion constructs 
(Supplementary Fig. 5) showed that none of the tested IMAGe 
mutants interfered with active transport mechanisms or with bind-
ing affinity to -importin.

Because IMAGe mutations cluster in a domain known to bind 
PCNA, we performed coimmunoprecipitation experiments to test 
the effects of IMAGe mutations on PCNA binding. We transfected 
HEK293T cells with Flag-tagged CDKN1C constructs bearing the 
wild-type or IMAGe-associated mutant alleles (p.Phe276Val and 
p.Lys278Glu). Endogenous PCNA was recovered from the wild-type 
but not the IMAGe mutant immunoprecipitates (Fig. 4c), suggesting 
that PCNA binding is disrupted in the mutants.

As one of the roles of PCNA is to facilitate the ubiquitination of 
cell-cycle proteins23, we investigated the role of IMAGe mutations in 
the PCNA-dependent ubiquitination of CDKN1C. We cotransfected 
HEK293T cells with Flag-tagged wild-type or IMAGe-associated 
mutant p.Phe276Val CDKN1C and with hemagglutinin (HA)-tagged 
ubiquitin (12 kDa) and subjected them to coimmunoprecipitation. 
CDKN1C migrates at ~50 kDa, and, therefore, we expected mono-
ubiquitinated, diubiquitinated and polyubiquitinated CDKN1C to 
migrate at ~62 kDa or higher, depending on the number and branch-
ing of the ubiquitin moieties. Here we show that a band at 63 kDa, 
the approximate size of a monoubiquitinated CDKN1C protein, is 
present in immunoprecipitates from wild-type CDKN1C but is absent 
in those from the IMAGe mutant sample (Fig. 4d).

Our data reveal a role for PCNA binding in a specific ubiquitina-
tion modification of CDKN1C. Many cell-cycle proteins are subject 
to PCNA-dependent ubiquitination24, which has pleiotropic effects. 
Monoubiquitination, as observed in our data, may have a number of 
functional consequences, such as the modulation of protein locali-
zation, protein interactions and proteosomal degradation25–27. The 
latter is less probable because it typically requires, at minimum, 
tetraubiquitination28, but it cannot be ruled out without further 
 information on CDKN1C protein stability.

Next-generation sequencing has emerged as a powerful tool in iden-
tifying rare Mendelian disease genes by using existing linkage analysis 
data to identify a disease gene in an unbiased way. Our findings show 

that missense mutations in the PCNA-binding domain have an inhibi-
tory effect on growth through loss of binding of PCNA to CDKN1C, 
thereby altering the ubiquitination of CDKN1C and presumably 
promoting its function. The contrast between BWS- and IMAGe-
 associated mutations in CDKN1C highlights the dual and opposing 
effects of specific CDKN1C mutations. Mutations within the PCNA-
binding site of CDKN1C blocked in vivo growth and differentiation 
and may illuminate previously unidentified mechanisms regulating 
cell transformation12, tumor growth and cell-cycle progression.

URLs. Novoalign, http://www.novocraft.com/index.php; BFAST,  
http://bfast.sourceforge.net; Picard, http://picard.sourceforge.net/; 
SAMtools, http://samtools.sourceforge.net/; UCSC Genome Browser, 
http://genome.ucsc.edu/; SeqWare, http://seqware.sourceforge.net.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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Figure 5 Missense mutations in the  
CDK-binding domain and truncating  
mutations in CDKN1C cause BWS, whereas 
missense mutations localized to the  
PCNA-binding domain result in IMAGe 
syndrome. Comparison between CDKN1C 
mutations resulting in IMAGe syndrome  
(black arrowheads located above the gene)  
and those resulting in BWS4 (below the gene,  
with red arrowheads indicating missense  
mutations and yellow arrowheads indicating  
truncating mutations). BWS-associated  
mutations are either missense mutations primarily located in the cyclin-binding domain or truncating mutations, whereas IMAGe syndrome–associated 
mutations are all missense mutations that are localized to a highly conserved region of the PCNA-binding domain.
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