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A novel SRY missense mutation affecting nuclear
import in a 46,XY female patient with bilateral
gonadoblastoma
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Patients with disorders of sex development (DSD), especially those with gonadal dysgenesis and
hypovirilization, are at risk of developing the so-called type 1l germ cell tumors (GCTs). Both carcinoma
in situ and gonadoblastoma (GB) can be the precursor lesion, resulting in a seminomatous or non-
seminomatous invasive cancer. SRY mutations residing in the HMG domain are found in 10-15% of 46,XY
gonadal dysgenesis cases. This domain contains two nuclear localization signals (NLSs). In this study, we
report a unique case of a phenotypical normal woman, diagnosed as a patient with 46,XY gonadal
dysgenesis, with an NLS missense mutation, on the basis of the histological diagnosis of a unilateral GB.
The normal role of SRY in gonadal development is the upregulation of SOX9 expression. The premalignant
lesion of the initially removed gonad was positive for OCT3/4, TSPY and stem cell factor in germ cells, and
for FOXL2 in the stromal component (ie, granulosa cells), but not for SOX9. On the basis of these findings,
prophylactical gonadectomy of the other gonad was performed, also showing a GB lesion positive for both
FOXL2 (ovary) and SOX9 (testis). The identified W70L mutation in the SRY gene resulted in a 50%
reduction in the nuclear accumulation of the mutant protein compared with wild type. This likely explains
the diminished SOX9 expression, and therefore the lack of proper Sertoli cell differentiation during
development. This case shows the value of the proper diagnosis of human GCTs in identification of
patients with DSD, which allows subsequent early diagnosis and prevention of the development of an
invasive cancer, likely to be treated by chemotherapy at young age.
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Introduction

Congenital conditions in which the development of
chromosomal, gonadal or anatomical sex is atypical are
referred to as disorders of sex development (DSD),
previously known as intersex.! DSD patients with 46,XY
complete gonadal dysgenesis (previously referred to as
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Swyer’s syndrome) have a high risk of developing a type II
malignant germ cell tumor (GCT) with gonadoblastoma
(GB), often bilateral, as the precursor lesion (see Cools
et al’for a review). What these patients have in common is
that during early embryonic development, the initially
immature bi-potential gonads fail to differentiate along the
male (testicular) pathway. Pivotal to this process is the
sex-determining region on the Y chromosome (SRY) gene.
Typically during male development, expression of SRY in
the gonadal stromal cells will upregulate the transcription of
another key DSD gene and transcription factor SOX9
through DNA binding to the testis enhancer of SOX9.>*5
This will subsequently lead to a cascade of signal transduc-
tion with differentiation of the stromal cells into (pre-)
Sertoli cells. The development of functional Sertoli cells
produces anti-Miillerian Hormone (AMH) and directs the
formation of testosterone-producing Leydig cells, ultimately
giving rise to male internal and external genitalia.® In 10—
15% of XY patients with male-to-female sex reversal (46,XY
DSD), inactivating mutations in SRY have been identified,
with the majority residing in the HMG domain, and
affecting the binding and bending of DNA.”® At the N-
and C-terminal ends of this domain, two nuclear localiza-
tion signals (NLSs) are present. The biological effect of a
number of the reported mutations can be explained by the
fact that they reside in one of these NLSs, thereby disrupting
nuclear import. In general, mutations in SRY can lead to the
failure of the bi-potential gonads to develop into testes with
the consequence that testosterone and AMH will not be
produced. Without testosterone, the external genitalia will
not virilize, and the Wolffian ducts fail to develop into
epididymis, vas deferens and seminal vesicles. Without
AMH, the Miillerian ducts will not regress, and subsequently
develop into female internal reproductive organs, namely
the fallopian tubes, uterus and the upper portion of the
vagina.® At birth, these patients can show a phenotypical
female appearance, but they may present at puberty with
the absence of secondary sexual characteristics and primary
amenorrhea. This is due to complete gonadal dysgenesis and
lack of ovarian function. Therefore, it is unusual to observe a
GB in a presumed normal female after puberty.

GB consists of a mixture of embryonic germ cells
(primordial germ cells/gonocytes) and supportive cells that
resemble immature Sertoli/granulosa cells.’ It is recognized
as the in situ germ cell malignancy, which in a substantial
number of cases will develop into an invasive tumor
(dysgerminoma or, less frequently, non-dysgerminoma).
Carcinoma in situ (CIS), the precursor of the seminoma and
non-seminomatous tumors in the testis, is the GB counter-
part of the male gonad. It exists in close association with
Sertoli cells.'® The supportive cells in GB stain positive for
the granulosa cell marker, FOXL2, and are (almost) always
negative for the Sertoli cell marker, SOX9.'! This reflects a
blockage in testicular differentiation. CIS, GB and semi-
noma, dysgerminoma and embryonal carcinoma are posi-
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tive for OCT3/4, which is a reliable marker for type II GCTs
with pluripotent potential.'>~1* OCT3/4 is also known as
POUSF1, and is one of the transcription factors involved in
the regulation of pluripotency.'*~'® In normal develop-
ment, OCT3/4 is specifically found in primordial germ
cells/gonocytes, but is absent at later developmental stages.
In cases of maturation delay, as can be observed in DSD
patients with hypovirilization and gonadal dysgenesis,
this can lead to an overdiagnosis.'” Recently it was
shown that stem cell factor (SCF) is an additional valuable
marker, which distinguishes germ cells delayed in their
maturation from malignant germ cells, being negative and
positive, respectively.'® The development of a GB is
dependent on the presence of part of the Y chromosome,
known as the GBY region.'? One of the putative candidate
genes for the involvement of this region is TSPY, which
denotes Testis Specific Protein on the Y chromosome.?’
The encoded protein is found to be highly expressed in CIS
and GB.*!

In this study, we report a unique case of GB in a
phenotypical adult woman of 26 years of age. In the DNA
extracted from peripheral blood cells of this patient, a
novel mutation was identified in the N-terminal NLS of
SRY, resulting in reduced nuclear import, leading to
gonadal dysgenesis. This was identified on the basis of
the diagnosis of a unilateral GB. Subsequent prophylatic
removal of the remaining gonad indeed showed the
presence of another GB. This intervention prevented the
development of an invasive type II GCT and the need of
chemotherapy for treatment.

Materials and methods

Immunohistochemical staining
Immunohistochemistry was performed on paraffin-em-
bedded slides of 3-um thickness. The antibodies used
directed against OCT3/4, SCEF, TSPY, SOX9 and FOXL2
have been described before.'"1318:22.23 Briefly, after depar-
affinization and 5 min incubation in 3% H,O, for inacti-
vating endogenous peroxidase activity, antigen retrieval
was carried out by heating under pressure of up to 1.2bar
in an appropriate buffer. After blocking endogenous biotin
using the Avidin/Biotin Blocking Kit (SP-2001; Vector
Laboratories, Burlingame, CA, USA), sections were incu-
bated either overnight at 4 °C (SCF, TSPY) or for 2h at room
temperature (OCT3/4, SOX9, FOXL2) and detected using
the appropriate biotinylated secondary antibodies and
visualized using the avidin-biotin detection and substrate
kits (Vector Laboratories). Double staining for FOXL2 and
SOX9 was carried out as described before.'!

Fluorescent in situ hybridization

Slides of 5-um thickness were deparaffinized and heated
under pressure as described above. The slides were digested
using 0.01% Pepsin (Sigma Aldrich, St Louis, MO, USA) in
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0.02M of HCI at 37 °C, with an optimal digestion time of
2.5 min. The slides were rinsed, dehydrated and the probes
dissolved in a hybridization mixture were applied. Probes
for centromere X (BamHI) and centromere Y (DYZ3) were
used and labeled with digoxigenin-11-dUTP and biotin-
16-dUTP (Roche Diagnostics, Mannheim, Germany) using
a Nick-Translation Kit (Gibco BRL, Paisley, UK). After
denaturation (80°C for 10min), overnight hybridization
(37°C) and washing steps, probes were visualized using
Cy3-conjugated avidin (1:100, Jackson ImmunoResearch,
West Grove, PA, USA) and Sheep-anti-dig FITC (1:50, Roche
Diagnostics) and analyzed using a fluorescent microscope
(Leica Microsystems, Rijswijk, The Netherlands).

SRY functional study and plasmids
Direct sequencing of the SRY gene on peripheral blood
DNA from the patient was performed at the Department of
Clinical Genetics.

pcDNA3-FLAG-SRY and pcDNA3-FLAG-R75N plasmids
have been previously described.?* pcDNA3-FLAG-W70L
was created by PCR with the primer sequence, 5'-CATCATG
GATCCGCCACCATGGACTACAAAGACGATGACGACAAGA
TGCAATCTTAT-3' containing a BamHI restriction site,
KOZAK translational start site, FLAG-tag epitope, SRY ATG
site and 5-ATGATGAATTCTACAGCTTTGTCCAG-3' con-
taining a EcoRI restriction site and the SRY TAG site using
standard conditions. The PCR product was subsequently
cloned into the pcDNA3 vector using the introduced
restriction sites. All constructs were verified by sequencing.

NT2/D1 cells seeded in six-well plates were transfected
with 2ug per well of pcDNA3-FLAG-SRY wild type, the
pcDNA3-FLAG-R75N mutant or the pcDNA3-FLAG-W70L
mutant using Fugene 6 (Roche Diagnostics). After transfec-
tion, immunohistochemistry was carried out using mouse
monoclonal antibody against the FLAG tag (1:400). The
secondary antibody used was Alexa 488-conjugated donkey
anti-mouse IgG (1:500, Molecular Probes, Eugene, OR,
USA). DNA was stained with 0.1 ug/ml of 4’,6-diamidino-2-
phenylindole (Molecular Probes). Image analysis was
performed using NIH Image] (public domain software,
NIH, Bethesda, MD, USA). SRY fluorescence was quanti-
tated as described before.?® Briefly, measurements (average
of two independent transfections, n = 50) were taken of the
density of fluorescence from the cytoplasm and the
nucleus with the background fluorescence subtracted from
the equation, Fn/c=(n-bkgdn)/(cp-bkgdcp), where n is
the nucleus, bkgdn the background in the nucleus, cp the
cytoplasm and bkgdcp the background in the cytoplasm.

Results

Clinical history

A phenotypical female patient aged 26 years presented at
the clinic with abdominal pain on the right side, which
had previously been diagnosed as irritable bowel syn-

European Journal of Human Genetics

drome. She had a history of treatment-resistant irregular
menstrual cycles after menarche at the age of 14 years.
Echographic examination revealed an enlarged ovary of
4.8 x 3 cm on the right side, suspected to be a dermoid cyst.
A right-sided salpingoophorectomy was performed by
laparoscopy.

Histological and immunohistochemical analyses
Histological examination revealed that the removed lesion
believed to be a dermoid cyst was in fact an exceptionally
large GB, of which a representative image of the hema-
toxylin and eosin (H&E) staining is shown in Figure 1a. In
agreement with this diagnosis, the germ cells showed
positive staining for OCT3/4 (Figure 1b), TSPY (Figure 1c)
and for SCF (Figure 1d). Furthermore, in the supportive
cells, positive staining was observed for the granulosa cell
marker, FOXL2 (Figure le), whereas SOX9 was absent
(Figure 1f). Within the lesion, a small invasive component
was identified by H&E staining and immunohistochemistry,
being a mixture of dysgerminoma, immature teratoma
and yolk-sac tumor (data not shown). Tumor markers
collected 26 days after removal of the tumor showed the
following: AFP S (normal range: 0-9 ug/1), hCG +beta hCG
2.0 (normal range: 0-6.9IU/I) and LDH 391 (normal range:
0-449U/1). Although the time delay between surgery and
serum sampling for hormone level determination is
considerable, it suggests that the tumor produced both
AFP and hCG. On the basis of the decline of the markers
and the (relatively small) invasive component situated in
the middle of the tumor, the decision not to treat the
patient with chemotherapy was taken, but surveillance was
decided on. After 14 months, the patient was still relapse
free, on the basis of tumor marker status, namely AFP 1,
hCG +beta hCG <0.1 and LDH 219. The presence of a GB,
staining positive for TSPY, initiated a discussion about the
karyotype of the patient.

In situ hybridization and karyotyping

Fluorescent in situ hybridization was performed on the
gonadal tissue, (see Figure 1g) and in parallel, karyotyping
of peripheral lymphocytes was performed. Both approa-
ches showed the presence of both a single X and a single
Y chromosome per nucleus.

Prophylactically removed gonad

After intensive discussion with the patient, the remaining
left gonad was surgically removed, which on laparoscopical
analysis presented as a streak gonad. This was consistent
with the non-functionality of the in situ gonad, based on
the patients’ requirement for hormonal support to prevent
menopause after the initial surgery. Histological examina-
tion revealed predominantly a streak appearance, with a
small GB lesion, confirmed by a positive staining
for OCT3/4, TSPY, SCF (data not shown) and FOXL2
(Figure 2a). In contrast to the GB lesion in the right gonad,
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Immunohistochemical staining and fluorescent in situ hybridization of the right gonadoblastoma lesion. (a) Representative hematoxylin

and eosin staining; The germ cells present in the GB stain positive for (b) OCT3/4, (c) TSPY and (d) SCF. (e) The supportive cells in the GB lesion
are FOXL2 positive and (f) SOX9 negative. Magnification 100 x and 200 x for all. Slides (panels b—f) are counterstained with hematoxilin.
(g) Representative FISH with Y centromere shown in red and X centomere shown in green. Magnification, x 630.

SOX9-positive supportive cells were also identified
(Figure 2b). Double staining for both FOXL2 and
SOX9 showed that in the majority of cells, expression
was mutually exclusive; however, a small subset
of cells seemed to stain positive for both markers
(Figure 2c and d).

Mutational and functional analysis of SRY

One of the first genes implicated in 46,XY sex reversal is
SRY. A direct sequence analysis of the SRY gene showed the
presence of a single nucleotide change at position 209
(G to T, see Figure 3a), resulting in a missense mutation
(tryptophan (W) to leucine (L) amino acid change) at
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Figure 2 Immunohistochemical staining of the left gonadoblastoma lesion. (a) Supportive cells in the GB staining positive for FOXL2. (b) In
addition, SOX9-positive supportive cells can be found. All slides are counterstained with hematoxylin. (c and d) Double staining for SOX9 (red) and
FOXL2 (blue) of the left GB lesion. It must be noted that although most cells stain positive for either SOX9 or FOXL2, a few cells seem to have
coexpression of both markers, indicated by an arrow. Magnification, x 200 and x 400 for all.

position 70 in the SRY protein. A W70L missense mutation
in SRY has not been reported to date.

The W70L sequence variant is located within the N-
terminal NLS sequence of SRY (Figure 3b). Therefore, the
nuclear import activity of this SRY mutant was investigated
in a cell-based transfection assay using expression plasmids
encoding wild-type and mutant full-length SRY. The
subcellular localization of SRY was determined using
indirect immunofluorescence. Wild-type SRY efficiently
accumulated in the nucleus (Figure 3c, upper panel). As a
positive control of a nuclear accumulation defect, the
mutant R75N was included, showing a strong reduction of
nuclear accumulation (28% of wild type) consistent with
a previous observation®® (Figure 3c, middle panel and
Figure 3d). The mutant W70L also showed a significant
reduction (P<0.0001) of the nuclear accumulation to
~50% of the wild-type SRY activity (Figure 3c lower panel
and Figure 3d).

Discussion

GB is specifically found as a premalignant lesion in DSD
patients with, among others, 46,XY gonadal dysgenesis
(Swyer’s syndrome) (see Cools et al* for a review). The
failure of the indifferent gonads to develop during
embryogenesis into testes ultimately leads to a phenotypical
female, who will present with delayed puberty and
amenorrhea. Therefore, it is unusual to find GB in a
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presumed normal female after puberty, as is observed in the
patient described in this study.

The GB in the right gonad was unusually large, and on
sonographic investigation suspected for a dermoid cyst.
The tumor cells were positive for the pluripotency marker,
OCT3/4, which is specifically and consistently expressed in
the neoplastic precursors of type II GCTs, ie, CIS in testis
and GB in the dysgenetic gonad.'*!®2¢ The presence of
this protein is essential for pluripotency of embryonic stem
cells; and early in development, expression becomes
confined to the germ cell lineage. Loss of OCT3/4 expres-
sion in mouse primordial germ cells leads to apoptosis,?’
and thus is required for their survival. Upon differentiation
of primordial germ cells/gonocytes to either pre-spermato-
gonia or oogonia, OCT3/4 is lost. Therefore, it is informa-
tive to identify embryonic germ cells, during normal
development, as well as malignant germ cells.

As OCT3/4 cannot distinguish between malignant germ
cells and germ cells with maturation delay, staining for SCF
was performed. This marker has most recently been shown
to specifically stain CIS and GB, whereas germ cells with
proven maturation delay were negative.'® As expected,
positive SCF staining was observed.

The presence of, part of, the Y chromosome is necessary
for the development of a GB in a dysgenetic gonad. This is
the so-called GB locus on the Y-chromosome (GBY) region
as originally postulated by Page.'® This genomic region
contains TSPY as one of the likely candidate genes. This is
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Figure 3 Mutational and functional analysis of SRY. (a) Wild type (WT, upper panel, control) and mutated sequence (lower panel, patient) of SRY.
The G209T mutation results in a tryptophan (W) to leucine (L) amino acid change at position 70 of the SRY protein. (b) Schematic representation of
the SRY protein; HMG domain and both the N- and C-terminal NLS are indicated. The W70L mutation resides in the N-terminal NLS. (c)
Immunofluorescent analysis of WT and mutant FLAG tagged full-length SRY constructs (upper panel; nuclear accumulation of WT SRY, middle panel;
nuclear accumulation of SRY R75N, and lower panel; nuclear accumulation of SRY W70L). The reduction in nuclear accumulation for both mutants
compared with WT is noted. (d) SRY fluorescence was quantitated as described before.?*> The SRY R75N control shows a strong reduction of nuclear

accumulation (28% of WT), in line with previous observation. 24 The

mutant W70L SRY shows a significant reduction of nuclear accumulation of

~50%. Error bars represent the SE of mean values. A two-tailed t-test of unpaired sample means was performed, ***P <0.0001 for both.

supported by the strong expression of TSPY in CIS and the
germ cells of GB,?® as is also the case in this patient.
Normally, TSPY is expressed in spermatogonia of the adult
testis and is believed to be related to mitotic prolifera-
tion.”? In fact, it influences cell-cycle-associated genes
when transfected into NIH3T3 and HELA cells,3° as well as
genes on chromosome 12p, including KRAS2 and NA-
NOG.?! This is an intriguing finding because the chromo-
somal constitution of CIS cells is overall similar to that of
invasive type II GCTs, although gain of 12p is established
during progression to invasiveness.3%33

The SOX9 and FOXL2 staining patterns observed in the
right GB lesion of this patient can be explained by the
differentiation state of the gonad. In a XY individual, after
SRY, the expression of SOX9* is necessary for testis
development. SOX9 recruits a subset of cells in the

indifferent gonad to the Sertoli cell fate and these
orchestrate further testis formation and subsequent forma-
tion of the male phenotype.*3* Activation of female
gonadal development, which was initially believed to be
the simple result of the absence of male development,
requires activation of, among others, FOXL2. This tran-
scription factor is required for the development of
granulosa cells.*®3” The presence of SOX9 and FOXL2
can be used as a readout of testicular and ovarian
differentiation, respectively. Moreover, stromal cells asso-
ciated with GB are more granulosa-like cells, in contrast to
CIS, which is associated with Sertoli cells.!! The absence of
SOX9 expression in the right gonad of this patient has led
to the development in a more female direction, ie, less
male, as shown by the presence of FOXL2, which has led to
the environment in which the GB has been able to
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develop. The expression pattern observed in the GB of the
left gonad differs from that of our previous observations.'!
Besides FOXL2-positive cells, some SOX9 staining, and
even cells which seemed to stain positive for both was
observed. In this context, it is of interest that XY Sox9~/~
mice (in the presence of Sry) show expression of two
ovarian genes (Wnt4 and FoxI2).3® This indicates that Sox9
can downregulate Wnt4 and/or Foxl2 in a XY gonad. In
addition, evidence that Sertoli and granulosa cells have a
common precursor exists.*> The recent report of a
transcriptional (nuclear) function for SRY in the direct
binding and regulation of the SOX9 gene® increases the
possibility that in this patient, reduced SOX9 levels can be
an initial consequence of SRY. Overall 50% of wild-type
activity might place SRY at a threshold of activity, whereby
in some cells sufficient levels of SOX9 are reached and so
FOXL2 is downregulated, whereas in other cells this
threshold is not reached, as shown by the FOXL2-positive
and SOX9/FOXL2-double-positive cells. In mice, transfer of
Y chromosomes (SRY alleles) from certain strains onto the
C57BL/6] mouse strain causes an abnormal gonadal
development due to aberrant interaction with autosomal
genes, leading to ovaries, ovotestis or delayed testis cord
development in a XY background.*® Our study increases
the possibility that other gonadal dysgenesis patients with
GB and a similar FOXL2 and SOX9 staining pattern may be
due to the SRY mutation causing partial loss of function.

The presence of a GB staining positive for TSPY
warranted further investigation into the karyotype of this
patient, which was shown to be 46,XY by FISH and blood
karyotyping. Subsequent laparoscopical examination and
removal of the left gonad showed it to be a streak gonad
containing a small GB lesion, staining positive for OCT3/4,
TSPY, c-KIT and SCF as expected, which, if left in place,
would eventually have developed into an invasive malig-
nant tumor.

The presence of SOX9 in the GB of the left gonad shows
that although nuclear import of SRY is impaired, it has
been able, in a subset of cells, to induce expression of
downstream targets and initiate the male pathway. Intri-
guing in this respect is the fact that, in contrast to most
patients with Swyer’s syndrome, the patient indicated that
she had always been attracted to male activities, and
considers herself to be bi-sexual. Sex-specific differences in
brain morphology are driven by the action of steroid
hormones produced by the gonads. Recent data suggest
that also genetic differences and even SRY itself have a
role.*!=*3 Possibly reduced penetrance of the mutation in
brain sex development, either by some expression of
steroid hormones by the gonads or directly because of
SRY expression in the brain, has led to a more male
development in this patient. Whether the SRY mutation
has arisen de novo or is in the germ line cannot be
determined as DNA from relevant family members is
unavailable, although the first hypothesis is most likely.
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Taken together, the reduced ability of the novel W70L
mutant SRY, as identified in this patient, to induce proper
testis differentiation, reflected by the FOXL2 staining in
the supportive cell lineages, created an environment in
which germ cells were delayed in maturation. Prolonged
expression of OCT3/4 and the presence of TSPY are
suggested to allow subsequent survival and proliferation
of these germ cells, which over time developed into a GB
and invasive components. Knowledge about these issues
will allow early (molecular) diagnosis of patients with a
high risk for development of a malignant GCT, leading to
prophylactic removal of the gonad and prevention of
formation of an invasive cancer.
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