
Introduction

Human gynaecologic tumours are common neoplasias that typi-
cally arise from the epithelium of the uterus, cervix and ovary.
Typically uterine tumours are adenocarcinomas that histologi-
cally resemble uterine endometrium. Although the ovary is not
derived from the Mullerian system during embryogenesis,
tumours of the ovary typically demonstrate Mullerian features.
Serous ovarian tumours histologically resemble the fallopian
tube, mucinous tumours resemble the cervix and endometriod
ovarian tumours resemble the endometrium. Interestingly, the
same genes that assign developmental identity to the embryonic
Mullerian duct are expressed in ovarian tumours in a fashion that
correlates with their histologic identity [1, 2]. Homeobox genes

are highly evolutionary conserved regulators of embryonic 
morphogenesis and differentiation [3–5]. HOX genes assign
developmental identity to many undifferentiated axis during
embryogenesis, including the Mullerian tract [6–11]. HOXA9 is
normally expressed in the developing fallopian tube and is also
expressed in serous tumours of the ovary; similarly, HOXA10 is
expressed in the embryonic uterus and in endometriod ovarian
tumours, and HOXA11 is expressed in the developing cervix and
in mucinous ovarian tumours. Homeobox genes are closely
associated with histologic type in both normal gynaecologic 
tissues and malignancies [1, 2, 12].

Here we investigated the mechanism of altered HOXA10 expres-
sion in epithelial endometrial and ovarian tumours. We demon-
strate a negative correlation between WT1 expression and HOXA10
expression in several gynaecologic tumours. We demonstrate
direct repression of HOXA10 by WT1 acting through two WT1 bind-
ing sites in the HOXA10 promoter. We suggest that WT1 directly
regulates HOX gene expression in normal and neoplastic gynaeco-
logic tissues and that this expression determines tissue identity.
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Abstract

Homeobox genes encode transcription factors that dictate developmental identity, including that of the Mullerian tract. These genes also
direct differential Mullerian transformation of the ovarian cancer cells. The homeobox gene HOXA10 controls uterine organogenesis dur-
ing embryonic development and similarly is expressed in endometroid epithelial ovarian cancer. Here we confirmed aberrant regulation
of HOXA10 expression in epithelial uterine and ovarian carcinomas. We identified a HOXA10 epithelial regulatory element containing an
enhancer that drove HOXA10 expression specifically in gynaecologic epithelium. We further identified an adjoining dominant repressor
element that restricted regulation by the epithelial enhancer to a subset of epithelial cell types. The repressor contained two functional
WT1 binding sites. We identified a strong inverse correlation between HOXA10 expression and that of the Wilms’ Tumour 1 (WT1) gene
in multiple benign and malignant gynaecologic tissues, suggesting functionality of the WT1 sites in the repressor. Mutation of the two
WT1 binding sites abolished WT1 binding to the element as well as the ability to affect epithelial enhancer activity in reporter assays.
Similarly, decreased expression of WT1 using siRNA prevented repressor activity. The Mullerian phenotype seen in ovarian cancer is
dependent on gain of HOX gene expression secondary to the loss of WT1-mediated HOX repression. This suggests that Gynaecologic
epithelial histologic type is regulated by WT1 expression through its selective repression of HOX genes.
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Materials and methods

Cell culture

The human endometrial adenocarcinoma cell line (Ishikawa), human
embryonal kidney cell (293T cell lines) and human endometrial stromal
cells (HESC) were used. These cells were used as a model of a Mullerian
epithelium, kidney and Mullerian stroma, respectively. Ishikawa cells were
maintained in Minimum Essential Medium (MEM) (Invitrogen, Carlsbad,
CA, USA), supplemented with 10% foetal bovine serum, 1% penicillin-
streptomycin-amphotericin B. HESC and 293 T cell lines were cultured in a
Dulbecco’s Modified Eagle Medium with high glucose content (Invitrogen),
supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin-
amphotericin B.

Western blot

Nuclear protein was extracted from 293 T, Ishikawa and HESC using
Nuclear Extract Kit (Active Motif, Carlsbad CA, USA) according to manufac-
turer’s protocol. Twenty-five �g of protein was electrophoresed through
4–15% polyacryl-amide gels (Bio-Rad, Hercules, CA, USA) at 150 V for 
60 min. and transferred onto Immun-Blot polyvindylidene difluoride mem-
branes (Bio-Rad) in transfer buffer (25 mM Tris, 192 mM glycine, 20%
methanol) at 100 V for 1 hr. After incubation in blocking buffer (1 � PBS,
0.2% Tween 20, 5% milk), the blot was incubated individually with WT1
(C19) rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) dilution 1:1000 and goat polyclonal actin antibody (Santa Cruz
Biotechnology) dilution 1:1000 overnight at 4�C. After washing, the mem-
branes were incubated for 1 hr with anti-goat IgG or anti-rabbit IgG sec-
ondary antibody, respectively (Vector Laboratories, Burlingame, CA, USA)
diluted in the blocking buffer.

Construction of plasmid for promoter analysis 
and in vitro mutagenesis

Two kb of the HOXA10 promoter was amplified by PCR and cloned 
into pGL3-basic vector (Promega, Madison, WI, USA). The fragment
was generated by PCR from human genomic DNA (Promega) using
HOXA10 5� regulatory region-specific primers. The primers were
designed using the GenBank database (NT_079592). PCR was per-
formed as follows: 95�C for 60 sec.; 60�C for 60 sec.; 72�C for 90 sec.,
35 cycles.

Transcription factor binding sites were identified using Genomatix
database (Genomatix, München, Germany).

The QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA, USA) was used for in vitro mutagenesis. Mutation design was per-
formed in this manner neither to create nor delete other known transcrip-
tion factor bindings. The HOXA10 promoter was mutated using a two 
17-oligomer oligonucleotides: the first �98/�82 bp of HOXA10 promoter,
5�-CGGTGCGGGGGGATTGC-3� and the second �316/�300 bp of HOXA10
promoter, 5�-CCAGGCCCCCCACCAGC-3�. The mutagenesis reaction was
carried out according to the manufacturer’s protocol and the mutation was
confirmed by sequencing.

Transfection and luciferase assays

293T, Ishikawa and HESC were grown to 50–60% confluence in 24-well
plates. 293T and Ishikawa cell lines were transfected with the 0.8 �g per
well of appropriate plasmid using Lipofectamine 2000 Reagent
(Invitrogen). After 6 hours, the media were changed and the cultures
allowed growing for an additional 20–24 hrs. We used TransIT-LT1 (Mirus,
Madison, WI, USA) for HESC transfection and 0.5 �g per well of the appro-
priate plasmid according to transfection protocol. HESC were harvested
24–30 hrs after transfection. All cells were cotransfected with 20 ng per
well of pRL-TK to control transfection efficiency. The cells were rinsed with
cold PBS and lysed with Reporter Lysis Buffer (Promega). The lysate was
collected after two freeze/thaw cycles. Luciferase activity was measured
using the Luciferase Reagent Kit (Promega) and luminometer. A Renilla
luciferase activity was used for normalization. All transfections were per-
formed in triplicate and experiments were repeated three to four times.

Transfection of siRNA

293T cells were seeded onto 24 well plates and grew to 40–50% conflu-
ence. Transfections were as detailed in the Lifopectamine 2000 for siRNA
transfection protocol (Invitrogen), using 120 pmol per well of WT1 siRNA
(Santa Cruz Biotechnology) or 120 pmol per well of control siRNA (Santa
Cruz Biotechnology) and 0.8 �g per well of appropriate plasmid. Cells were
harvested 50 hrs after transfection and rinsed with cold PBS and lysed with
Reporter Lysis Buffer. The lysate was used for both Western blotting and
Luciferase assay as described above.

EMSA

The double stranded oligonucleotides were used for electrophoritic mobil-
ity shift assay (EMSA). We created two probes corresponding to two puta-
tive WT1 binding sites and the flanking sequences (probe 1 and probe 2),
and two probes with WT1 mutated binding sites and the flanking
sequences as well (probe M1 and M2). Mutated binding sites are desig-
nated in boldface. The sequences were as follows:

Probe 1: 5�- cccgccgcggtgcggggggattgctaatcg-3� (�105/�76 bp)
Probe M1: 5�- cccgccgcggtgcagggggaatcctaatcg -3� (�105/�76 bp)
Probe 2: 5�-aatggccaggccccccaccagccacgttgg -3� (�321/�292 bp)
Probe M2: 5�- aatggccaggcacaccaccagccacgttgg -3� (�321/�292 bp)
Complementary oligonucleotides were annealed and end labelled with

32P-dATP (PerkinElmer Life Sciences, Waltham, MA, USA) using T4
polynucleotide kinase (New England BioLabs, Ipswich, MA, USA) and puri-
fied with MicroSpin G-25 columns (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Nuclear extract was obtained from 293T cell lines
using Nuclear Extract Kit (Active Motif) according to the manufacturer’s
protocol. Binding reactions consisted of 30 �l mixture of 10 �g nuclear
extract and 80,000 cpm 32P-labelled oligonucleotides, which were incu-
bated for 1 hr at 4�C. The resultant protein-DNA complexes were separated
on a 5% polyacrylamide gel (acrylamide/bisacrylamide, 29:1 for 3 hrs at
180 V in 0.5 � TBE buffer (1 � TBE is 50 mM Tris, 50 mM boric acid, and
1 mM EDTA) at 4�C. To confirm the identity of WT1 in the shifted complex,
10 �g nuclear extract protein were incubated with 2 �g WT1 (180) rabbit
polyclonal antibody (Santa Cruz Biotechnology) or 2 �g rabbit IgG at 
room temperature for 1 hr, followed by a 1-hr incubation with labelled
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oligonucleotides at 4�C. The gel was dried under vacuum at 80�C, exposed
on X-OMAT film and subsequently developed.

Immunohistochemistry

Tumour samples from 15 patients with endometrial epithelial cancer and
15 patients with ovarian epithelial cancer were collected for immunohis-
tochemical evaluation. Normal endometrial and ovarian tissues from 
23 pre- and post-menopausal women who underwent operative treat-
ment due to pelvic organ prolapse were sampled as a control. We also
collected as control endometrial samples from 10 normally cycling
women with no history of gynaecologic diseases. Normal kidney tissue
was used as positive control for WT1 expression. Haematoxylin and
eosin slides were reviewed in each case and histologic diagnosis was
confirmed using accepted criteria. Immunohistochemical staining was
performed on formalin-fixed paraffin sections using streptavidin-biotin-
peroxidase complex method. The primary antibodies used in this study
were WT1 (C19) rabbit polyclonal antibody (Santa Cruz Biotechnology)
and HOXA10 (sc-17159) goat polyclonal antibody (Santa Cruz
Biotechnology). WT1 and HOXA10 antibody were used at a dilution 1:500
and 1:2500, respectively. Samples were deparaffinized, rehydrated and
boiled in 0.01 M citrate buffer (ph 6.0). After endogenous peroxidase
activity had been blocked, the sections were incubated with normal goat
or normal horse serum to reduce non-specific binding. They were then
incubated with a primary antibody or control non-immunized animal
serum at 4�C overnight. After washing, the sections were incubated with
biotinylated goat anti-rabbit or horse anti-goat IgG, then with peroxidase-
conjugated streptavidin. They were stained with diaminobenzidine and
counterstained with haematoxylin.

Statistical analysis

The Student’s t-test was used for statistical evaluation.

Results

HOXA10 expression in normal endometrium, 
kidney and in epithelial uterine 
and ovarian tumours

To evaluate HOXA10 expression in above-mentioned tissues, we
performed immunohistochemistry. As previous reported,
HOXA10 expression in normal endometrium undergoes charac-
teristic changes through the menstrual cycle [13, 14]. Glandular
expression was low in the proliferative phase (Fig. 1A) and
increased in the secretory phase (Fig. 1B). However, there was no
HOXA10 expression in endometrium obtained from post-
menopausal subjects nor in normal kidney (Fig. 1C and D,
respectively). Further immunostaining of endometrioid uterine
tumours revealed HOXA10 expression in low grade (G1) tumours
(Fig. 1E). In contrast, G3 (high grade) endometrioid tumours did

not express HOXA10 (Fig. 1F). In mucinous ovarian carcinomas,
we observed HOXA10 expression, but not in serous adenocarci-
noma (Fig. 1G and H, respectively). These results confirm previ-
ous reports of HOXA10 expression in benign endometrium, in
well differentiated endometrial carcinomas and in those ovarian
tumours which histologically resemble tissues that normally
expresses HOXA10 [11].

Defining an epithelial Müllerian HOXA10 enhancer

Despite the known function of HOXA10 as transcription factors,
few cis- or trans-regulators of HOX gene expression in the repro-
ductive tract are known. Based on our correlative immunohisto-
chemical data, we analysed the promoter region of HOXA10 for a
potential enhancer that drove the expression of HOXA10 in epithe-
lial cells, including endometrioid and ovarian carcinomas. We uti-
lized transient transfection and luciferase assays using pGL3 basic
to search for potential epithelial enhancer elements. Ishikawa, 293
T and HESC lines were used for the transfection and luciferase
assay [15]. The cells were also transfected with a Renilla
luciferase expression construct as a control for transfection effi-
ciency; Luciferase activity was normalized to Renilla activity.

A series of nested deletions identified a potential epithelial
enhancer element, which drove expression of HOXA10 in gynae-
cologic epithelium. This enhancer element occupied the
�965/�563 bp region of the HOXA10 promoter. In Ishikawa cells,
normalized luciferase expression was increased five-fold when
driven by the enhancer element relative to pGL3 (P � 0.0001).
(Fig. 2A). The enhancer element also drove reporter gene expres-
sion in 293 T cells. Normalized luciferase activity driven by the
enhancer element was increased four-fold (P � 0.0001). (Fig. 2A).
There was no difference between reporter activity driven by pGL3
basic and the epithelial enhancer in HESC, a non-epithelial uterine
cell line (Fig. 2A). We identified a HOXA10 enhancer that drove
constitutive expression in epithelial cells.

Inclusion of larger regions of the HOXA10 promotor resulted in
loss of epithelial enhancer activity due to the presence of a puta-
tive repressor site or sites. A plasmid consisting of the larger
�965/�33 bp region of the HOXA10 promoter, designated P1,
containing both the epithelial enhancer as well as the putative
repressor region, prevented and repressed enhancer element-
driven gene expression in 293T cell lines (Fig. 2A). In 293T cells,
inclusion of this repressor region diminished expression to one-
third of that obtained using the epithelial enhancer construct (P �

0.0001). Similarly P1 repressed enhancer element-driven expres-
sion in Ishikawa cells by approximately 75% (P � 0.0001). There
was no difference between lucifease expression driven by P1 and
that driven by the enhancer element in HESC (where the epithelial
enhancer was inactive alone) (P � 0.05) (Fig. 2A). These data
identify a repressor region, located between �562 and �33 bp of
HOXA10 promoter. The repressor was activated in Ishikawa and
293 T cell line, but not in the HESC line. Although the enhancer
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element resulted in promiscuous expression in epithelial cells, the
repressor element restricted this expression to the cell types that
normally expresses HOXA10 in vivo. Taken together the results
suggested that restriction of HOXA10 expression to a subset of
gynaecologic epithelial malignancies is regulated by a repressor
that binds this element.

Identification of a HOXA10 repressor

To identify the putative repressor of HOXA10 that binds the
�562/�33 region of HOXA10 promoter, we performed sequence
analysis. Using MatInspector browser (Genomatix), we identified
two putative binding sites for Wilms’ tumour suppressor (WT1) in

Fig. 1 Nuclear HOXA10 expression in normal genitourinary tract tissues and in endometriod and ovarian carcinomas. (A) Proliferative endometrium;
(B) secretory endometrium; (C) post-menopausal atrophic endometrium; (D) kidney; (E) G1 endometrioid carcinoma; (F) G3 endometrioid carcinoma;
(G) mucinous ovarian carcinoma; (H) serous ovarian carcinoma. Photographs taken at 400–600 � magnification.

Fig. 2 (A) Normalized luciferase/renilla ratio after pGL3 basic, enhancer element and P1 plasmid transfection of 293T, Ishikawa and HESC lines. The
unshaded bars represent luciferase activity after transfection with the pGL3 basic vector as a control. The black bars demonstrate significantly increased
expression driven by the enhancer element. The grey bars represent luciferase activity driven by the P1 element. (B) The human HOXA10 5� regulatory
elements were amplified by PCR and cloned into pGL3 basic vector. The HOXA10 epithelial enhancer is closely linked to a WT1 inducible repressor. Binding
site 1 (bs 1, �98/�82): 5�-CGGTGCGGGGGGATTGC-3� Binding site 2 (bs 2, �316/�300): 5�-CCAGGCCCCCCACCAGC-3�. (C) WT1 protein expression
in 293T, Ishikawa and HESC lines. Western blot was performed using rabbit polyclonal WT1 antibody (C19). Actin was used as control for loading.
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the repressor region located in �98/�82 (bs 1) and �316/�300
(bs 2) of HOXA 10 promoter (Fig. 2B).

One putative binding site (BS1) had a core similarity 95.3%
and matrix similarity 95.4%. The second binding site (BS2) pos-
sessed similar characteristics; the core similarity of BS2 was
100% and matrix similarity 93.7%.

To evaluate WT1 expression, we performed Western blotting.
WT1 protein was expressed in both the Ishikawa and 293 T cell
lines, but not in HESC (Fig. 2C). WT1 expression correlated with
the cell lines that showed both HOXA10 expression and repression
of P1-driven reporter gene activity and suggested the involvement
of WT1 in HOXA10 repression.

WT1 expression profile in normal endometrium,
kidney and in epithelial uterine, ovarian tumours

We evaluated WT1 expression in normal endometrium, kidney
and in gynaecologic malignancies. In proliferative endometrium,
WT1 was expressed in epithelial cells (Fig. 3A). In normal 
secretory endometrium, there was no glandular WT1 staining
(Fig. 3B). In normal endometrium from post-menopausal sub-
jects and in normal kidney WT1 immunoreactivity was prominent
(Fig. 3C and D). In G1 endometrioid carcinoma, there was no
WT1 staining, in contrast to G3 endometrioid carcinomas, where
there was abundant WT1 expression (Fig. 3E and F). In serous
adenocarcinoma, WT1 was also expressed, but not in mucinous
adenocarcinomas (Fig 3G and H). These immunohistochemical
data inversely correlated with our previous HOXA10 immunos-
taining results. There was a clear inverse relationship between
HOXA10 and WT1 expression in epithelial tissues, suggesting 
a role for the putative WT1 binding sites identified above in
HOXA10 repression.

WT1 binds and represses the HOXA10 promoter

To determine whether WT1 binds the putative sites identified
above, we performed EMSA. We created four 30 bp probes. Two
probes contained each of putative WT1 binding sites (probe 1 and
probe 2); in addition to two probes, contained a mutated version
of each of the WT1 binding sites (probe 1M and probe 2M).
Mutation design was performed using GEMS Launcher
(Genomatix) in a manner that neither created nor deleted other
known transcription factor binding sites. In binding site 1, we cre-
ated three-point mutations, G-92A, T-85A, G-83C. In binding site
2, two point mutations were created, C-308A, C-310A. Mutations
were confirmed by sequencing.

Probes 1 and 2, each containing one of the native WT1 puta-
tive binding sites, bound to nuclear extract (N) and cause shifted
complex as shown in Fig. 4. To confirm the specificity of binding,
we added 50-fold molar excess of unlabelled probe, which
resulted in decreased binding (Fig. 4 lanes labelled ‘C’). To deter-
mine the presence of WT1 in protein-DNA complexes, we added 
2 �g WT1 (180) rabbit polyclonal antibody and used 2 �g rabbit
IgG as a control. A supershifted complex was absent when using
the control rabbit IgG, however, was observed after adding WT1
antibody (Fig. 4: Ig indicates rabbit IgG control; W indicates anti-
WT1). The mutated probes 1M and 2M lost the ability to bind to
nuclear extract and failed to result in a shifted complex in the 
presence of nuclear extract (Fig. 4). These findings confirm the
binding of WT1 to sites identified �98/�82 bp and �316/�300 bp
upstream of HOXA10 promoter.

In order to test the effect of loss of WT1 binding on expression
driven by this element, we evaluated the mutated constructs in
luciferase reporter assays. We termed the mutated construct P2
which was identical to P1 plasmid except for mutation of both
WT1 binding sites. Transfection results demonstrated that the

Fig. 3 Nuclear WT1 expression in normal genitourinary tract tissues and in endometriod and ovarian carcinomas. (A) Proliferative endometrium; (B)
secretory endometrium; (C) post-menopausal atrophic endometrium; (D) kidney; (E) G1 endometrioid carcinoma; (F) G3 endometrioid carcinoma; (G)
mucinous ovarian carcinoma; (H) serous ovarian carcinoma. Photographs taken at 400–600 � magnification.

Fig. 4 Radiolabelled Probe 1 (WT1 binding site 1) and probe 2 (WT1
binding sites 2) were used to demonstrate WT1 binding to the HOXA10
regulatory element using EMSA. 0 represents probe alone, N indicates
addition of nuclear extract, whereas C represents addition of 50-fold
molar excess unlabelled (cold) competitor to the probe and nuclear
extract. Both probes 1 and 2 bound a protein from the WT1 containing
nuclear extract. Probe 1M (mutated WT1 binding site 1) and probe 2M
(mutated WT1 binding site 2) each failed to bind to any component of the
nuclear extract. Probe 1 (WT1 binding site 1) and probe 2 (WT1 binding
site 2) each bind WT1. Rabbit IgG was used as a control (Ig). We demon-
strated a supershifted complex (*) with the addition of anti-WT1 IgG.
Arrow indicates non-specific shift. Arrowhead indicated WT1 binding. 
* indicates supershifted complex in the presence of anti-WT1 antibody.



J. Cell. Mol. Med. Vol 13, No 11-12, 2009

4529© 2008 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

mutated plasmid P2 drove luciferase activity to a level more than
double that driven by P1 in the 293 T cell line (P � 0.0001) (Fig. 5A).
In Ishikawa cells, the loss of repression after mutation of the WT1
binding sites was less pronounced than in 293 T cells; however,
the same pattern was observed (P � 0.0001). Loss of WT1 bind-
ing resulted increased reporter activity.

To further determine the functional activity of WT1 on the
HOXA10 repression, we co-transfected cells with either the P1 or
P2 plasmid and with either control or WT1 siRNA. WT1 SiRNA
treatment resulted in a profound decrease of WT1 expression in
the 293 T cell line (Fig. 5B). Transient transfection, using the P1
reporter construct containing both the epithelial enhancer and the
native WT1 repressor, resulted in increased normalized luciferase
activity when using WT1 siRNA compared to control siRNA (P �

0.0001) (Fig. 5C). As P1 comprises �965/�33 bp of HOXA10
promoter containing both WT1 binding sites and the epithelial
enhancer, the data demonstrating the functional regulation of this
element by WT1. The P2 plasmid, with both WT1 binding sites
mutated, did not demonstrate differential luciferase activity after
WT1 siRNA transfection (P � 0.05). Taken together, these data
demonstrate that both WT1 and the WT1 binding sites are
required for repression of the HOXA10 promoter.

Discussion

HOX genes encode regulatory proteins containing a highly con-
served 61-amino acid motif, the homeodomain, which enables
HOX proteins to bind to DNA specifically and transcriptionally acti-
vate or repress their target genes [16, 17]. HOX genes control cell
growth and differentiation during embryonic development.
Aberrant regulation of many homeobox genes has been demon-
strated in a wide variety of tumours including haematologic,
gynaecologic and breast malignancies [12, 18–20]. This abnormal
regulation leads to altered cell differentiation.

HOXA10 is one of the Abdominal-B-like HOX genes. In addition
to regulating the developing uterus, HOXA10 expression is impor-
tant for adult endometrial development and suggests a dynamic
role of HOXA10 in differentiation of adult tissues as well. In
endometrial carcinoma, loss of HOXA10 expression in poorly dif-
ferentiated endometrial carcinomas strongly and inversely corre-
lates with increasing tumour grade [12]. Tumour dissemination in
nude mice and invasive behaviour of endometrial carcinoma cells
in vitro can be inhibited by enforced expression of HOXA10. These
data suggest a role for HOXA10 in regulating tumour differentia-
tion. Here we identified the molecular pathway by which HOXA10
is regulated in these tumours by WT1.

The Wilms’ tumour suppressor gene was the second tumour
suppressor gene cloned after the retinoblastoma gene [21].
Approximately 10–20% of all Wilms’ tumours carry mutations in
WT1 [21–24]. The WT1 gene is approximately 50 kb and encodes
multiple 52–56 kD protein isoforms generated via alternative
splicing, RNA editing and non-AUG translational initiation. The
proteins have a proline and glutamine-rich N-terminal domain and

Fig. 5 (A) Normalized luciferase/renilla ratio after P1 and mutated (M1)
plasmid transfection of 293T and Ishikawa cell lines. The unshaded bars
represent luciferase activity after transfection with the P1 element. The black
bars demonstrate significantly increased expression driven by the mutated
(M1) enhancer element. (B) WT1 protein expression in 293T cell lines after
WT1 and control siRNA transfection. (C) Normalized luciferase/renilla ratio
after co-transfection of P1 and P2 plasmid with WT1 and control siRNA in
293T cell lines. The unshaded bars represent luciferase activity after trans-
fection with the control siRNA. The black bars demonstrate significantly
increased activity after cotransfection with WT1 siRNA.
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a DNA/RNA-binding C-terminal domain containing four zinc finger
motifs that are similar to those found in the early growth response
family of transcription factors [21]. Depending on the tumour
type, WT1 can either function as tumour suppressor protein or as
survival factor, preventing differentiation and promoting neoplas-
tic progression [22]. Alterations in the WT1 gene expression have
been reported in several types of tumours, including endometrial
and ovarian cancer [25, 26]. There is a significant direct correla-
tion between WT1 expression and high histological grade as well
as with a trend towards a worse clinical outcome [26]. Similarly,
several investigators have demonstrated WT1 expression in ovar-
ian cancer. Shimizu et al. showed high expression of WT1 in
serous ovarian tumours and lower expression in endometrioid
ovarian adenocarcinoma [25]. Serous ovarian tumours do not
express HOXA10, whereas endometrioid do. These studies are
consistent with ours, showing a strong inverse relationship
between WT1 and HOXA10 expression. Here we demonstrated a
repressor region in HOXA10 promoter that contains two functional
WT1 binding sites, linking the expression of these two genes. Here
we show that WT1 functions not simply as a tumour suppressor
or survival factor, but rather as a determinant of tissue identity. It
performs this function by regulating HOX genes, well known as
the prototypical regulators of developmental identity.

In addition to a role in neoplasia, WT1 may also be required for
normal reproductive tract development. Patients with WAGR syn-
drome have mutations in WT1 and also have genital tract malfor-
mations [27]. Similarly, alternative splicing of WT1 mRNA can lead
to Frasier syndrome, manifestations of which include male
pseudohermaphroditism [28, 29]. Failure to repress the expres-
sion of HOX genes required for female reproductive tract develop-
ment would be expected to lead to anomalies in males and
females. WT1 is highly expressed in the genitourinary tract during

embryogenesis, however is down-regulated in many of these tis-
sues in the adult [30, 31]. This suggests that WT1 may initially
repress HOX gene expression until the onset of HOX-driven repro-
ductive tract patterning. WT1 expression in some reproductive
tract tumours may suppress epithelial HOX gene expression,
allowing developmental plasticity and altering mesenchymal/
epithelial identity.

Taken together, these findings suggest a novel regulatory
relationship in which HOXA10 is directly transcriptionally
repressed by WT1. Regulation of HOXA10 gene expression by
WT1 contributes to the differentiation of several tumour types
including endometrial and ovarian cancer. Although epithelial
ovarian cancers have traditionally been thought to derive from
the ovary, these tumours typically demonstrate histologic and
morphologic features of the Mullerian tract. This may reflect
Mullerian transformation of the ovarian surface epithelium or
alternatively a Mullerian origin of ovarian cancer [32].
Regardless of the origin of these cells, HOX genes have been
shown to regulate the morphologic differentiation of ovarian
tumours [33]. Inappropriate developmental programming by
altered regulation of HOX genes leads to ovarian and uterine tis-
sue gaining or loosing a Mullerian phenotype, respectively. Here
we demonstrate that WT1 regulates HOX gene expression in
these tissues, both physiologically and in cancer. WT1 regulates
tissue differentiation through direct regulation of developmental
control genes including HOX genes.
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