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Abstract
Background—The Wilms' tumor suppressor gene, wt1, encodes a zinc-finger protein, WT1, that
functions as a transcription regulator. Previous studies have suggested a contradictory role of WT1
in breast cancer development.

Materials and Methods—MCF10AT3B cells, a cell line derived from a xenograft model of
progressive human proliferative breast disease, were used to study WT1 function in early
development of breast cancer. A stable cell line was established from MCF10AT3B cells that
ectopically expressed the Wilms’ tumor suppressor, WT1. Western blot analysis, in vitro and in
vivo growth assays were used to study the effects of constitutive WT1 expression on malignant
progression of MCF10AT3B cells.

Results—WT1 expression had a profound effect on several aspects of the cell cycle machinery and
inhibited estrogen-stimulated and non-stimulated cell growth in vitro. In nude mice, WT1 expression
strongly suppressed estrogen-stimulated tumorigenesis of neoplastigenic MCF10AT3B cells.

Conclusion—WT1 plays an important role in maintaining normal growth of mammary epithelial
cells and dysregulated WT1 expression may contribute to breast cancer development.
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The Wilms’ tumor susceptibility gene, wt1, at chromosome locus 11p13 (1–3) encodes a C2-
H2-type zinc-finger protein, WT1. The protein has a predicted molecular weight of 52 to 54
kDa, depending on the presence or absence of two alternatively spliced exons (4).

The first report of an association between WT1 and breast cancer was from Silberstein et al.
(5). Using immunohistochemistry staining, this group demonstrated WT1 expression in
myoepithelial cells in the normal breast duct. However, reduced WT1 staining was seen in
60% of breast tumors, suggesting a correlation between the loss of WT1 expression and
mammary carcinogenesis. Laux et al. (6) and Huang et al. (7) used methylation-sensitive
restriction endonucleases to demonstrate aberrant methylation of the WT1 promoter and first
intron in breast cancer samples, further suggesting that down-regulation of WT1 is involved
in the carcinogenesis of breast cancer.

Previously, we reported that constitutive expression of WT1 reverts the transformed
phenotypes of MDA-MB-231 breast cancer cells (8), supporting the view that WT1 functions
as a tumor suppressor in breast cancer tumorigenesis. However, Loeb et al. (9), using more
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sensitive RT-PCR assays, demonstrated that WT1 was strongly expressed in primary
carcinoma but not in normal breast epithelium, leading these authors to conclude that WT1
may not have a tumor suppressor role in the tumorigenesis of breast cancer. In addition, Miyoshi
et al. (10) correlated high levels of WT1 expression with poor prognosis in breast cancer
patients. Zapata-Benavides et al. (11) reported that introduction of WT1 anti-sense oligos into
breast cancer cells led to growth inhibition, suggesting a growth-promoting role of WT1.
Therefore, the exact function of WT1 in the tumorigenesis of breast cancer remains
controversial.

Human breast cancer evolves in a progressive stepwise manner from benign hyperplasia
through atypical hyperplasia to carcinoma in situ (CIS) and eventually to invasive carcinomas
with the potential to metastasize. In the human female breast, a spectrum of histopathological
changes has been characterized as proliferative breast disease. The progression of proliferative
breast disease has been associated with increased risk for the development of invasive
carcinoma (12). Thus, the study of proliferative breast disease is likely to provide important
information about the molecular and cellular events in the early development of breast cancer.
The human cell line MCF10A originated from spontaneous immortalization of non-malignant
breast epithelium (13). MCF10A cells transfected with T24 Ha-ras mutant (designated as
MCF10AT) acquired the ability for xenograft growth in the dorsal flank of nude mice. The
MCF10AT3B cell line was established from a hyperplastic lesion formed by the third
generation transplant in nude mice. When xenografted into nude mice, the MCF10AT3B cells
form atypical hyperplasia, CIS and invasive carcinoma (14). Long-term transplant of
MCF10AT3B cells in nude mice produces lesions of various morphological types and grades,
resembling the morphological characteristics of progressive human proliferative breast disease
as well as in situ and invasive carcinoma (13,14).

Previously, most studies of WT1 function were performed in established breast cancer cell
lines. The biological function of WT1 in early development of breast cancer has not been
studied. Here, we investigated the role of WT1 in MCF10AT3B cells to test whether
constitutive expression of WT1 influences malignant progression of these cells in vitro and in
vivo.

Materials and Methods
Cell culture and establishment of stable cell lines

MCF10AT3B cells were obtained from Karmanos Cancer Institute (Detroit, MI, USA) and
maintained at 37°C in a 10% CO2 atmosphere in Dulbecco’s Modified Eagle’s Medium
(DMEM)/F12 medium supplemented with 5% horse serum, L-glutamine (2 mM), penicillin
(100 U/ml), streptomycin (100 µg/ml), hydrocortisone (0.5 µg/ml), insulin (10 µg/ml),
epithelial growth factor (EGF, 2 ng/ml), cholera toxin (0.1 µg/ml) and fungizone (0.5 µg/ml).
Cells were plated at a density of 1×105 cells per 60-mm dish and transfected 24 hours later
with an HA-tagged WT1 expression vector driven by the cytomagalovirus (CMV) promoter
in the mammalian expression vector pCB6+ as described elsewhere (15), using the FuGene6
transfection reagent (Roche Applied Sciences, Indianapolis, IN, USA). The empty expression
vector was also transfected into cells to serve as a control. Forty-eight hours after transfection,
the cells were re-plated and selected with 500 µg/ml of G418 (Invitrogen Corporation,
Carlsbad, CA, USA) for two weeks. The medium was changed every three days until colonies
appeared. More than 20 individual clones were then pooled and expanded to confirm expression
of WT1 by Western blot analysis. MCF10AT3B cells transfected with the empty expression
vector were used as a control.
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To examine cell growth, cells maintained in DMEM/F12 medium and 5% horse serum were
seeded at 1×103 cells per well in a 24-well plate and counted every day using a hemacytometer.
Three wells were examined for each time point.

For estrogen-stimulated cell growth assays, cells maintained in phenol red-free DMEM/F12
medium plus 2.5% charcoal-dextran stripped fetal calf serum (HyClone, Logan, UT, USA) for
three days were treated with 1 nM of 17β-estradiol (E2), or ethanol vehicle as a control.
Antiestrogens tamoxifen (1 µM, Sigma, St. Louis, MO, USA) or fulvestrant (ICI 182,780, 1
µM, Sigma, St. Louis, MO, USA) respectively were included in experiments. The cells were
seeded at 1×103 cells per well in a 6-well dish and counted after 12 days using a hemacytometer.
Three wells were used for each experiment and experiments were repeated three times.

Western blot analysis
Cells were washed with phosphate buffered saline (PBS) and lysed with lysis buffer [50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 0.25 mM EDTA pH 8.0, pH8.0, 0.1% sodium dodecyl sulfate
(SDS), 1% Triton® X-100, 50 mM NaF and protease inhibitor cocktail from Sigma, St. Louis,
MO, USA]. After adjustment to the same total protein content, cell lysates were analyzed by
Western blot analysis. Twenty micrograms of cell lysate were boiled for 5 minutes in SDS gel
loading buffer and separated on a 12% or 10% SDS-PAGE gel. After electrophoresis, the
proteins were transferred to a PVDF membrane (Bio-Rad Laboratories, Hercules, CA, USA).
The membranes were probed with different primary antibodies against p16 (N-20), p19
(M-167), p21 (F-5), p27 (C-19), cyclin A (BF683), cyclin B1 (GNS1), cyclin D1 (HD11) and
cyclin E1 (C-19) (Santa Cruz Biotechnology, Santa Cruz, CA, USA), HA-tag (Upstate
Biotechnology, Charlottesville, VA, USA) and affinity-purified rabbit polyclonal anti-ER-
α36 antibody generated as a custom service from Pacific Immunology Corp. Ramona, CA,
USA (15). The membranes were then incubated with appropriate HRP-conjugated secondary
antibodies, and visualized with enhanced chemiluminescence (ECL) detection reagents
(Amersham Pharmacia Biotech., Piscataway, NJ, USA). The same membranes were stripped
and reprobed with an antibody against β-actin (I-19) (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) to confirm equal loading.

Tumor formation assay in nude mice
For tumor formation assay in nude mice, forty-eight female athymic nude (nu/nu) mice were
purchased fromCharles River Laboratories (Wilmington, MA, USA). All mice were
ovariectomized and a 60-day release pellet containing 1.7 mg of 17β-estradiol (E2β; Innovative
Research of America, Sarasota, FL, USA) was placed under the skin of twenty-four mice. As
controls, placebo pellets (Innovative Research of America) were implanted into the remaining
twenty-four mice. One week before the injection, the culture medium of both cell lines, TG3B/
vector and TG3B/WT1 was switched to phenol red–free improved minimum essential medium
(IMEM) plus 5% charcoal-dextran-stripped fetal calf serum. Five days after implantation of
estrogen or placebo pellets, 1×107 cells of the WT1-transfected (TG3B/WT1) or empty vector-
transfected MCF10AT3B (TG3B/vector) cells suspended in 200 µl of sterile Matrigel (BD
Biosciences, San Jose, CA, USA) were subcutaneously injected into the mammary fat pad of
ovariectomized mice. There are four groups of mice, TG3B/vector−E2, TG3B/vector+E2,
TG3B/WT1−E2 and TG3B/WT1+E2.

Animals were monitored weekly, beginning at two weeks after the injection, to check the rate
of tumor growth by palpation weekly. Pellets were replaced at seven weeks. After 10 weeks,
all mice were sacrificed, tissues from the injection sites were dissected and lesions were
weighed with portions of each fixed in neutral buffered formalin and embedded in paraffin for
histological examination. Histological grading of lesions was performed as described
elsewhere (13,16,17). The categories were as follows: G0. no lesions were formed; G1. mild
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hyperplasia; G2. moderate hyperplasia; G3. atypical hyperplasia; G4. carcinoma in situ (CIS);
G5. invasive carcinoma. Each lesion was graded according to the most advanced morphological
pattern observed within it.

Results
Constitutive WT1 expression suppresses growth of MCF10AT3B cells in the presence and
absence of estrogen

To investigate the effects of constitutive WT1 expression on early development of breast
cancer, we established a stable cell line that expresses exogenous WT1 from MCF10AT3B, a
cell line derived from a xenograft model of progressive human proliferative disease (13,14).
We established a cell line (TG3B/WT1) from a mixture of more than 20 transfectants that
expressed high levels of recombinant WT1. A cell line pooled from a mixture of cells
transfected with the empty expression vector (TG3B/vector) was also generated. Both cell lines
were examined with Western blot analysis using an antibody against the HA tag. WT1 is highly
expressed in TG3B/WT1 cells compared with the control TG3B/vector cells (Figure 1A),
indicating we established a cell line that highly and constitutively expresses recombinant WT1.
We then examined the expression of cell cycle regulatory proteins in these two cell lines. The
cell cycle protein p19ARF expression was increased in TG3B/WT1 cells compared to TG3B/
vector cells, while expression of p16INK4, p21CIP1 and p27KIP1 were essentially without any
change. The expression of the important cell cycle regulator, cyclin D1 was dramatically
reduced in TG3B/WT1 cells compared with the control TG3B/vector cells. However,
expression levels of cyclin A and B1 were similar in these two cell lines, while cyclin E
expression was slightly increased in TG3B/WT1 cells. These results demonstrated that
constitutive WT1 expression had a profound impact on the expression of important cell cycle
regulators in pre-malignant mammary epithelial cells.

Previously, it was reported that expression of estrogen receptor-α (ER-α) is activated in cells
derived from the MCF10AT xenograft model (18,19). In our study, ER-α expression was not
detected using Western blot analysis in MCF10AT3B cells (data not shown). However, ER-
α36, a novel variant of ER-α, was highly expressed in TG3B/vector cells but down-regulated
in TG3B/WT1 cells.

To examine the influence of constitutive WT1 expression on cell growth, the TG3B/WT1 cells
and TG3B/vector cells were maintained under optimal growth condition and the growth rate
of each cell line was determined by counting the number of cells every day. TG3B/WT1 cells
exhibited a two-fold lower growth rate than the control TG3B/vector cells (Figure 1B). This
result indicates that the high levels of WT1 expression reduce the growth rate of pre-malignant
MCF10AT3B cells, consistent with the function of WT1 as a potent growth inhibitor.

It was reported that estrogen signaling stimulates malignant progression of the cells derived
from the MCF10AT model system (18,19). To test whether constitutive expression of WT1
also influences estrogen-stimulated cell growth in MCF10AT3B cells, TG3B/vector and
TG3B/WT1 cells were treated with 1 nM of 17β-estradiol (E2) or 12 days and cell number was
then counted. Estrogen treatment weakly stimulated growth of the control TG3B/vector cells,
consistent with the previous reports that MCF10AT cell variants respond to mitogenic estrogen
signaling (18,19). However, constitutive expression of WT1 strongly inhibited estrogen-
dependent cell proliferation at a similar efficiency as antiestrogens ICI 186, 780 and tamoxifen
(Figure 2).
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WT1 expression inhibits malignant progression of neoplastigenic MCF10AT3B cells
We then tested whether constitutive WT1 expression inhibits estrogen-stimulated progression
of the preneoplastic MCF10AT3B cells in nude mice. Ovariectomized female nude mice
supplemented with or without estrogen pellets were injected with control TG3B/vector and
TG3B/WT1 cells in the mammary fatty pad. In the absence of estrogen pellets, TG3B/vector
cells formed a few small lesions displaying histological characteristic of G0/1 or G2 after 10
weeks, which could be totally inhibited by WT1 expression (Figure 3). In the presence of
estrogen pellets, control TG3B/vector cells formed more and relatively large lesions with more
advanced grade of tumors (Figure 3), consistent with the previous reports that estrogen
signaling stimulates malignant progression of the cells derived from the MCF10AT series
(18,19). However, WT1 expression strongly suppressed estrogen-stimulated progression of the
preneoplastic MCF10AT3B cells; WT1 expression strongly reduced the frequency of lesion
formation, the size of lesions and the degree of dysplasia of MCF10AT3B cells in nude mice
(Figure 3).

Discussion
We used neoplastigenic mammary epithelial cells MCF10AT3B as a model system to study
the effects of WT1 expression on the early development of breast cancer. Our results from both
in vitro and in vivo assays demonstrated that constitutive WT1 expression strongly inhibits
estrogen-dependent and-independent proliferation and tumorigenesis of MCF10AT3B cells.
There was a good correlation between the inhibition of cell proliferation in vitro and the
inhibition of tumor progression in vivo. These data demonstrated that WT1 functions as a potent
tumor suppressor which might prevent initiation and progression of breast cancer.

Recently, Zapata-Benavides et al. (11) reported that the expression levels of WT1 were
correlated with cell proliferation of several lines of breast cancer cells and down-regulation of
WT1 expression using liposome-incorporated WT1 antisense oligonucleotides led to growth
inhibition of breast cancer cells. They concluded that WT1 contributes to breast cancer
malignancy by promoting breast cancer cell proliferation. These data conflict with our results
that forced expression of WT1 inhibits cell proliferation and abolishes tumorigenecity in
neoplastigenic MCF10AT3B cells. These conflicting results may be explained by the different
isoforms of WT1 studied. The WT1 gene undergoes alternative splicing at two different
positions; a 51-bp sequence encoded by exon 5 (Ex5) and a 9-bp sequence that results from
the use of an alternative 5’ splice junction in exon 9 leads to the inclusion of a tripeptide (Lys-
Thr-Ser, KTS) between zinc-fingers 3 and 4 (4). It was reported recently that induced
expression of the (−Ex5/−KTS) WT1 isoform, the same isoform we used in this study, resulted
in a G2-phase cell cycle arrest and a slow cell growth, whereas expression of the (+Ex5/+KTS)
WT1 isoform had no effect on cell growth but induced an epithelial-mesenchymal transition
(20). Different isoforms of WT could function differently either to promote or to inhibit
malignant growth of breast cancer cells.

In this study, we also found that expression of cyclin-dependent kinase (CDK) inhibitory
protein p19ARF was increased in WT-expressing cells TG3B/WT1 whereas expression of other
CDK inhibitors including p16INK4, p21CIP1, and p27KIP1 was unchanged. Previously, it was
reported that p21CIP1 is one of the target genes that is activated by WT1 (21), suggesting that
the mechanism by which WT1 regulates cell cycle progression is dependent on cell context.
WT1 may use a mechanism other than p21CIP1 induction in mammary epithelial cells to inhibit
cell proliferation. Our data would suggest that the CDK inhibitor, p19ARF, plays an important
role in growth inhibitory activity of WT1 in mammary epithelial cells.

In WT1-expressing TG3B/WT1 cells, cyclin D1 expression was dramatically reduced while
cyclin E expression was slightly increased compared to that of control TG3B/vector cells. WT1
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expression did not substantially affect the expression levels of two other cyclins, cyclin A and
B1. Cyclin D-CDK4/6 and cyclin E-CDK2 are key factors in the G1 checkpoint to promote
transition into the S-phase. Ectopic expression of cyclin D1 and E accelerates the G1/S
transition. Our results indicate an opposite expression pattern of these two proteins in
asynchronous cell populations. It has been reported that cyclin D and E may control two
different rate-limiting events (22). The cyclin E protein level has been shown to peak at the
G1/S boundary and to decline as the S-phase progresses (23) by degradation via the ubiquitin-
proteasome system (24). The down-regulated expression of cyclin D may arrest cells at a
specific checkpoint in the G1/S boundary, which accumulates cyclin E-expressing cells at that
specific point. These cells thus exhibited increased levels of cyclin E expression. These data
provide supporting evidence for the notion that the event of cyclin D1 regulation by WT1 is a
rate-limiting factor for the S-phase progression of the cell cycle in MCF10AT3B cells.

Furthermore, it has been reported that MCF10AT cells develop into atypical hyperplasia,
carcinoma in situ, or invasive carcinoma at a much greater frequency and in a relatively short
time when stimulated with estrogens (20), indicating that mitogenic estrogen signaling directly
promotes neoplastic progression of MCF10AT cells. In this study, we found that WT1
expression strongly inhibited estrogen-stimulated malignant progression of MCF10AT3B
cells, indicating that WT1 is involved in the regulation of estrogen-stimulated cell growth.

Recently, we have identified and cloned a 36-kDa novel isoform of estrogen receptor α (ER-
α36) that is generated from a promoter located in the first intron of the original 66-kDa ER-α
(ER-α66) gene (15). ER-α36 lacks both transcriptional activation domains (AF-1 and AF-2)
and localizes mainly on the plasma membrane and in the cytoplasm (15). ER-α36 functions
differently from previously discovered estrogen receptors by mediating membrane-initiated
estrogen signaling that strongly stimulates cell proliferation (15). Thus, ER-α36 is a novel and
important player of mitogenic estrogen signaling in mammary epithelial cells. In this study,
we observed that expression levels of ER-α36 were dramatically reduced in TG3B/WT1 cells
compared to control TG3B/vector cells, indicating that ER-α36 is a WT1 target gene down-
regulated by WT1. We recently cloned and characterized the promoter region of ER-α36 gene
and confirmed that there are two WT1-binding sequences located in the promoter region of
ER-α36 gene. It was previously reported that estrogen treatment induces WT1 expression in
ER-positive breast cancer cells (11), suggesting WT1 is involved in the regulation of mitogenic
estrogen signaling. This together with our data suggest that it is possible that WT1 may function
as a feedback regulator of estrogen signaling by directly suppressing ER-α36 expression.
Future study of ER-α36 function and its regulation by WT1 in mammary epithelial cells will
provide important information about the molecular mechanisms underlying estrogen-
stimulated early development of human breast cancer.
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Figure 1. WT1 expression influences expression of cell cycle regulators and inhibits the growth of
MCF10AT3B cells
A. Western blot analysis of the cell lysates from WT1-transfected TG3B/WT1 cells and control
TG3B/vector cells transfected with empty expression vector using different primary antibodies
as described in Materials and Methods. B. Growth rate of TG3B/WT1 cells and TG3B/vector
cells. The cells were seeded at 1×103 cells per well in a 24 well plate and counted every day
for eight days. Three wells were used for each experiment, which were repeated three times.
Data presented are means of three experiments and standard deviations (SD) for each point
were less than 10%.
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Figure 2. WT1 expression suppresses estrogen-stimulated cell growth in MCF10AT3B cells
TG3B/vector and TG3B/WT1 cells maintained in phenol red-free DMEM/F12 medium
containing 2.5% charcoal/dextran-stripped fetal calf serum were seeded at a density of
1x×103 cells per well in a 6-well dish and treated with 1 nM 17β-estradiol (+E2), or ethanol
vehicle as controls (vehicle). After incubation with E2 for 12 days, cells were trypsinized and
counted. Antiestrogen, 1 µM of tamoxifen (TAM) or ICI 182, 780 (ICI) was included in control
experiments, respectively. Three wells were used for each experiment, which were repeated
three times. SD for each point is also shown.
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Figure 3. Frequency of lesions with different grades formed by TG3B/vector and TG3B/WT1 cells
injected in control and estrogen-supplemented nude mice
Cells (1×107) suspended in 200 µl of Matrigel were subcutaneously injected into the mammary
fat pad of ovariectomized mice supplemented with placebo (−E2) or E2 pellets (+E2) and
maintained for 10 weeks. Tissues from the injection sites were processed and scored as
described in Materials and Methods.
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