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b-Catenin can function as an oncogene when it is translocated to
the nucleus, binds to T cell factor or lymphoid enhancer factor
family members, and transactivates its target genes. In this study,
we demonstrate that cyclin D1 is one of the targets of b-catenin in
breast cancer cells. Transactivation of b-catenin correlated signif-
icantly with cyclin D1 expression both in eight breast cell lines in
vitro and in 123 patient samples. More importantly, we found that
high b-catenin activity significantly correlated with poor prognosis
of the patients and was a strong and independent prognostic
factor in breast cancer. Our studies, therefore, indicated that
b-catenin can be involved in breast cancer formation andyor
progression and may serve as a target for breast cancer therapy.

Cyclin D1 overexpression has been found in '50% of patients
with breast cancer (1, 2), whereas gene amplification ac-

counted for only 15–20% of these cases (3). Therefore, other
mechanisms such as up-regulation of gene transcription must
have played a substantial role in the overexpression of cyclin D1.
By analyzing the promoter region of cyclin D1, we identified a
perfect T cell factor 4 (Tcf4)-binding site (CTTTGATC) located
between nucleotides 280 and 273, suggesting the potential
involvement of the b-cateninyTcf4 pathway in the regulation of
cyclin D1 expression. b-Catenin was first found to be a cell–cell
adhesion molecule. However, recent studies have indicated that
b-catenin also could be translocated to the nucleus, where it
binds to Tcfylymphoid enhancer factor (Lef) architecture factor
family members and activates genes whose promoters contain
the binding sites for TcfyLef (4–6).

Several mechanisms have been reported to cause this dereg-
ulation, including deletion of the adenomatous polyposis coli
(APC) gene, mutation of b-catenin, and activation of the Wnt
pathway (7). Although deletion of APC and mutation of b-cate-
nin have been found in many types of cancers (7), so far no such
defects have been reported in breast cancer. However, many
studies have indicated a possible role for the Wnt pathway in
breast cancer. For example, mouse Wnt1, Wnt3, and Wnt10b
have been found to be among the oncogenes activated by the
insertion of mouse mammary tumor virus (MMTV) (8, 9).
Mammary hyperplasias also have occurred in Wnt1 transgenic
mice (10). In addition, several members of the Wnt family have
been shown to induce cell proliferation (11, 12). Moreover, the
expression of different Wnt members has been reported to
correlate with abnormal cell proliferation in human breast
tissue, suggesting the possible involvement of Wnt and the
b-catenin pathway in breast cancer (13–15).

Materials and Methods
Cell Lines and Transfections. All cell lines were obtained from the
American Type Culture Collection and maintained in DMEMy
F-12 (HyClone) with 10% (volyvol) fetal bovine serum. Tran-
sient transfections were performed by using DC-Chol liposome
provided by Leaf Huang, University of Pittsburgh. In brief,

exponentially growing 293 cells and MCF7 cells were cultured in
six-well plates and transfected with 0.4 mg of reporter, 0.2 mg of
pCMVbGal control, and 1 mg of effector constructs or different
amounts of b-catenin expression vectors in the dose-dependent
experiment or transfected with the control vector pcDNA3
(Invitrogen). The b-catenin, GSK-3b (16), and dnTcf4 effector
plasmids have been described (4). Luciferase assays were per-
formed 40 h after transfection and normalized through b-galac-
tosidase activity. Each assay was performed triplicate. The
b-catenin stable cell lines were generated by transfecting the 293
cells with the b-catenin phosphorylation mutant (S45Yb-
catenin). Individual clones were selected for resistance to 500
mgyml G418 (Geneticin, GIBCOyBRL).

Western Blot Analysis. Cell lysates were separated by SDSyPAGE
and transferred onto the nitrocellulose membrane. Protein levels
were determined by using antibodies that recognized myc-tagged
b-catenin, cyclin D1 (purchased from NeoMarkers, Union City,
CA), and a-actin (purchased from Oncogene Science).

Gel Mobility Shift Assays. The gel-shift assays for b-cateninyTcf4
were performed as described (4). Extracts were prepared from
intact nuclei of different breast cancer cell lines. The probe was
a double-stranded 15-nt oligomer, CCCTTTGATCTTACC; the
control oligomer was CCCTTTGGCCTTACC. The binding
reaction contained 5 mg of nuclear protein, 10 ng of radiolabeled
probe, and 1 mg of poly(dIdC) in 25 ml of binding buffer (60 mM
KCly1 mM EDTAy1 mM DTTy10% glycerol). Samples were
incubated on ice for 30 min, and the probes were added and
incubated further at room temperature for 30 min. The b-cate-
ninyTcf4 bands were confirmed by the competition assays with
the excess of cold wild-type or control oligomers and by com-
paring the complexes derived from the nuclear extract of 293
cells and its b-catenin transfectants.

Immunohistochemical Staining. Immunohistochemical staining
was done by using a modification of the avidin–biotin complex
technique described previously (17). The results were analyzed
and confirmed by two individuals.

Results
Up-Regulation of Cyclin D1-Promoter Activity and the Protein Expres-
sion by b-Catenin. We first sought to determine whether cyclin D1
could be transcriptionally regulated by b-catenin. We found that
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transient transfection of exogenous human b-catenin in human
embryonic kidney 293 cells could activate a cyclin D1 reporter,
containing 1,745 bp of the cyclin D1 promoter, up to 11-fold in
a dose-dependent manner (Fig. 1A). This activation was blocked
when various inhibitors of the b-cateninyTcf4 pathway were
coexpressed such as APC, GSK-3b, and a dominant negative
mutant of human Tcf4 (dnTcf4) (Fig. 1B) (18). We chose the 293
cell line to perform our studies because of its low background of
b-catenin activity and its previous use for studying the response
to b-cateninyTcf4-mediated transcription (19).

To confirm that the Tcf4 site on cyclin D1 promoter was
responsible for the activation by b-catenin, we used a deletion
construct containing 163 bp of the cyclin D1 promoter as the
reporter. Many known transcription factor binding sites had
been eliminated from this construct, but it still contained the
putative Tcf4 site (2163CD1LUC). As shown in Fig. 1C, ex-
pression of b-catenin activated this reporter to a similar extent,
suggesting that the responsive element remained within this
deletion construct. When the Tcf4 site was mutated so that the
AT was changed to GC at nucleotides 275 and 273
(163CD1LUCm), b-catenin no longer sufficiently activated the
cyclin D1 gene promoter. These data indicated that the putative
Tcf4 site located at 280 to 273 was responsible for the b-cate-
nin-mediated transactivation of the cyclin D1 promoter. In
addition to transient transfection, we also generated a stable cell
line by transfecting the 293 cells with the b-catenin phosphor-
ylation mutant (S45Yb-catenin). This mutant has been shown to
resist degradation and to increase its activity to transactivate
b-cateninyTcf4-dependent transcription (19). As shown in Fig.
1D, cyclin D1 protein expression in both individual stable
transfectants was substantially increased (lanes 1 and 2) com-

pared with the vector control cells (lane 3) and the parental cells
(lane 4).

Correlation Between Cyclin D1 Expression and b-CateninyTcf4 Activity
in Breast Cancer Cell Lines. After identifying cyclin D1 as the target
gene for b-catenin, we next asked whether b-catenin played an
important role in up-regulating the expression of cyclin D1 in
breast cancer. We first tested this possibility in breast cancer cell
lines in vitro. Eight breast cancer cell lines were chosen to
compare their cyclin D1 expression level and their b-cateniny
Tcf4 activity. We used reporter constructs that contained three
repeats of wild-type (TOP) or mutant (FOP) Tcf4-binding sites
(4) to determine the transactivational activity of endogenous
b-cateninyTcf4. Higher ratios of these two reporter activities
(TOPyFOP) indicated a higher b-cateninyTcf4 activity. As
shown in Fig. 2A (Top and Middle), cyclin D1 expression in breast
cancer cells highly correlated with the b-cateninyTcf4 activity.
The eight cell lines tested could be roughly divided into three
groups. BT549 and HBL100 cell lines, which expressed almost no
detectable cyclin D1, had the background transactivating activity
of b-cateninyTcf4 (TOPyFOP 5 1). In contrast, MCF-7, which
expressed the highest level of cyclin D1 protein, had the most
significant b-cateninyTcf4 activity (TOPyFOP 5 10). In the
other five cell lines, cyclin D1 expression was consistently
moderate, as were b-cateninyTcf4 activities. By linear regres-
sion, we demonstrated that cyclin D1 expression indeed was
proportionally correlated with b-cateninyTcf4 activity (r 5
0.97). In addition to the reporter assay, we also confirmed the
b-cateninyTcf4 activity by gel-shift assay. Consistent with re-
porter activity and cyclin D1 expression levels, b-cateninyTcf4-
binding activity was not detectable for either BT549 or HBL100

Fig. 1. Up-regulation of cyclin D1 promoter activity and the protein expression by b-catenin. (A) The 293 cells were transfected with 0.4 mg of cyclin D1 reporter
(21745CD1LUC) along with increasing amounts of the wild-type human b-catenin expression plasmid. (B) Cells were transfected with 0.4 mg of cyclin D1 reporter
(21745CD1LUC) with 1.0 mg of b-catenin expression plasmid and 1.0 mg of different negative b-cateninyTcf regulators or with control pcDNA3 plasmid. (C) Cyclin
D1 reporters (0.4 mg) (21745CD1LUC, 2163CD1LUC, and its mutant, 163CD1LUCm, which had an AT to GC change at nucleotides 275 and 274) and 1.5 mg of
b-catenin expression plasmid were transfected into 293 cells. (D) The whole cell lysate of 293 cells, 293 cells transfected with empty vector, and two
constitutively-activated b-catenin stable transfectants were separated by SDSyPAGE and analyzed by Western blotting with antibodies that recognized
myc-tagged b-catenin, cyclin D1 (purchased from NeoMarkers), and a-actin (purchased from Oncogene).
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cells and was detected most strongly in MCF-7 cells as shown in
Fig. 2 A Bottom.

To further address whether cyclin D1 promoter activity is
indeed regulated by b-catenin in these breast cancer cell lines, we
cotransfected the cyclin D1 reporter with different negative
regulators of the b-cateninyTcf4 pathway in MCF-7 cells. As
shown in Fig. 2B Top, the reporter activity of cyclin D1 promoter
was significantly reduced. This reduction of activity could be
reversed when b-catenin was coexpressed (data not shown). In
contrast, cyclin D1 reporter activity was not affected by the
expression of APC, GSK-3b, or dnTcf4 in HBL100 cells in which
both b-catenin activity and cyclin D1 expression were low (Fig.
2B Bottom). Our data, therefore, support a substantial role for
b-catenin in activating cyclin D1 expression in breast cancer
cells.

Correlation Between Activated b-Catenin and Cyclin D1 Overexpres-
sion and Their Association with Poor Patient Survival Rate. Because
cyclin D1 overexpression has been well-documented in patients
with breast cancer, we next sought to clinically verify whether
b-catenin activity truly contributed to the cyclin D1 overexpres-
sion in breast cancer tissues. We determined both cyclin D1
expression and b-catenin activity in 123 primary human breast
cancer tissues (age: 26–87 years old; medium: 48 years old) by
immunohistochemical staining (Fig. 3A). We determined b-cate-
nin activity by its subcellular localization (20, 21). It has been well
documented that accumulated b-catenin in cytoplasm andyor
the nucleus increased when cells had stabilized b-catenin and,
consequently, the activated b-cateninyTcf4 activity. In contrast,
b-catenin was localized solely at the plasma membrane of cells
when its transactivation activity was low. We also have confirmed
the correlations between the b-catenin localization and its
transactivation activity in various breast cell lines listed in Fig. 2
(data not shown).

As shown in Table 1, the subcellular localization of b-catenin
and cyclin D1 was significantly correlated based on the analysis
by Spearman rank correlation (r 5 0.6, P , 0.001). The samples
stained as either high b-catenin activity with high cyclin D1
expression (40%) or low b-catenin activity with negative cyclin
D1 staining (37%). It is worthwhile to mention that, among the
53 cases staining positive for cyclin D1, 49 cases (92%) were
positive for b-catenin activity (stained in cytoplasmynucleus).
Thus, the correlation between these two molecules in the
primary tumor samples was consistent with our in vitro data from
the breast cancer cell lines (Fig. 2 A). Therefore, we believe that
high b-catenin activity may significantly contribute to cyclin D1
overexpression in breast cancer. These results not only supported
our molecular data described above but also further strength-
ened their clinical biological significance.

More importantly, when the prognostic significance was as-
sessed by Kaplan-Meier analysis and log-rank test, we found that
both cyclin D1 overexpression and activated b-catenin were
associated with a poorer prognosis and were negatively corre-
lated with patient survival rates (P 5 0.033 and P , 0.001,
respectively) (Fig. 3B).

To determine whether activated b-catenin was independent of
other known prognostic factors in prognosis, multivariate anal-
yses for survival rate were also performed. We found that
activated b-catenin was a strong prognostic factor that provided
additional and independent predictive information on the pa-
tient’s survival rate even when other prognostic factors (lymph
node metastasis, estrogen receptor and progesterone receptor
status, and tumor size) were taken into account (P 5 0.001).
Cyclin D1 overexpression was also an independent prognostic
factor. However, when multivariate analysis was performed
including only cyclin D1 expression and b-catenin activity, cyclin
D1 was no longer an independent prognostic factor (the P values
for cyclin D1 and b-catenin activity were P 5 0.457 and P ,

Fig. 2. Correlation between cyclin D1 expression and b-cateninyTcf4 activity in
breast cancer cell lines. (A) Cell lysates from different breast cell lines were
separated by SDSyPAGE and analyzed by Western blotting with antibodies,
which recognized cyclin D1 and a-actin (Top). The relative b-cateninyTcf4 activity
indifferentcell linesweredeterminedbytheTOPyFOPluciferaseactivities ineach
cells (Middle). The density of cyclin D1 bands were quantitated (by NIH IMAGE, an
analyzing software) and plotted with b-cateninyTcf4 activity (TOPyFOP) with the
r 5 0.967 by linear regression. Also, the DNA-binding activities of b-cateninyTcf4
were determined by gel-shift assay as described previously (Bottom) (4). Lanes
1–8 show the b-cateninyTcf4-binding activity in indicated cell lines. Lanes 9–12
are the controls to demonstrate the specific binding. Lane 9 and 10, the same as
lane 8 except 60-fold excess of wild-type (lane 9) or the mutant (lane 10) cold
oligonucleotide was added; lane 11, nuclear extract was from the 293 vector
control line; lane 12, nuclear extract was from 293 b-catenin stable line. (B) MCF-7
cells (Top) or HBL100 cells (Bottom) were cotransfected with cyclin D1 reporter
(21745CD1LUC) with different negative b-cateninyTcf regulators or with the
control pcDNA3 plasmid. The absolute luciferase activity of cyclin D1 reporter
alone in MCF-7 cells was '7-fold higher than that in HBL100 cells.
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0.001, respectively). These results were consistent with the model
that cyclin D1 overexpression could be caused by activated
b-catenin in breast cancer and consequently correlated to the
prognosis.

Discussion
Our studies demonstrated that b-catenin was a poor prognostic
marker in human cancer and was implicated in human breast
cancer. How b-catenin activity is up-regulated in breast cancer
is not clear at this moment. It is possible that activated Wnt

pathway may contribute to this up-regulation (13–15). It requires
further studies to elucidate the detail mechanisms.

In the past, b-catenin pathway has been studied mainly in
colon carcinoma. Almost 100% of colon cancers have either
mutated b-catenin or deleted APC, which is expectedly to
activate the b-catenin pathway. In fact, during the time period
of our studies, two groups identified cyclin D1 as the b-catenin
target in colon carcinoma (22, 23). However, it is worthwhile
to mention that cyclin D1 overexpression has been found in
only '30% of colon cancer (24, 25), which might not be
consistent with almost 100% deregulation of the b-catenin
pathway, suggesting that the overexpression of cyclin D1 in
colon cancer may be more complicated than purely up-
regulation by b-catenin. Here, we showed that cyclin D1 was
one of the targets for b-catenin in breast cancer. More
importantly, we demonstrated the significant role of activated
b-catenin in breast cancer both by molecular studies in cell
culture and by clinical studies on breast tumor samples.
Consistent with these findings, our studies provide strong
evidence supporting the biological significance and clinical
relevance of this pathway in human breast cancer. In contrast
to colon carcinoma, the strong correlation between b-catenin
activity and cyclin D1 expression was found in both breast
cancer cell lines and breast patient tissue samples. Thus, the
data presented in this study may open a new direction in the
research of breast cancer involving both cancer formation and
progression and provide an opportunity for development of
potential therapy by blocking the b-cateninyTcf4 pathway in
breast cancer cells.

B

A

Fig. 3. Correlation between activated b-catenin and cyclin D1 overexpression and their association with poor patient survival rate. (A) Breast cancer tissue
stained with b-catenin antibody (a, cytoplasmynucleus; b, membrane) and cyclin D1 antibody (c, overexpression; d, negative). The right panels (e–h) showed the
respective negative controls for a-d using PBS instead of primary antibodies. (B) Kaplan-Meier analysis for survival correlated with the subcellular localization
of b-catenin (Top) and cyclin D1 expression (Bottom). The medium of follow-up of patients was 48 months.

Table 1. Immunoreactivity of b-catenin and cyclin D1 in surgical
specimens of breast cancer

b-Catenin staining

Cyclin D1 staining

Negative
(n 5 70)

Positive
(n 5 53) Total

Cytoplasm/nucleus 25 (20%) 49 (40%) 74 (60%)
Membrane only 45 (37%) 4 (3%) 49 (40%)
Total 70 (57%) 53 (43%) 123 (100%)

The 123 surgical specimens of breast cancer were stained with either
b-catenin antibodies (purchased from Transduction or Santa Cruz Biotechnol-
ogy) or cyclin D1 antibody (NeoMarkers) as shown in Fig. 3A. The expression
patterns of these two molecules in the samples from each patient were
determined and summarized. Correlation of subcellular localization of b-cate-
nin and cyclin D1 expression was analyzed by Spearman rank correlation (r 5
0.6, P , 0.001).
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