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Abstract
We have shown previously that withaferin A (WA), a promising anticancer constituent of
Ayurvedic medicine plant Withania somnifera, inhibits growth of MCF-7 and MDA-MB-231
human breast cancer cells in culture and MDA-MB-231 xenografts in vivo by causing apoptosis.
However, the mechanism of WA-induced apoptosis is not fully understood. The present study was
designed to systematically determine the role of tumor suppressor p53 and estrogen receptor-α
(ER-α) in proapoptotic response to WA using MCF-7, T47D, and ER-α overexpressing MDA-
MB-231 cells as a model. WA treatment resulted in induction as well as increased Ser15
phosphorylation of p53 in MCF-7 cells, but RNA interference of this tumor suppressor gene
conferred modest protection at best against WA-induced apoptosis. WA-mediated growth
inhibition and apoptosis induction in MCF-7 cells were significantly attenuated in the presence of
17β-estradiol (E2). Exposure of MCF-7 cells to WA resulted in a marked decrease in protein
levels of ER-α (but not ER-β) and ER-α regulated gene product pS2, and this effect was markedly
attenuated in the presence of E2. WA-mediated down-regulation of ER-α protein expression
correlated with a decrease in its nuclear level, suppression of its mRNA level, and inhibition of
E2-dependent activation of ERE2e1b-luciferase reporter gene. Ectopic expression of ER-α in the
MDA-MB-231 cell line conferred partial but statistically significant protection against WA-
mediated apoptosis, but not G2/M phase cell cycle arrest. Collectively, these results indicate that
WA functions as an anti-estrogen, and the proapoptotic effect of this promising natural product is
partially attenuated by p53 knockdown and E2-ER-α.
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INTRODUCTION
Despite significant progress towards screening efforts and targeted therapies, breast cancer
is still a leading cause of cancer-related deaths among women worldwide [1,2]. Li-Fraumeni
syndrome, atypical hyperplasia of the breast, late age at first full-term pregnancy, early
menarche, late menopause, and family history are some of the risk factors associated with
breast cancer [3–5]. Novel strategies for prevention of breast cancer are clinically appealing
because many of the risk factors linked with this disease (e.g., family history) are not
modifiable. Natural products continue to garner interest for identification of potential cancer
chemopreventive and therapeutic agents [6,7].
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Medicinal plant Withania somnifera (also known as Ashwagandha or Indian winter cherry)
has been used safely for centuries in Indian Ayurvedic medicine practice for treatment of
different ailments. A formulation of Withania somnifera is available over the counter in the
United States as a dietary supplement. Some of the known pharmacological actions of
Withania somnifera include modulation of immune function [8], protection against ischemia
and reperfusion injury [9], neuroprotective effect on 6-hydroxydopamine-induced Parkinson
symptoms in rats [10], anti-bacterial effects [11], and anti-inflammatory effects [12].
Withania somnifera inhibited nuclear factor κB and AP-1 transcription factors in human
peripheral blood and synovial fluid mononuclear cells [13].

Research over the past decade has identified bioactive compounds with anticancer activity in
Withania somnifera [14–29]. Withaferin A (WA) is one such naturally-occurring constituent
of Withania somnifera with effects against cancer cells in culture and in vivo. For example,
WA was shown to be a radiosensitizer and growth inhibitor of a mouse melanoma and
Ehrlich ascites carcinoma in vivo [14,15]. WA-mediated suppression of angiogenesis,
alteration of cytoskeletal architecture, and inhibition of proteasomal activity has also been
documented [19–21]. WA treatment resulted in suppression of IκB kinase beta
phosphorylation concomitant with inhibition of its kinase activity [18]. WA was shown to
trigger Par-4-dependent apoptosis in human prostate cancer cells [22]. In U937 human
leukemia cells, WA-induced apoptosis correlated with inhibition of Akt phosphorylation
[26]. WA-induced apoptosis in leukemia cells of lymphoid and myeloid origin was
associated with activation of p38 mitogen-activated protein kinase [27]. WA was shown to
target heat shock protein 90 in pancreatic cancer cells [28].

We showed previously that WA inhibited growth of cultured human breast cancer cells
(MCF-7 and MDA-MB-231) and MDA-MB-231 xenografts in vivo by causing apoptosis
[24]. On the other hand, a spontaneously immortalized and non-tumorigenic human
mammary epithelial cell line (MCF-10A) was significantly more resistant to growth
inhibition and apoptosis induction by WA compared with breast cancer cells [24]. The
mechanism underlying differential sensitivity of normal versus cancerous mammary cells to
WA is unclear, but proapoptotic response to this agent in MCF-7 and MDA-MB-231 cells
was accompanied by FOXO3a-dependent induction of Bim protein level [24]. Furthermore,
knockdown of FOXO3a and Bim proteins conferred statistically significant protection
against WA-induced apoptosis [24]. We also found that while WA treatment inhibited
constitutive (MDA-MB-231) as well as interleukin-6-inducible (MCF-7 and MDA-MB-231)
activation of STAT3 (Signal Transducer and Activator of Transcription 3), this transcription
factor was largely dispensable for proapoptotic response to WA [29].

The present study was designed to determine the role of p53 and estrogen receptor-α (ER-α)
in proapoptotic response to WA using MCF-7, T47D, and MDA-MB-231 cells. This was a
worthy mechanistic objective based on following considerations: (a) p53 is a known
regulator of apoptosis [30]; (b) ER-α is a well-recognized target for chemoprevention of
human breast cancer; (c) selective estrogen receptor modulators (e.g., tamoxifen and
raloxifene) are clinically effective against ER-α-positive tumors [31,32]; (d) clinical trials
and laboratory studies have identified ER-α as a possible determinant of chemotherapy
response [33,34]; and (f) WA has structural similarity to steroid backbone of estradiol.

MATERIALS AND METHODS
Reagents

WA (structure is shown in Figure 1A) was purchased from Chromadex (Irvine, CA). 17β-
estradiol (E2), 4',6-diamidino-2-phenylindole (DAPI), and propidium iodide were from
Sigma-Aldrich (St. Louis, MO). An antibody against ER-α was from Upstate-Millipore
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(Billerica, MA); antibodies against pS2 and poly-(ADP-ribose)-polymerase (PARP) were
from Santa Cruz Biotechnology (Santa Cruz, CA); anti-p53 antibody was from Calbiochem
(Gibbstown, NJ); an antibody specific for detection of S15 phosphorylated p53 was from
Cell Signaling (Danvers, MA); and anti-actin antibody was from Sigma-Aldrich. Luciferase
reporter assay kit was from Promega (Madison, WI). Reagents for reverse transcription-PCR
(RT-PCR) were from Invitrogen-Life Technologies (Carlsbad, CA).

Cell Culture
MCF-7, T47D, and MDA-MB-231 human breast cancer cells were obtained from the
American Type Culture Collection (Manassas, VA). Cells were cultured in phenol red-free
medium (MEM for MCF-7 and RPMI1640 for T47D) containing 5% charcoal/dextran-
stripped fetal bovine serum (FBS) for 2 days prior to experimental procedures. The MDA-
MB-231 cells stably transfected with empty pIRES vector or pIRES vector encoding for ER-
α were cultured in phenol red-free RPMI1640 media containing 5% charcoal/dextran-
stripped FBS (to remove endogenous steroids) and 500 μg/mL G418. The pIRES-ERα
vector was a generous gift from Dr. Ben H. Park (Johns Hopkins University, Baltimore,
MD). The entire coding region of ER-α was PCR-amplified using MCF7 cDNA as template
and cloned into the expression vector, pIRESNEO. Cell culture media were purchased from
Mediatech (Manassas, VA), whereas FBS, antibiotic mixture, and G418 were from
Invitrogen-Life Technologies. Charcoal/dextran-stripped FBS was from HyClone
(Rockford, IL).

Western Blotting
Cell lysate was prepared as described by us previously [35]. Lysate proteins were resolved
by sodium-dodecyl sulfate polyacrylamide gel electrophoresis and wet-transferred onto
polyvinylidene fluoride membrane. The membrane was blocked with 5% milk in Tris-
buffered saline containing 0.05% Tween 20. The membrane was incubated by rocking at
4°C with an appropriate primary antibody for overnight. Membrane was washed three times
for 15 min each with Tris-buffered saline containing 0.05% Tween 20 and then treated with
an appropriate secondary antibody. Immunoreactive bands were visualized using enhanced
chemiluminescence procedure. Membrane was stripped and re-probed with anti-actin
antibody as a loading control.

RNA Interference of p53
The MCF-7 cells were seeded in six-well plates and transfected at 50% confluency with 100
nM of a nonspecific siRNA or 100 nM of a p53-targeted siRNA using OligofectAMINE
(Invitrogen-Life Technologies) according to the manufacturer's instructions. Twenty-four
hours after transfection, the cells were treated with DMSO or 2.5 μM WA for 24 h. The cells
were then collected and processed for immunoblotting and determination of histone-
associated DNA fragment release in cytosol, a well-accepted marker of apoptosis.

Determination of Cell Viability and Histone-Associated DNA Fragment Release in Cytosol
Cell viability was determined by trypan blue dye exclusion assay essentially as described by
us previously [36]. Histone-associated DNA fragment release into the cytosol was
determined using Cell Death Detection ELISA kit (Roche Applied Science, Indianapolis,
IN) according to the manufacturer's instructions.

Reverse Transcription-PCR (RT-PCR)
RT-PCR was done to determine the effect of WA treatment on mRNA levels of ER-α and
ER-β. Total RNA was extracted using Invitrogen RNeasy mini kit and by following the
manufacturer's instructions. Complementary DNA was synthesized from 1–2 μg of total
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RNA with reverse transcriptase and oligo(dT)20. PCR reaction was carried out using High
Fidelity Taq Polymerase, gene-specific primers, and cDNA. PCR products were resolved by
2% agarose gel electrophoresis prestained with ethidium bromide. An UV illuminator was
used to visualize the bands. PCR primers and amplification conditions were as follows:
GAPDH (25 cycles): forward- 5'-TGATGACATCAAGAAGGTGGTGAAG-3', reverse- 5'-
TCCTTGGAGGCCATGTGGGCCAT-3', 95°C for 30 sec, 55°C for 30 sec, 68°C for 30 sec,
ER-α (32 cycles): forward- 5'-GCACCCTGAAGTCTCTGGAA-3', reverse- 5'-
TGGCTAAAGTGGTGCATGAT-3', 94°C for 1 min, 55°C for 1 min, 68°C for 1 min; ER-β
(35 cycles): forward- 5'- TGAAAAGGAAGGTTAGTGGGAACC-3', reverse- 5'-
TGGTCAGGGACATCATCATGG-3', 94°C for 1 min, 58°C for 1 min, 68°C for 1 min.

Luciferase Assay
To assess the effect of WA treatment on ER signaling, we transfected MCF-7 cells with the
ERE2e1b-luciferase reporter gene, a generous gift from Dr. Brian G. Rowan, Tulane
University School of Medicine, New Orleans, LA [37] prior to treatment with WA in the
absence or presence of 10 nM E2. Briefly, cells were co-transfected with 1 μg of
pERE2e1bluciferase plasmid and 0.1 μg of pRL-CMV plasmid using FuGENE6 (Roche
Applied Science). Twenty-four hours after transfection, the cells were treated with DMSO
or WA in the absence or presence of E2 and processed for determination of luciferase
activity assay using Dual-Luciferase Reporter Assay kit.

Immunofluorescence Microscopy for ER-α Expression
MCF-7 cells were plated on coverslips, allowed to attach by overnight incubation, and
exposed to DMSO or 2.5 μM WA for 24 h. The cells were then fixed with 2%
paraformaldehyde for 1 h at room temperature and permeabilized using 0.05% Triton X-100
for 5 min. The cells were incubated with PBS containing 0.5% bovine serum albumin, and
0.15% glycine for 1 h followed by overnight incubation with ER-α antibody at 4°C. The
cells were treated with 2 μg/mL Alexa Fluor 488-conjugated secondary antibody for 1 h at
room temperature. After washing with PBS, the cells were counterstained with 10 ng/mL of
DAPI for 5 min at room temperature to visualize nuclear DNA. Localization of ER-α was
visualized using a Leica DC300F fluorescence microscope at 100× objective lens
magnification. Fluorescence images were converted to 8-bit grayscale and green
fluorescence threshold was set using Image J software. ER-α-associated
immunofluorescence intensity was quantified for control and WA-treated cells under
identical settings.

Analysis of Cell Cycle Distribution
MDA-MB-231 cells stably transfected with empty pIRES vector or pIRES vector encoding
for ER-α were treated with DMSO or 2.5 μM WA for 24 h. After treatment, cells were
collected, fixed with 70% ethanol overnight at 4°C, stained with propidium iodide, and
analyzed using a flow cytometer as described by us previously [38].

RESULTS
Role of p53 in WA-induced Apoptosis

p53 is a well-accepted facilitator of apoptotic cell death by different stimuli [30]. We
employed RNA interference in MCF-7 cells, which express wild-type p53, to determine the
possible involvement of p53 in WA-mediated apoptosis. As shown in Figure 1B, WA
treatment for 24 h caused an increase in the level of total as well as S15 phosphorylated p53,
which has been implicated in apoptosis induction [30]. WA-mediated induction and S15
phosphorylation of p53 were markedly suppressed in MCF-7 cells transiently transfected
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with a p53-targeted siRNA (Figure 1B). Moreover, RNA interference of p53 conferred
modest but statistically significant protection against WA-induced apoptosis (Figure 1C).
For example, 24 h exposure of nonspecific siRNA transfected MCF-7 cells to 2.5 μM WA
resulted in about 3.9-fold enrichment of histone-associated DNA fragment release into the
cytosol over DMSO-treated control (Figure 1C). WA-mediated enrichment of histone-
associated DNA fragment release into the cytosol was about 27% greater in the MCF-7 cells
transfected with the nonspecific siRNA compared with p53 silenced cells (Figure 1C).
Consistent with these results, the WA-mediated decrease in protein level of full PARP was
modestly attenuated by knockdown of p53 protein (Figure 1B). These results indicated that
p53 protein only modestly contributed to WA-induced apoptosis, at least in the MCF-7 cells.

E2 Conferred Protection against WA-induced apoptosis
We next designed experiments to determine if growth inhibitory and proapoptotic response
to WA was influenced by E2. For these studies, MCF-7 cells were cultured in phenol red-
free medium supplemented with 5% charcoal/dextran stripped FBS for 2 days prior to
treatments with WA and/or E2. Figure 2A shows dose-response effect of WA treatment on
viability of MCF-7 cells without or with E2. Consistent with our previous observations [24],
viability of MCF-7 cells was decreased in a concentration-dependent manner by WA
treatment alone. Presence of E2 conferred partial but marked protection against WA-
mediated growth inhibition especially at the 1.25 μM (p<0.05 compared with DMSO-treated
control). Difference did not reach statistical significant at 2.5 μM WA concentration (Figure
2A). In agreement with these results, WA-induced apoptosis was significantly attenuated in
the presence of E2 as judged by analysis of histone-associated DNA fragment release into
the cytosol (Figure 2B) and Western blotting for full PARP protein level (Figure 2C).
Together, these results indicated that growth inhibition and apoptosis induction resulting
from WA exposure were markedly attenuated in the presence of E2, at least in the MCF-7
cell line.

WA Treatment Decreased ER-α Protein Expression in MCF-7 and T47D Cells
We proceeded to address the question of whether WA treatment altered ER-α protein
expression using MCF-7 and T47D cells. As shown in Figure 3A, 24 h exposure of MCF-7
cells to 2.5 μM WA resulted in suppression of ER-α protein level by about 90% (varied
between 50–90% in different experiments) and this effect was sustainable for up to 48 h
after treatment. To the contrary, expression of ER-β protein was increased by about 20–30%
by a similar WA treatment (results not shown). WA-mediated suppression of ER-α
expression was relatively more pronounced in the MCF-7 cell line compared with T47D.
Nevertheless, expression of ER-α protein was decreased markedly on 36–48 h treatment of
T47D cells with 2.5 μM WA (Figure 3A). Expression of ER-α protein was modestly
increased (by about 20–30% compared with DMSO-treated control) in the presence of E2 in
both MCF-7 and T47D cells (Figure 3B). WA-mediated suppression of ER-α protein
expression was partially reversible in the presence of E2 in both cell lines (Figure 3B). As
expected, E2 stimulation caused an increase in protein level of ER-α target gene product pS2
(Figure 3B). E2-mediated induction of pS2 protein expression was suppressed in the
presence of WA in the MCF-7 cell line (Figure 3B). Inhibition of E2-induced pS2 protein
expression by WA was evident at a concentration as low as 1.25 μM, at least in the MCF-7
cell line (Figure 3C). These results showed suppression of ER-α protein expression by WA
in human breast cancer cells. Extent of WA-mediated suppression of ER-α protein
expression was variable between MCF-7 and T47D cells with the MCF-7 cell line being
more sensitive to this effect.

We also considered the possibility whether WA promoted proteasomal degradation of ER-α
analogous to synthetic pure anti-estrogen ICI 182,780. As shown in Figure 3D, WA-
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mediated decrease in ER-α protein level was sustained in the presence of proteasomal
inhibitor MG132. These results indicated that WA-mediated decrease in protein level of ER-
α was not due to its increased degradation.

WA SuppressedER-α mRNA and Nuclear Level of ER-α Protein in MCF-7 Cells
Next, we questioned whether WA-mediated decline in protein level of ER-α was due to its
transcriptional repression. We addressed this question by determining the effect of WA and/
or E2 treatments on level of ER-α mRNA by RT-PCR. As can be seen in Figure 4A, WA
treatment caused a decrease in the level of ER-α mRNA in the MCF-7 cell line regardless of
E2 stimulation. Similar to protein expression results, the MCF-7 cell line was more sensitive
to WA-mediated suppression of ER-α mRNA compared with T47D cells (results not
shown). In absence of E2 stimulation, WA treatment resulted in a modest increase (about
60% increase compared with DMSO-treated control) in ER-β expression (Figure 4A), which
was consistent with induction of its protein level (data not shown).

To further assess the effect of WA treatment on ER signaling, we transfected MCF-7 or
T47D cells with the ERE2e1b-luciferase reporter gene prior to treatment with WA in the
absence or presence of 10 nM E2. As can be seen in Figure 4B, basal ERE2e1b-associated
luciferase activity was inhibited by about 75–96% in the presence of 2.5 μM WA in both
cell lines. The ERE2e1b-associated luciferase activity was increased by 3.7-fold and 1.9-
fold in the presence of 10 nM E2 in MCF-7 and T47D cells, respectively, in absence of WA
treatment. The E2-stimulated ERE2e1b-luciferase activity was also inhibited significantly
upon WA exposure in both MCF-7 and T47D cells (Figure 4B).

Mechanism underlying ER-α activation is quite complex and involves a series of events,
including its translocation to the nucleus [39]. We used the MCF-7 cell line to determine the
effect of WA treatment on nuclear level of ER-α. In DMSO-treated control MCF-7 cells,
ER-α staining was predominant in the nucleus (Figure C). Quantitation of ER-α-associated
immunofluorescence revealed about 74% decrease in MCF-7 cells treated for 24 h with 2.5
μM WA in comparison with DMSO-treated control cells (P<0.001 by two-tailed t-test)
(Figure 4D).

Ectopic Expression of ER-α Protected WA-induced Apoptosis in MDA-MB-231 Cells
To determine the impact of ER-α expression on proapoptotic response to WA, we utilized
MDA-MB-231 cells stably overexpressing ER-α (hereafter abbreviated as pIRES-ER-α). As
shown in Figure 5A, the ER-α protein was overexpressed in pIRES-ER-α compared with
empty vector transfected control cells (pIRES-empty). The pIRES-empty cells were slightly
more sensitive to cell killing by WA compared with pIRES-ER-α cells but the difference did
not reach statistical significance (Figure 5B). Enrichment of histone-associated DNA
fragment release into the cytosol resulting from 24 h exposure to 2.5 μM WA was
significantly greater in pIRES-empty cells (6.0-fold enrichment over DMSO-treated pIRES-
empty cells) than in ER-α overexpressing MDA-MB-231 cells (2.8-fold enrichment over
DMSO-treated pIRES-ER-α cells) (Figure 5C). Similar response was observed in the
presence of E2 (results not shown).

Effect of ER-α Overexpression on WA-induced Cell Cycle Arrest in MDA-MB-231 Cells
We have shown previously that WA-treated MCF-7 and MDA-MB-231 cells are arrested in
G2/M phase of the cell cycle [25]. We designed experiments to test whether cell cycle arrest
from WA exposure was influenced by ER-α status. Figure 6A depicts flow histograms
obtained from pIRES-empty and pIRES-ER-α cells following 24 h treatment with DMSO or
2.5 μM WA. WA-mediated G2/M phase cell cycle arrest was observed regardless of ER-α
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status (Figure 6B) or E2 stimulation (results not shown). These results demonstrated ability
of WA to cause G2/M phase cell cycle arrest irrespective of ER-α activation.

DISCUSSION
Primary objective of the present study was to identify mechanistic molecular variables
influencing growth inhibitory and proapoptotic response to WA, which is a highly promising
natural product with in vitro and in vivo anticancer activity against human breast cancer cells
[24,25]. Our initial inquiry focused on possible involvement of p53 in regulation of WA-
induced apoptotic cell death. This was a logical research direction because the p53 tumor
suppressor is a known regulator of apoptosis by different stimuli [30,40]. We found that WA
treatment robustly increased not only protein level of p53 but also its phosphorylation at
S15. However, RNA interference of p53 only moderately attenuates WA-induced apoptosis.
Lack of a strong effect of p53 RNA interference should be viewed as a therapeutic
advantage for WA because loss of function mutation of p53 is quite common in human
cancers. Mechanism by which WA treatment stabilizes p53 or increases its phosphorylation
at S15 is not known. p53 protein has short half-life and normally maintained at a low level
in unstressed cells due to interaction of p53 with MDM2 [30]. Expression of p53 is also
negatively regulated by several other proteins independently of MDM2, including c-Jun N-
terminal kinase, TAF1, Aurora kinase etc [30]. Possibility that WA affects interaction of p53
with these proteins leading to its stabilization can't be ruled out. Similarly, S15
phosphorylation of p53 is mediated a variety of kinases (e.g., ataxia telangiectasia mutated,
ataxia telangiectasia and Rad3 related, and casein kinase 1 to name a few) [30]. Precise
mechanism underlying WA-mediated increase in S15 phosphorylation of p53 remains to be
determined. However, this question is not important in the context of the present study
because of modest protection conferred by p53 knockdown on WA-induced apoptosis.

It is well-established that estrogens promote growth of breast cancer in humans and long
term exposure to estrogens is a known risk factor for this malignancy [41]. Promotional
effect of estrogens in breast cancer is mediated by ER-α, which belongs to the nuclear
receptor superfamily [39,42]. The ER-α primarily functions as a ligand-activated
transcription factor, which upon estrogenic stimulation, binds to the promoter region of
target genes (e.g., pS2, c-Myc etc.) to regulate their expression [43,44]. Detectable ER-α
expression and functional ER-α-mediated gene transcription are observed in about 65% of
human breast cancers [42]. A number of approaches, including selective estrogen receptor
modulators that compete for binding to ER (e.g., tamoxifen and raloxifene) and reduction of
estrogen levels through inhibition of aromatase are in clinical practice [31,32]. The present
study indicates that WA functions as an anti-estrogen. This conclusion is based on the
following observations: (a) E2 confers significant protection against WA-induced apoptosis,
and (b) protein expression of ER-α is decreased markedly in breast cancer cells, which is not
a cell line-specific response. Mechanism for WA-mediated downregulation of ER-α protein
expression involves its transcriptional repression. In this regard, WA behaves differently
than the pure synthetic anti-estrogen ICI 182,780, which triggers degradation of ER-α
protein through a proteasome-dependent pathway [45]. WA-mediated decline in ER-α
protein level is not relieved by inhibition of the proteasome using MG132 (Figure 3D).
Thus, it is reasonable to conclude that WA treatment decreases protein level of ER-α by
causing its transcriptional repression. In this regard, WA resembles aromatic
isothiocyanates, which are highly promising cancer chemopreventive constituents of
cruciferous vegetables [46].

Besides promotion of breast cancer cell proliferation, estrogens increase their survival by
upregulating Bcl-2, a known anti-apoptotic protein, as well as by downregulation of
proapoptotic factors [47–49]. Protection against WA-induced apoptosis in the presence of

Hahm et al. Page 7

Mol Carcinog. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



E2 observed in the present study is likely attributable to some of these alterations. Even
though further studies are needed to systematically explore these possibilities, WA treatment
causes downregulation of Bcl-2 protein and induction of proapoptotic proteins in MCF-7
cells [24]. It is also possible that WA treatment inhibits activation of Akt, a kinase known to
increase transcriptional activity of ER-α through its phosphorylation [50]. Further work is
needed to test possibility as well.

We have shown previously that WA-treated MDA-MB-231 and MCF-7 cells are arrested in
G2/M phase of the cell cycle [25]. Cell cycle arrest resulting from WA exposure is
irreversible in both cell types and probably contributes to its growth suppressive effect
because a fraction of cells arrested in G2/M phase of the cell cycle after WA treatment are
driven to apoptosis [25]. In this study, we show that the cell cycle arrest by WA is not
affected by E2 stimulation or ER-α overexpression.

In conclusion, the present study demonstrates, for the first time, that natural product WA
downregulates ER-α expression in human breast cancer cells, and this effect is due to
suppression of ER-α mRNA level. Based on these results, WA can be classified as an anti-
estrogen. We also conclude that p53 tumor suppressor is largely dispensable for
proapoptotic effect of WA, at least in MCF-7 cells, which is a therapeutic advantage because
mutation of p53 is common in human cancers.
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Abbreviations

WA Withaferin A

ER estrogen receptor

E2 17β-estradiol

DAPI 4',6-diamidino-2-phenylindole

PARP poly-(ADP-ribose)-polymerase

reverse transcription-PCR

FBS fetal bovine serum

PBS phosphate-buffered saline

DMSO dimethyl sulfoxide
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Figure 1.
p53 tumor suppressor was largely dispensable for WA-induced apoptosis. (A) Chemical
structure of WA. (B) Western blotting for p53, S15 phosphorylated p53, and full PARP
protein using lysates from MCF-7 cells transiently transfected with a nonspecific siRNA or a
p53-targeted siRNA and treated for 24 h with DMSO (control) or 2.5 μM WA. Numbers
above bands indicate change in protein levels relative to DMSO-treated-nonspecific siRNA-
transfected MCF-7 cells. (C) Histone-associated DNA fragment release into the cytosol in
MCF-7 cells transiently transfected with a nonspecific siRNA or a p53-targeted siRNA and
treated for 24 h with DMSO (control) or 2.5 μM WA. Results shown are mean ± SD (n= 3).
Significantly different (P < 0.05) (a) compared with corresponding DMSO-treated control,
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and (b) between WA-treated nonspecific siRNA transfected and WA-treated p53 siRNA
transfected cells by one-way ANOVA followed by Bonferroni's test.
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Figure 2.
WA-induced apoptosis was attenuated in the presence of 17β-estradiol (E2). (A) Trypan
blue dye exclusion assay for effects of WA and/or E2 treatments (24 h treatment) on
viability of MCF-7 cells. Live cells were counted and normalized as 100% to DMSO-treated
cells in the absence of E2. (B) Histone-associated DNA fragment release into the cytosol in
MCF-7 cells treated for 24 h with WA and/or E2. Results shown are expressed as
enrichment factor relative to DMSO-treated control cells (without WA or E2 treatment). (C)
Immunodetection of full PARP protein using lysates from MCF-7 cells treated for 24 h with
WA in the absence or presence of E2. Results shown are mean ± SD (n= 3). Significantly
different (P < 0.05) (a) compared with DMSO-treated control and (b) between without and
with E2 treatment groups by one-way ANOVA followed by Bonferroni's test.
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Figure 3.
WA treatment downregulated protein expression of estrogen receptor-α (ER-α) in MCF-7
and T47D cells. (A) Western blot analysis for ER-α protein levels using lysates from MCF-7
(left panel) or T47D cells (right panel) treated for 24, 36, or 48 h with DMSO (control) or
the indicated concentration of WA. (B) Western blot analysis for ER-α and pS2 proteins
using lysates from MCF-7 (left panel) or T47D cells (right panel) treated for 24 h with 2.5
μM WA in the absence or presence of 10 nM 17β-estradiol (E2). (C) Western blot analysis
for dose-response effect of WA treatment (24 h treatment without or with 10 nM E2) on ER-
α and pS2 proteins in MCF-7 cells. (D) Western blot analysis for ER-α protein using lysates
from MCF-7 cells treated for 24 h with 2.5 μM WA in the absence or presence of MG132.
Cells were pre-treated for 2 h with MG132 and then exposed to WA in the presence of
MG132. Numbers above bands denote change in protein level relative to respective DMSO-
treated control.
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Figure 4.
WA treatment suppressed ER-α mRNA expression. (A) RT-PCR for ER-α and ER-β mRNA
expression in MCF-7 cells treated for 24 h with 2.5 μM WA in the absence or presence of 10
nM 17β-estradiol (E2). Numbers above bands are indicative of change in mRNA levels
relative to DMSO-treated control (first lane). (B) ERE2e1b-associated luciferase reporter
activity in MCF-7 (left panel) and T47D cells (right panel) treated for 24 h with 2.5 μM WA
in the absence or presence of 10 nM E2. Results shown are mean ± SD (n= 3). Significantly
different (P < 0.05) (a) compared with corresponding DMSO-treated control, and (*)
between the indicated groups by one-way ANOVA followed by Bonferroni's test. (C)
Fluorescence microscopic analysis of ER-α-associated immunofluorescence in MCF-7 cells
following 24 h treatment with DMSO or 2.5 μM WA (100× objective magnification). (D)
Quantitation of ER-α-associated immunofluorescence in MCF-7 cells treated for 24 h with
DMSO or 2.5 μM WA. Combined results from triplicate experiments are shown (mean ±
SD, n= 20 for control and n= 33 for WA). Statistical significance was determined by two-
tailed t-test.
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Figure 5.
Overexpression of ER-α in MDA-MB-231 cell line conferred protection against WA-
induced apoptosis. (A) Western blotting for ER-α using lysates from MDA-MB-231 cells
stably transfected with empty pIRES vector (pIRES-empty; lane 1) and pIRES vector
encoding for ER-α (pIRES-ER-α; lane 2). Effects of WA treatment on (B) cell viability as
determined by trypan blue dye exclusion assay and (C) apoptosis induction as determined by
quantification of histone-associated DNA fragment release into the cytosol in pIRES-empty
and pIRES-ER-α cells after 24 h treatment with DMSO or 2.5 μM WA. For cell viability
data, results are normalized (100%) to DMSO-treated control for each cell line. Results
shown are mean ± SD (n= 3). Significantly different (P < 0.05) compared with (a) respective
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DMSO-treated control for each cell line and (b) between WA-treated pIRES-empty cells and
WA-treated pIRES-ER-α cells by one-way ANOVA followed by Bonferroni's test.
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Figure 6.
ER-α was largely dispensable for WA-induced G2/M phase cell cycle arrest. (A)
Representative flow histograms depicting cell cycle distribution in MDA-MB-231 cells
stably transfected with empty pIRES vector (pIRES-empty) or pIRES vector encoding for
ER-α (pIRES-ER-α) and treated for 24 h with DMSO or 2.5 μM WA. (B) Cell cycle
distribution in pIRES-empty and pIRES-ER-α cells after 24 h treatment with DMSO or 2.5
μM WA. Results shown are mean ± SD (n= 3). Significantly different (P < 0.05) compared
with (a) respective DMSO-treated control for each cell line and (b) between WA-treated
pIRES-empty cells and WA-treated pIRES-ER-α cells by one-way ANOVA followed by
Bonferroni's test.
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