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Genistein targets the cancerous inhibitor of PP2A to induce
growth inhibition and apoptosis in breast cancer cells
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Abstract. Genistein is a soy isoflavone with phytoestrogen
and tyrosine kinase inhibitory properties. High intake of
soy/genistein has been associated with reduced breast cancer
risk. Despite the advances in genistein-mediated antitumor
studies, the underlying mechanisms remain unclear. In the
present study, we investigated genistein-induced regulation of
the cancerous inhibitor of protein phosphatase 2A (CIP2A),
a novel oncogene frequently overexpressed in breast cancer,
and its functional impact on genistein-induced growth inhibi-
tion and apoptosis. We demonstrated that genistein induced
downregulation of CIP2A in MCF-7-C3 and T47D breast
cancer cells, which was correlated with its growth inhibition
and apoptotic activities. Overexpression of CIP2A attenuated,
whereas CIP2A knockdown sensitized, genistein-induced
growth inhibition and apoptosis. We further showed that
genistein-induced downregulation of CIP2A involved both
transcriptional suppression and proteasomal degradation. In
particular, genistein at higher concentrations induced concur-
rent downregulation of E2F1 and CIP2A. Overexpression of
E2F1 attenuated genistein-induced downregulation of CIP2A
mRNA, indicating the role of E2F1 in genistein-induced
transcriptional suppression of CIP2A. Taken together, our
results identified CIP2A as a functional target of genistein and
demonstrated that modulation of E2F1-mediated transcrip-
tional regulation of CIP2A contributes to its downregulation.
These data advance our understanding of genistein-induced
growth inhibition and apoptosis, and support further investiga-
tion on CIP2A as a therapeutic target of relevant anticancer
agents.
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Introduction

Breast cancer is one of the most common cancers threatening
women and its global incidence is still increasing. Importantly,
breast cancer is the second leading cause of cancer-related
deaths in women, which accounts for approximately 15% of all
female cancer-related deaths in the United States (1). Effective
prevention and treatment of this morbid disease remain a
significant challenge. Use of natural compounds for breast
cancer prevention and treatment is one of the major efforts in
breast cancer research (2).

Genistein is a major functional component of soy isofla-
vones. High intake of soy products has been associated with
low incidence of breast cancer (3). Soy-associated anticancer
activities have been attributed to soy isoflavones (4). Available
evidence suggests that genistein is a bioactive molecule with
multiple functions, including properties of phytoestrogen,
tyrosine kinase and topoisomerase inhibition (5-7). In addi-
tion to directly binding to estrogen receptor (ER) (8), receptor
tyrosine kinase (RTK) (6) and topoisomerase (7), genistein
also modulates a number of key intracellular molecules,
such as NF-xB and MAPK, to induce growth arrest and
apoptosis. Therefore, genistein functions as a multi-targeting
antitumor agent (9). Despite these advances, the mechanisms
of genistein-mediated tumor inhibition remain unclear. Hence,
identification of novel intracellular targets that mediate
genistein-induced tumor inhibition is of pivotal significance.

Cancerous inhibitor of protein phosphatase 2A (CIP2A),
encoded by the KIAA1524 gene, is a recently identified onco-
protein (10). Overexpression of CIP2A has been detected in
tumors from various origins, including breast, lung and colon
(11,12), which has been associated with poor prognosis and
disease progression (11,13,14). CIP2A expression in breast
cancer tissues was also significantly related to higher tumor
grades, lymph node and distant metastasis and resistance to
chemotherapeutics (15). In vitro expression of CIP2A promotes
the immortalization and malignant transformation of human
cells (12). CIP2A functions as a protein phosphatase 2A
(PP2A) inhibitor, a known tumor suppressor (12,16). CIP2A
attenuates c-Myc degradation by inhibiting PP2A-mediated
dephosphorylation of MYC at serine 62 (13). It was reported
that CIP2A and c-Myc formed a positive feed-back loop
that promoted the expression of both oncoproteins (13,17).
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Collectively, CIP2A forms an ‘oncogenic nexus’ to regulate
oncogenic transformation of affected cells by virtue of its
control of PP2A and MYC stabilization in cancer cells (18,19).
Moreover, a number of recent reports indicate that CIP2A
not only plays a critical role in tumor development but also
functions as a therapeutic target of certain small molecule
inhibitors and natural compounds such as erlotinib, celastrol
and bortezomib (20-22). Downregulation of CIP2A has been
associated with the antitumor activity of these agents.

In the present report, we investigated the role of CIP2A in
genistein-treated breast cancer cells. We report here for the
first time that genistein induces downregulation of CIP2A,
which contributes to genistein-mediated growth inhibition and
apoptosis. The underlying mechanisms involve the modulation
of E2F1-mediated transcriptional regulation of CIP2A. These
results support CIP2A as a molecular target in genistein-
mediated tumor inhibition.

Materials and methods

Reagents and antibodies. Genistein, MG132, RNase A and
propidium iodide (PI) were purchased from Sigma-Aldrich.
(St. Louis, MO, USA). Antibodies against CIP2A, E2F1 and
[-actin were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against PARP, caspase-3, cleaved
caspase-3 and c-Myc were from Cell Signaling Technology
(Danvers, MA, USA).

Cell culture, transfection and treatment. MCF-7, TA7D and
HEK 293T cell lines were obtained from the American Type
Culture Collection (ATCC; Rockville, MD, USA). MCF-7-
caspase-3 (MCF-7-C3) cells were a stable subline of MCF-7
cells which were reconstituted with caspase-3. As described
in our previous report (23), this subline was generated by
transfecting MCF-7 cells with caspase-3 encoding plasmid
followed by antibiotic selections. Puromycin-resistant clones
were pooled as a subline for later studies (24). The cells were
cultured in DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS; Atlanta Biologicals, Flowery Branch,
GA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin
at 37°C with a 5% CO, atmosphere. The cells were treated with
genistein or relevant agents as specified in each experiment.

For cell transfection, cells were seeded into a 6-well plate
at 2x10° cells/well 24 h prior to the transfection. pPCMV/E2F1
and the control plasmids (25) were transfected into the cells
using X-tremeGENE 9 DNA transfection reagent (Roche
Disgnostics, Indianapolis, IN, USA) according to the manufac-
turer's protocol. Twenty-four hours later, the cells were treated
with genistein for 48 h before lysate collection.

Lentivirus production. Lentiviruses encoding CIP2A
protein and CIP2A shRNA were prepared from HEK 293T
cells by co-transfection of pMD2.G, psPAX2 (Addgene,
Cambridge, MA, USA) and specific encoding plasmids
with X-tremeGENE 9. pLKO1-CIP2AshRNA and pLKO1/
KIAA1524 were purchased from GeneCopoeia (Rockville,
MD, USA). Supernatants from the transfected HEK 293T cells
were collected at 24 and 48 h post-transfection. Supernatants
were pooled and filtered through a 0.45 pm filter. For lentiviral
infection, cells were plated in monolayer at different densities
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and incubated with lentivirus in the presence of 8 ug/ml poly-
brene, followed by selection with 1 zg/ml puromycin. Resistant
clones were pooled and expanded for later experiments.

Cell proliferation assay. Cell proliferation was assessed
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
(MTT) assays. Cells were incubated in 96-well plates at 1x10°
cells/well 24 h prior to treatment. The cells were then treated
with genistein at indicated concentrations for 5 days, followed
by incubation with MTT (2.5 mg/ml) for 4 h. The medium was
then removed and replaced with 50 pl/well DMSO, followed
by incubation on a shaker for 45 min. Colorimetric absorbance
was read with an ELISA reader at 540 nm. Data based on
samples of 6 replicates were statistically analyzed.

Western blot analysis. Control or treated cells were collected
for lysate preparation as previously described (26). Protein
lysates were separated on 10% SDS-PAGE gels and transferred
to a nitrocellulose membrane. The membrane was blocked
with 5% milk in TBS-T buffer for 2 h, followed by incubation
with primary antibodies in 5% BSA-TBS-T at 4°C overnight.
The membrane was washed with TBS-T and then incubated
with corresponding HRP-labeled secondary antibody for 1 h.
Protein signals were detected using an ECL detection kit
(Thermo Fisher Scientific, Rockford, IL, USA). The images
were captured with a FluorChem E system (Cell Biosciences,
Santa Clara, CA, USA).

Flow cytometric analysis of cell cycle. Cells were incubated
in 60-mm plates (5x10° cells/plate) overnight and then treated
with genistein at indicated concentrations for 24 h. The cells
were harvested to prepare for single cell suspension, followed
by drop-wise fixation with 70% ethanol. Fixed cells were
washed with PBS/0.1% Triton X-100 twice. The cells were
then incubated with RNase A (1 mg/ml) and propidium iodide
(PI, 33 pug/ml) at 37°C for 45 min, followed analysis with a
Guava easyCyte 8 flow cytometer. The percentage of cells in
cell cycle phases was analyzed with ModFit program from
Verity Software House (Topsham, ME, USA).

Quantitative real-time PCR. Total RNA was extracted from
treated cells with an RNeasy Protect Mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer's instruc-
tions. Quality and quantity of total RNA were determined by a
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA USA). First-Strand cDNA Synthesis was
performed using an iScript cDNA Synthesis kit (Bio-Rad
Laboratories, Hercules, CA, USA). Primers targeting CIP2A
and GAPDH (glyceraldehydes-3-3phosphate dehydrogenase)
were synthesized by Integrated DNA Technologies (Coralville,
IA, USA). The sequences for specific primers are: GAPDH-F,
5'“TGC ACC ACC ACC TGC TTA GC-3' and GAPDH-R,
5'-GGC ATG GAC TGT GGT CAT GAG-3'; CIP2A-F,
5'-GAA CAG ATA AGA AAA GAG TTG AGC ATT-3' and
CIP2A-R, 5-CGA CCT TCT AAT TGT GCC TTT T-3'
Quantitative real-time PCR reactions were carried out on a
CFX96 Real-Time PCR Detection system (Bio-Rad Laborato-
ries). The amplification started with 95°C for 10 min, followed
by 95°C for 15 sec, 95°C for 60 sec for 40 cycles. Relative
mRNA levels of CIP2A were normalized to GAPDH levels.
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Apoptosis assay. The Cell Death Detection (ELISA) kit
(Roche Life Science, Indianapolis, IN, USA) was used for
assessing apoptosis according to the manufacturer's protocol.
The cell lysates were incubated in microtiter plate modules
coated with anti-histone antibody, followed by washing. Once
color developed, samples were measured with a Synergy Mx
microplate reader (BioTek Instruments, Inc., Winooski, VT,
USA) at 405 nm. All analyses were performed in triplicate.

Statistical analysis. Calculations were performed using
software from GraphPad Prism (GraphPad) and data were
expressed as means + SEM. A two-tailed Student's t-test was
used to compare groups. Differences between groups were
considered statistically significant at P<0.05.

Results

Genistein-mediated downregulation of CIP2A is associ-
ated with its growth inhibition and apoptosis induction. To
determine whether genistein induces CIP2A regulation, we
examined CIP2A protein levels in genistein-treated MCF-7,
MCF-7-caspase-3 (MCF-7-C3) and T47D breast cancer cells.
Because MCF-7 cells are deficient of caspase-3 and do not
display typical PARP cleavage and DNA fragmentation (27),
we used MCF-7-C3 cells, a stable cell line generated from
pooled clones of MCF-7 cells transfected with caspase-3,
which have been well characterized in our previous studies
(23,24,28,29). As shown in Fig. 1A, when the cells were treated
with genistein at concentrations ranging from 0 to 60 uM for
48 h, CIP2A protein levels in each cell line were downregu-
lated in a concentration-dependent manner, especially in the
30 and 60 M groups. Importantly, genistein-mediated CIP2A
downregulation was associated with growth inhibition and
PARP cleavage in MCF-7-C3 and T47D cells that express
functional caspase-3. Under similar treatment conditions,
genistein also induced inhibition of cell proliferation by
MTT assay (Fig. 1B) and cell cycle arrest in GO/G1 phase by
flow cytometry (Fig. 1C). Examination of apoptotic markers
indicated that genistein-induced downregulation of CIP2A
was associated with decreased total caspase-3, and increased
cleavage of caspase-3 and PARP (Fig. 1A). Taken together,
these results demonstrated that CIP2A is a cellular target of
genistein. The association between CIP2A downregulation
and increased growth inhibition and apoptosis suggests that
CIP2A downregulation may have a functional impact on
genistein-induced tumor inhibition.

Overexpression of CIP2A attenuates genistein-induced
growth inhibition. To determine whether genistein-induced
CIP2A downregulation contributes to its growth inhibition
property, we overexpressed CIP2A in MCF-7-C3 and T47D
cells and characterized their responses to genistein. By
infecting the cells with control and CIP2A encoding lentivi-
ruses followed by puromycin selection, we obtained control
(MCF-7-C3/CON and T47D/CON) and CIP2A overexpressing
(MCF-7-C3/CIP2A and T47D/CIP2A) stable lines (Fig. 2A).
As shown in Fig. 2B, genistein-induced growth inhibition in
MCF-7-C3/CIP2A and T47D/CIP2A cells were significantly
attenuated as compared to corresponding control cells,
indicating that CIP2A is involved in genistein-associated
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Figure 1. Genistein-mediated downregulation of CIP2A is associated with
its growth inhibition and apoptosis induction. (A) MCF-7, MCF-7-C3 and
T47D cells were treated with genistein (GENI) at indicated concentrations
for 48 h. Protein levels of CIP2A and PARP in all three cell lines, and cas-
pase-3, cleaved caspase-3 (C-caspase-3) in MCF-7-C3 and T47D cells were
detected with western blot analysis. (B) Genistein-induced growth inhibition
in MCF-7, MCF-7-C3 and T47D cells assessed with MTT assays. The cells
in 96-well plates were treated with genistein at indicated concentrations for 5
days, followed by MTT assays as detailed in Materials and methods. The data
were based on samples of 6 replicates. (C) Histogram of cell cycle distribu-
tions in genistein treated MCF-7-C3 and T47D cells. The cells were treated
with 60 #M genistein for 24 h, followed by flow cytometric analysis. (D) Cell
cycle distributions in different phases were analyzed using ModFit software.

anti-proliferation effect. Cell cycle analysis with flow cyto-
metry indicated that genistein-induced GO/G1 arrest in both
MCEF-7-C3/CIP2A and T47D/CIP2A cells was decreased as
compared to the controls (Fig. 2C).

Overexpression of CIP2A renders breast cancer cells
resistant to genistein-induced apoptosis. To determine the
role of CIP2A in genistein-induced apoptosis, we exam-
ined apoptotic responses in the two pairs of cell lines in
the presence or absence of genistein. Data from apoptosis
ELISA assays showed that genistein-induced apoptosis in
MCEF-7-C3/CIP2A and T47D/CIP2A cells was significantly
decreased as compared to MCF-7-C3/CON and T47D/CON
cells (Fig. 3A). Consistently, we found that PARP cleavage in
genistein-treated MCF-7-C3/CIP2A and T47D/CIP2A cells
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Figure 2. Overexpression of CIP2A attenuates genistein-induced growth
inhibition. (A) CIP2A levels in control and CIP2A overexpressing MCF-7-C3
and T47D cells detected with western blot analysis. Cells from each line
were infected with control and CIP2A encoding lentiviruses, respectively.
Stable CIP2A overexpressing clones were pooled after puromycin selection.
(B) CIP2A overexpression attenuates genistein-induced growth inhibition.
Control and CIP2A overexpressing cells were treated with genistein (GENI)
for 5 days, followed by MTT assays. (C) Cell cycle analysis of genistein-
treated control and CIP2A overexpressing MCF-7-C3 and T47D cells. The
cells were treated with 60 uM genistein for 24 h followed by flow cytometric
analysis. "P<0.05; “P<0.01.
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Figure 3. Overexpression of CIP2A reduces genistein-induced apoptosis.
(A) Control (MCF-7-C3/CON; T47D/CON) and CIP2A overexpressing
(MCEF-7-C3/CIP2A; T47D/CIP2A) breast cancer cells were treated with
60 uM genistein (GENI) for 24 h. Relative apoptosis in individual samples
was assessed with apoptosis ELISA assays. The data are presented as
mean = SEM based on triplicate samples. (B) Control and CIP2A over-
expressing MCF-7-C3 and T47D cell lines were treated with genistein at
indicated concentrations for 48 h, followed by western blot detection of
CIP2A, PARP and B-actin. "P<0.05, “P<0.01.

was also decreased as compared to the control (Fig. 3B).
The data indicate that CIP2A downregulation contributes to
genistein-induced apoptosis.
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Figure 4. CIP2A knockdown sensitizes MCF-7-C3 and T47D cells to
genistein-induced growth inhibition. (A) CIP2A levels in control (siCIP2A -)
and CIP2A knockdown (siCIP2A +) cells detected by western blot analysis.
MCF-7-C3 and T47D cells were infected with control and CIP2A siRNA
encoding lentivirus. Stable clones were collected after puromycin selection.
(B) Control and CIP2A knockdown MCF-7-C3 and T47D cells were treated
with genistein (GENI) at indicated concentrations for 5 days, followed by
MTT assays. (C) Cell cycle analysis of genistein-treated control and CIP2A
knockdown MCF-7-C3 and T47D cells. The cells were treated with 60 uM
genistein for 24 h followed by flow cytometric analysis. "P<0.05; “P<0.01.

CIP2A knockdown enhances genistein-induced growth
inhibition. To confirm the functional role of CIP2A in genistein-
induced growth inhibition and apoptosis, we also established
stable MCF-7-C3 and T47D sublines with CIP2A knockdown.
As shown in Fig. 4A, CIP2A expression was efficiently knocked
down in MCF-7-C3 and T47D cells transfected with CIP2A
shRNA encoding lentiviruses. With these paired cell lines, we
found that CIP2A knockdown significantly enhanced genistein-
induced growth inhibition, as measured with MTT assays
(Fig. 4B). Cell cycle analysis showed that CIP2A knockdown
alone was able to induce increased GO/G1 arrest. Genistein-
induced GO/G1 arrest was further enhanced in genistein-treated
MCEF-7-C3/siCIP2A and T47D/siCIP2A cells (Fig. 4C). These
results demonstrated that CIP2A plays a role in genistein-
induced cell cycle regulation and growth inhibition.

CIP2A knockdown enhances genistein-induced apoptosis.
Next, we examined the effect of CIP2A knockdown on genis-
tein-induced apoptosis. The apoptosis ELISA assay showed
that genistein induced apoptosis in MCF-7-C3/siCIP2A cells
and T47D/siCIP2A cells significantly, as compared to the
control (Fig. 5A). Examination of PARP cleavage indicated
that genistein induced a significant increase in PARP cleavage
in MCF-7-C3/siCIP2A and T47D/siCIP2A cells (Fig. 5B). The
data confirm CIP2A's role in genistein-induced apoptosis.

Genistein regulates CIP2A at both mRNA and protein levels.
To understand the mechanism of genistein-mediated down-
regulation of CIP2A, we first examined CIP2A mRNA levels
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followed by western blot detection of CIP2A, PARP and f3-actin. "P<0.05,
“P<0.01.
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and genistein (GENI) treated MCF-7-C3 and T47D cells. The cells were
treated with genistein at indicated concentrations for 16 h. Relative CIP2A
mRNA levels were detected with quantitative RT-PCR. mRNA levels of
GAPDH were used for normalization. (B) MG132 attenuates genistein-induced
downregulation of CIP2A. MCF-7-C3 and T47D cells were treated with 60 yM
genistein in the absence (-) or presence (+) of MG132 (1 uM) for 24 h, followed
by western blot detection of CIP2A and (-actin. (C) Genistein inhibits Akt
phosphorylation. MCF-7-C3 and T47D cells were treated with genistein as in
Fig. 1A. Phospho-Akt and Akt were detected with western blotting. “P<0.05.

in genistein-treated MCF-7-C3 and T47D cells. As shown
in Fig. 6A, CIP2A mRNA levels in the cells treated with 25
or 50 uM genistein were significantly decreased. Notably,
CIP2A mRNA levels in the cells treated with genistein at
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60 uM genistein for 48 h, followed by western blot detection of E2F1, CIP2A,
c-Myc and actin. (C) CIP2A mRNA levels in control and E2F1 overex-
pressing MCF-7/C3 and T47D cells with different treatments. The cells were
transiently transfected with control and E2F1 encoding plasmids followed
by genistein (60 M) treatment for 16 h. Relative CIP2A mRNA levels were
detected with quantitative RT-PCR. mRNA levels of GAPDH were used for
normalization. "P<0.05, “P<0.01.

lower concentrations were slightly increased. This dose-effect
pattern was consistent with the protein level changes observed
above. These results indicate that genistein-mediated inhibi-
tion of CIP2A transcription is involved in its downregulation
of CIP2A.

As it was reported that CIP2A could be regulated by
proteasomal degradation in celastrol treated cancer cells (21),
we then examined whether modulation of proteasomal degra-
dation contributes to genistein-mediated downregulation of
CIP2A. We found that treating the cells with proteasomal
inhibitor MG132 significantly reversed genistein-induced
downregulation of CIP2A, suggesting that genistein also regu-
lates CIP2A at the protein level (Fig. 6B). As CIP2A protein
stability could be regulated by Akt activation (21), we exam-
ined phospho-Akt levels in genistein-treated cells (Fig. 6C).
Inhibition of phospho-Akt in the treated cells suggests a link
between these changes and CIP2A protein degradation.

Genistein-induced downregulation of CIP2A involves E2F -
mediated transcriptional regulation. To further investigate the
underlying mechanism of genistein-induced downregulation
of CIP2A, we focused on genistein-induced transcriptional
downregulation. It was reported that E2F1 is a major tran-
scription factor that regulates CIP2A transcription (30,31).
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We therefore examined the role of E2F1 in genistein-mediated
transcriptional regulation of CIP2A. As shown in Fig. 7A,
genistein-induced concurrent decrease of CIP2A and E2F1
protein levels in both MCF-7-C3 and T47D cells, suggesting a
correlation between the two molecules. To define the specific
role of E2F1, we examined the effect of E2F1 overexpression
on genistein-modulated CIP2A mRNA and protein levels. We
found that E2F1 overexpression attenuated genistein-induced
downregulation of CIP2A protein (Fig. 7B). Examination of
mRNA levels in the cells with different E2F1 status and genis-
tein treatments indicated that E2F1 overexpression induced
a dramatic increase in CIP2A mRNA, whereas genistein-
induced downregulation of CIP2A mRNA was abolished in
both cell lines with E2F1 overexpression (Fig. 7C). The results
suggest that E2F1 plays a critical role in genistein-mediated
downregulation of CIP2A mRNA, which contribute to the
overall downregulation of CIP2A protein.

Discussion

In the present study, we demonstrated that genistein induced
downregulation of CIP2A in MCF-7-C3 and T47D breast
cancer cells, which was associated with its growth inhibi-
tion and apoptosis induction. We further demonstrated that
overexpression of CIP2A attenuated genistein-induced growth
inhibition and apoptosis, and conversely, CIP2A knockdown
sensitized genistein-induced cellular effects. Our results
indicate that genistein specifically regulates CIP2A in breast
cancer cells and the consequent CIP2A downregulation may
play a critical role in its antitumor effects. This study identi-
fies CIP2A as a novel cellular target of genistein. Although
previous studies have established ER, EGFR and topoisom-
erase as the major targets of genistein-mediated inhibition in
breast cancer cells (5-7), the intracellular mediators of genis-
tein-associated cellular activities remain obscure. Although
CIP2A might not be a direct binding target of genistein, it is
a critical intracellular target/mediator of genistein. This study
is an advancement in the understanding of genistein-mediated
growth inhibition and apoptosis.

The functional impact of genistein-mediated CIP2A
downregulation is supported by its correlation with genistein-
induced growth inhibition and apoptosis. We showed that
CIP2A overexpression reduced genistein-induced overall
growth inhibition, cell cycle arrest in GO/G1 phase and
apoptosis in each cell line. In contrast, CIP2A knockdown
enhanced genistein-induced cell cycle arrest and apoptosis.
These data demonstrated the specific role of CIP2A modula-
tion in genistein-associated tumor inhibition. Previously, it
was reported that genistein could induce G2/M (32,33) or
GO/G1 arrest (34-37). Under the conditions in the present
study, CIP2A modulation was a critical factor affecting
genistein-induced GO/G1 arrest. As an oncogene, CIP2A
overexpression or knockdown alone could increase and reduce
S phase cells (19), respectively, as it was observed in T47D
cells in this study (Figs. 2D and 4D). Although CIP2A overex-
pression or knockdown modified genistein-induced cell cycle
progression, the differences between non-genistein treated
control (CON) and CIP2A/control (CIP2A/CON) cells were
not evident (Figs. 2C and 4C). This could be because these
cells were stable lines derived from pooled resistant clones,
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the cells might have developed adaptations to the new environ-
ment under non-stress conditions. Nevertheless, the effect of
CIP2A modulation in genistein-treated control and the over-
expressing/knockdown cells was evident.

Our findings on genistein-mediated downregulation of
CIP2A open new avenues to understand genistein-mediated
antitumor effects. Increasing evidence has indicated that
CIP2A is a pivotal molecule involved in cancer development
and progression (12,13,38). It acts as an endogenous inhibitor
of PP2A and has a broad impact on cellular proliferation
and survival (12,39-41). Deregulation of CIP2A leads to the
upregulation/activation of Myc and Akt (42,43). Indeed, our
recent data indicate the existence of a positive CIP2A-Akt
feedback loop (Zhao et al, unpublished data). Whether
genistein directly acts on Akt kinase activity is an intriguing
question to be addressed in future studies. Given the critical
role of CIP2A in the regulation of the PP2A network, genis-
tein-induced downregulation of CIP2A would inhibit these
pathways and contribute to its overall inhibition of cancer
cells. This is supported by our data showing that CIP2A
overexpression or knockdown resulted in significant changes
in genistein-induced cell cycle progression, growth inhibition
and apoptosis. Moreover, our results also support CIP2A as
a therapeutic target as it was reported in the studies on other
anticancer agents (44.,45).

Our results showed that genistein induced downregulation
of CIP2A mRNA levels, whereas proteasomal inhibitor MG132
treatment also attenuated genistein-induced downregulation
of CIP2A protein, indicating that genistein regulates CIP2A
expression at both transcriptional and post-translational
levels. Previously, induction of CIP2A degradation through
proteasomal pathways in response to celastrol has been
reported (21). This could be triggered by direct activation of
E3 ligase such as CHIP or through inactivation of Akt (21).
Based on our data that genistein inhibited Akt phosphoryla-
tion (Fig. 6C), it is possible that genistein-induced inhibition of
Akt activation at higher concentrations may contribute to this
process. Notably, it was reported that genistein may function
as a proteasomal inhibitor to induce p27 and Bax in SV-40
transformed cells (46), suggesting that genistein-induced
proteasomal regulation is complicated and multi-level, multi-
faceted mechanisms may exist. Whether genistein has direct
effect on E3 ligase activities and whether genistein directly
binds and inhibits Akt will be investigated in future studies.

We explored the mechanisms of genistein-mediated inhi-
bition of CIP2A transcription by focusing on E2F1-mediated
regulation of CIP2A. E2F1 is a critical regulator of cell cycle
progression (47), although it may induce apoptosis under
certain cellular contexts (48). It was reported that E2F1 is
a major transcription factor that promotes CIP2A expres-
sion (49), and CIP2A has a positive feedback effect on E2F1
by stabilizing serine 364 phosphorylation of E2F1 (49). We
showed that genistein-induced concurrent downregulation
of E2F1 and CIP2A at higher concentrations. Importantly,
overexpression of E2F1 attenuated genistein-induced down-
regulation of CIP2A protein and mRNA levels as well. These
data indicate that modulation of E2F1-mediated regulation
of CIP2A transcription and E2F1-CIP2A feedback loop is
involved in genistein-induced downregulation of CIP2A.
While the immediate mediators between genistein treatment
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and E2F1 downregulation require further investigation, the
regulation may be determined by the functional interaction
among E2F1, c-Myc and CIP2A, a mutual interacting multi-
factorial network. Recently, it was proposed that CIP2A
promotes carcinogenesis via an ‘oncogenic nexus’, which
involves its intersection with PP2A, Akt, Myc and other factors
(18,19). Hence, our data suggest that genistein-mediated tumor
inhibition involves the suppression of the ‘oncogenic nexus’
of CIP2A.

The present study provided proof of concept for CIP2A
downregulation in genistein-induced inhibition of breast
cancer cells. However, how genistein regulates CIP2A degra-
dation and transcription appears to be complicated. More
work is needed to understand genistein-mediated regulation
of proteasomal pathways in CIP2A degradation. Genistein-
induced inhibition of CIP2A transcription may also involve
the regulation of other mechanisms. For example, we observed
that genistein may induce CIP2A mRNA increases at lower
concentrations. This might be mediated by its estrogenic
activity, because it was reported that activation of ER also
promotes CIP2A expression (50). Although genistein-induced
inhibition of CIP2A transcription at higher concentrations may
also be related to genistein-associated anti-estrogenic activity
at higher concentrations, genistein-induced downregulation
of E2F1 and the consequent CIP2A mRNA decrease could
be independent of estrogen signaling, as it was also observed
in ER negative MDA-MB-231 breast cancer cells (data not
shown). Further analysis of the relative contributions of indi-
vidual mechanisms in genistein-mediated downregulation of
CIP2A will be followed in future studies.

In conclusion, our results identified CIP2A as an intracel-
lular target of genistein, which has a functional impact on
genistein-induced growth inhibition and apoptosis induction.
Genistein-mediated downregulation of CIP2A involves both
transcriptional and proteasomal regulation. While multiple
factors might contribute to genistein-mediated transcriptional
downregulation of CIP2A, we demonstrated that modulation
of E2F1-mediated CIP2A transcription plays a critical role
in genistein-induced cellular responses. While being consis-
tent with previous reports (31), these data also advance our
understanding of genistein-associated antitumor activities
and support its implication in breast cancer prevention and
treatment. The study also supports the previous implication
of CIP2A as a therapeutic target in the development of novel
anticancer agents (51).
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