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Abstract. The plants used in Ayurvedic medicine, which has been practiced in India for thousands of
years for the treatment of a variety of disorders, are rich in chemicals potentially useful for prevention
and treatment of cancer. Withania somnifera (commonly known as Ashwagandha in Ayurvedic medicine)
is one such medicinal plant whose anticancer value was realized over four decades ago after isolation of a
crystalline steroidal compound (withaferin A) from the leaves of this shrub. The root and leaf extracts of
W. somnifera are shown to confer protection against chemically-induced cancers in experimental rodents,
and retard tumor xenograft growth in athymic mice. Anticancer effect of W. sommnifera is generally
attributable to steroidal lactones collectively referred to as withanolides. Withaferin A (WA) appears
most active against cancer among structurally divergent withanolides isolated from the root or leaf of W.
somnifera. Cancer-protective role for WA has now been established using chemically-induced and
oncogene-driven rodent cancer models. This review summarizes the key in vivo preclinical studies
demonstrating anticancer effects of WA. Molecular targets and mechanisms likely contributing to the
anticancer effects of WA are also discussed. Finally, challenges in clinical development of WA for the
prevention and treatment of cancer are highlighted.
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INTRODUCTION

Plants are a rich source of chemicals potentially useful
for prevention and treatment of cancer as exemplified by
clinical success of many natural products including taxol and
vinca-alkaloids (1,2). Plants used in Ayurvedic medicine, a
system of traditional medicine native to the Indian subconti-
nent, are particularly attractive for identification of novel
cancer preventive and therapeutic agents (3). Withania
somnifera (also known as Ashwagandha, Indian ginseng, or
Indian winter cherry) is one such shrub of the Solanaceae
family with multiple medicinal properties (4-6). Ashwagandha is
an essential ingredient in hundreds of Ayurvedic medicine
formulations (5). Anticancer value of W. somnifera was realized
over four decades ago after isolation of a crystalline steroidal
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compound (withaferin A; hereafter, abbreviated as WA) from
the leaves of this plant (7). Extracts from the leaf, root, and other
parts of W. somnifera have been shown to exhibit a variety of
pharmacological effects including anticancer property (4-6).
Root and leaf extracts of W. somnifera are shown to confer
protection against chemically-induced cancers in experimental
rodents (8-13), and retard growth of transplanted tumors in mice
(14-18). For example, daily administration of W. somnifera root
extract (150 mg/kg body weight) for 155 days resulted in 21-23%
decrease in mammary tumor multiplicity and burden in rats
induced by the chemical carcinogen methylnitrosourea (13).
Alleviation of cancer chemotherapy-induced toxicity and fatigue
by administration of Withania extract has also been reported
(19,20). Anticancer effect of W. somnifera is credited to steroidal
lactones collectively known as withanolides (21,22). The chem-
ical constituents of W. somnifera and biosynthesis of withanolides
have been elegantly reviewed by Mirjalili et al. (4). WA
[(4B,5B,6B,22R)-4,27-dihydroxy-5,6:22,26-diepoxyergosta-2,24-
diene-1,26-dione; structure of WA is shown in Fig. 1] appears
relatively more active against cancer than other withanolides
isolated from this plant. This review summarizes the key in vivo
preclinical studies to merit further development of WA for
prevention and treatment of cancer. Molecular mechanisms
underlying anticancer effects of WA are also discussed.
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Fig. 1. Chemical structure of withaferin A (WA)

IN VIVO EFFICACY AND PHARMACOKINETIC
STUDIES

Inhibition of Transplanted Tumor Cell Growth by WA
in Mice

Table I summarizes the in vivo studies demonstrating
anticancer effects of WA. The first published report on in vivo
anticancer effect of WA isolated from the leaves of W. somnifera
Dunal dates back to 1967 (7). WA administration was shown to
inhibit growth of Ehrlich ascites carcinoma in more than 50% of
the mice (7). The LDs, of WA after i.p. injection in Swiss mice
weighing 18-22 g was shown to be about 400 mg/kg (7). The
same group of investigators demonstrated later that a single i.p.
injection of 30 mg WA/kg body weight prolonged survival of S-
180 ascites-bearing mice (23). A single i.p. treatment with 10—
60 mg WA/kg 24 h after tumor cell injection dose-dependently
inhibited growth of mouse Ehrlich ascites carcinoma cells and
increased tumor-free survival in Swiss albino mice (24). Radia-
tion sensitization by WA administration in Ehrlich ascites
carcinoma bearing mice was also reported in this study (24).
Similar growth inhibitory and/or radiosensitizing effects of WA
were observed against B16F1 mouse melanoma and fibrosarco-
ma (25,26). The in vivo efficacy studies with some mechanistic
insights began to appear in the literature after 2006. For
example, daily i.p. injection of 4 and 8 mg WA/kg to PC-3
human prostate cancer cell-bearing male nude mice resulted in
54-70% growth inhibition (27). Interestingly, complete tumor
regression in one WA-treated mouse was observed after 7 days
of treatment (27). The WA-mediated growth retardation of PC-3
xenografts in vivo was associated with inhibition of proteasomal
chymotrypsin-like activity and CD31 protein expression (a
marker for neoangiogenesis), and induction of multidomain
proapoptotic protein Bax, nuclear factor-kB (NF-kB) regulator
IkB-a, and cyclin-dependent kinase inhibitor p27 (27). Consis-
tent with Bax induction results, tumors from the WA-treated
mice exhibited increased apoptosis and caspase-3 activation
compared with those from the vehicle-treated control mice (27).
In another study, intratumoral injections of WA significantly
inhibited growth of PC-3 xenografts in association with prostate
apoptosis response-4 (Par-4) upregulation and increased apo-
ptosis (28). Our own laboratory was the first to demonstrate in
vivo anticancer activity of WA against a human breast cancer
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(MDA-MB-231) xenograft (29). The MDA-MB-231 xenograft
growth inhibition by WA was accompanied by reduced prolifer-
ating cell nuclear antigen expression (indicative of reduced
cellular proliferation) and increased apoptosis (29). Daily i.p.
administration of 8 mg WA/kg body weight to female nude mice
with subcutaneously implanted DROS81-1 medullary thyroid
cancer cells caused inhibition of tumor growth and metastasis
leading to increased survival (30). The tumors from WA-treated
mice exhibited a decrease in levels of total and phosphorylated
RET (rearranged during transfection) (30). A decrease in levels
of full-length caspase-3 protein in the tumor (suggesting
cleavage) and serum calcitonin were also observed in WA-
treated group compared with control (30). In vivo growth
inhibition of soft tissue sarcoma cells implanted in female SCID
mice by WA administration (2 mg/kg, i.p., daily) was accompa-
nied by reduced cell proliferation and neoangiogenesis, in-
creased apoptosis, and degradation of vimentin (31). WA
administration (2 and 4 mg/kg, i.p., every other day) to female
Balb/c mice orthotopically implanted with 4T1 mouse mammary
tumor cells resulted in suppression of primary tumor growth in
association with increased ser56 phosphorylation of vimentin
(32). Molecular changes indicative of inactivation of human
papilloma virus oncoproteins E6 and E7, activation of tumor
suppressor pS3 and pRb, growth arrest (cyclin B1, p34 cdc2, and
p21), reduced cell proliferation (PCNA), and increased apopto-
sis were observed in WA -mediated suppression of CaSki cervical
carcinoma xenograft growth (33). Using a 92.1 uveal melanoma
xenograft model, Samadi et al. (34) showed tumor growth
inhibition after 8 mg WA/kg/day i.p. with 29% of the mice
exhibiting a complete clinical response. In the 12 mg/kg/day
group, three mice (43%) exhibited progressive disease after
discontinuation of WA treatment, but complete response was
noted in one mouse (34). However, the higher dose group
demonstrated increased toxicity and mortality (34). Inhibition of
mouse mesothelioma xenograft growth in Balb/c mice after daily
i.p. injection with 5 mg WA/kg correlated with suppression of the
proteasomal chymotrypsin-like activity and c-Myc protein
expression but elevation of Bax, p27, and CARP-1 (Cell cycle
and Apoptosis Regulatory Protein-1) protein levels (35).
Increased apoptosis in the tumors from WA-treated mice
relative to vehicle-treated controls was also noted in this study
(35). The WA-mediated inhibition of Panc-1 pancreatic tumor
xenograft growth was demonstrated in another study (36).
Contrary to above mentioned studies, growth of HT1080
fibrosarcoma was not inhibited after oral administration of
10 mg WA/kg body weight (18).

The take home message from these in vivo preclinical
studies is that: (a) WA administration inhibits in vivo growth of a
variety of tumor xenografts, (b) i.p. doses up to 8 mg WA/kg
body weight are well-tolerated by the mice, and (c) WA-
mediated inhibition of tumor xenograft growth is associated
with reduced tumor cell proliferation and increased apoptosis.

Prevention of Chemically-Induced and Oncogene-Driven
Cancer by WA in Rodents

A handful of studies have now demonstrated in vivo
cancer chemopreventive effects WA (37-40). Oral adminis-
tration of 20 mg WA/kg body weight amazingly conferred
complete protection against 7,12-dimethylbenz[a]anthracene-
induced oral cancer in hamsters in a circadian time-dependent
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manner (37-39). Oral cancer prevention by WA in this model
correlated with (a) attenuation of carcinogen-induced lipid
peroxidation, (b) restoration of plasma and erythrocyte levels
of antioxidant defense molecules (reduced glutathione, vita-
min C, and vitamin E) and antioxidative enzymes (superoxide
dismutase, catalase and glutathione peroxidase), and (c)
alterations in p53 and Bcl-2 (37,38). Our laboratory is the
first to document in vivo cancer prevention by WA in a
clinically relevant transgenic mouse model of breast cancer
(40). In these studies, the incidence and burden of mammary
cancer were scored in female mouse mammary tumor virus-
neu (MMT V-neu) transgenic mice after 28 weeks of treatment
with 100 pg WA/mouse, i.p., three times per week (40).
Tumor incidence was not decreased after WA administration,
but the mean palpable (macroscopic) tumor weight in the WA
treatment group was lower by 50% compared with control
(P=0.03 by two-sided Student’s ¢ test) (40). Furthermore, the
mean area of microscopic invasive carcinoma was lower by
95.14% in WA group compared with control group (40).
Mechanistically, the breast cancer prevention by WA in
MMTV-neu mice was associated with increased apoptosis,
inhibition of complex III activity of the mitochondrial
respiration, and reduced levels of glycolysis and tricarboxylic
acid cycle intermediates (40). Proteomic profiling using tumor
tissues confirmed downregulation of many glycolysis-related
proteins in the tumor of WA-treated mice compared with
control, including M2-type pyruvate kinase, phosphoglycerate
kinase, and fructose-bisphosphate aldolase A isoform 2 (40).
Cluster analysis of the tumor protein changes indicated
statistically significant enrichment of gluconeogenesis as well
as annexin repeat proteins (40). On the other hand, cellular
proliferation and neoangiogenesis was not affected by WA
treatment (40). It is important to determine the efficacy of
WA in other rodent models of chemically-induced as well as
oncogene-driven cancers for a full appreciation of its preven-
tive role.

Antimetastatic Effect of WA

In a mouse model involving tail veil injection of STS26T
soft tissue sarcoma cells, Lahat er al. (31) observed marked
inhibition of pulmonary metastasis multiplicity and area after
WA administration (2 mg WA/kg/day, i.p.) beginning 10 days
after tumor cell injection. Antimetastatic effect of WA (4, 2, 1,
0.5, and 0.1 mg/kg body weight every other day for 1 month)
was also evaluated after implantation of 4T1 mouse breast
cancer cells into the mammary fat pad of Balb/c mice (32).
The number of metastatic lung nodules in WA-treated mice
was reduced significantly in a dose-dependent manner
starting at the 0.1 mg/kg dose (32). In vivo antimetastatic
effect of WA has also been observed in a mouse model of
medullary thyroid carcinoma cells (30). Our own breast
cancer prevention study in the MMTV-neu mice revealed a
significant decrease in incidence of pulmonary metastasis
after WA administration (40).

Pharmacokinetics of WA

Thaiparambil et al. (32) were the first to study pharmaco-
kinetic behavior of WA in mice. Following a single i.p. injection
of 4 mg WA/kg body weight to female Balb/c mice, the
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maximum plasma concentration (Cpay) of WA was 1.8 pM
(32). The plasma half life of WA was about 1.3 h with an
exposure AUCy_, of 1.09 uM - h (32). Pharmacokinetics of WA
was also studied after oral administration of W. somnifera
extract at a dose of 1,000 mg/kg (equivalent to 0.4585 mg/kg of
WA) in mice (41). The Cyax of WA was 16.69+4.02 ng/ml with
observed T ax (time to reach Cp,.x) of 20 min (41). However, the
pharmacokinetic behavior of WA in humans is yet to be
determined. This knowledge is essential for further clinical
development of WA for prevention and treatment of cancers.

ANTICANCER TARGETS/MECHANISMS OF WA

Cellular proliferation, evasion of apoptosis, and
neoangiogenesis are some of the hallmarks of cancer (42), and
WA has the ability to alter these processes in vitro as well as in
vivo. Known molecular targets of WA and mechanisms
potentially contributing to its anticancer effect are briefly
summarized below. The purpose of this review is not to catalog
every molecular alteration reported in response to WA treat-
ment in cancer cells, but to highlight its suppressive effects on
key oncogenic processes (cell growth, apoptosis, migration, and
invasion) and pathways likely contributing to prevention and
treatment of cancer. We also highlight studies that have
incorporated functional experiments (gene knockdown or
overexpression and pharmacologic inhibitors) to gain insights
into the mechanisms by which WA treatment affects growth,
apoptosis, and cell migration/invasion in cancer cells.

Cell Cycle Arrest by WA Treatment

Initial clue for cell cycle arrest by WA emerged from
ultrastructural studies of S-180 tumors (23). These investigators
observed disruption of microtubules of mitotic spindles (23).
Subsequent studies have provided insights into the mechanism
by which WA causes cell cycle arrest. For example, exposure of
MDA-MB-231 and MCF-7 human breast cancer cells to WA
resulted in a concentration- and time-dependent increase in G2-
M fraction, that was accompanied by a marked decrease in levels
of cyclin-dependent kinase 1 (Cdkl), cell division cycle 25C
(Cdc25C), and/or Cdc25B proteins (43). Overexpression of
Cdc25C conferred partial but significant protection against
WA-mediated G2-M phase arrest (43). The breast cancer cells
exposed to WA were also arrested in mitosis as evidenced by
increased Ser10 phosphorylated histone H3 and accumulation of
securin (43). Our observations of G2-M arrest by WA treatment
in MCF-7 cells were since then confirmed by other investigators
(44). The S and/or G2-M phase arrest upon treatment with WA
has also been reported in CaSki cervical cancer cell line (33),
92.1 and MEL290 uveal melanoma cells (34), human head and
neck cancer cells JMAR, MDA1986, UMSCC-2, and JHUO11)
(45), glioblastoma cells (46,47), and CaOV3 and SKOV3 ovarian
carcinoma cells (48). The mechanism(s) underlying cell cycle
arrest by WA was not investigated in most of these studies (44—
47), but consistent with our data in breast cancer cells (43) the
CaSki cells exhibited dose-dependent accumulation of cyclin B1
(indicative of M phase arrest), downregulation of Cdk1, and a
decrease in complex formation between cyclin B1 and Cdkl
upon treatment with WA (33). Induction of the Cdk inhibitor
p21 was also observed in WA-treated CaSki cells (33). Likewise,
in agreement with the results in MDA-MB-231 and MCF-7
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breast cancer cells (43), WA treatment caused downregulation
of Cdc25C in CaOV3 and SKOV3 cells (48), and induction of
cyclin Bl in glioblastoma and ovarian cancer cells (4748).
Furthermore, WA treatment synergized with sorafenib (a
multikinase-targeted inhibitor) in causing G2-M arrest in
papillary and anaplastic thyroid cancer cells (49). Together,
these results indicate that G2-M arrest by WA treatment is not a
cell line-specific phenomenon.

Apoptosis Induction by WA

Apoptosis induction by WA was initially observed in
leishmania, a unicellular kinetoplastid protozoan parasite (50).
Since then, in vitro and/or in vivo apoptosis induction upon
treatment with WA has been reported for a variety of cancer
types including prostate cancer (27,28), breast cancer
(29,44,51,52), soft tissue sarcoma (31), cervical carcinoma (33),
uveal melanoma (34), mesothelioma (35), pancreatic cancer (36),
head and neck carcinoma (45), glioblastoma (47), leukemia (53—
56), renal carcinoma (57), and melanoma (58). Several different
mechanisms have been proposed to explain proapoptotic
response to WA in cancer cells (27-29,31,33-35,53-58).
Instead of indexing each of the molecular alterations associated
with WA-induced apoptosis, this article summarizes mecha-
nisms that have been confirmed in more than one cancer cell
type and/or substantiated by functional experiments using
genetic and/or pharmacological approaches. Some of the
existing discrepancies in results from different laboratories are
also highlighted.

Role of Reactive Oxygen Species (ROS) in Apoptosis
Induction by WA

Pro-oxidant effect of WA was initially shown in leishmanial
cells where loss of membrane potential after treatment with this
agent resulted in reactive oxygen species (ROS) production
leading to depletion of reduced glutathione and oxidative DNA
lesions (50). A role for ROS in pro-apoptotic response to WA
has also been established in several different types of cancer
cells, including leukemia, breast, cervical, and renal cancer cells
(51,53,58-61). For example, WA treatment resulted in ROS
generation in myeloid leukemia (HL-60), acute lymphoblastic
leukemia (Molt-4), prostate carcinoma (PC-3 and DU145), and
cervical carcinoma (HeLa) cells (53). A role for ROS in WA-
mediated sensitization of cancer cells to apoptosis induction by
radiation and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) has also been suggested (60,61). Sensitization
of cancer cells to TRAIL-induced apoptosis by WA treatment
was associated with ROS-mediated upregulation of death
receptor 5, but not death receptor 4, and these effects were
attenuated by exogenous catalase and superoxide dismutase
(60). Endoplasmic reticulum stress induced by WA in renal cells
was associated with ROS production (57). However, three
critical issues related to the role of ROS in WA-induced
apoptosis deserve attention:

(a) Several studies have utilized N-acetylcysteine (NAC) to
establish the role of ROS in proapoptotic effect of WA
(53,58,00,61). Because WA is electrophilic (62), NAC is
not ideal for this purpose. The protection conferred by
NAC may simply be a consequence of the non-availabil-
ity of free WA. We have employed genetic approaches

involving overexpression of Cu,Zn-superoxide dismutase
(SOD) to study the role of ROS in apoptosis induction by
WA using breast cancer cells (51). Overexpression of
Cu,Zn-SOD conferred significant protection against WA-
mediated ROS generation as well as apoptosis in MDA-
MB-231 and MCF-7 cells (51).
It is still unclear if ROS generation by WA is selective for
cancer cells. Widodo et al. (59) showed ROS generation
upon WA treatment in both MCF-7 cells and in a normal
human fibroblast line (TIG-3). On the other hand, studies
from our own laboratory have indicated that a normal
human mammary epithelial cell line (HMEC) is resistant
to ROS production by WA in comparison with MCF-7
cells (51). We also found different levels of oxidative
stress markers in normal mammary ductal epithelium and
breast tumor cells in the WA-treated MMTV-neu mice
(40). A normal human prostate epithelial cell line (Pz-
HPV-7) immortalized by human papilloma virus 18 also
exhibited resistance to WA-induced apoptosis compared
with prostate cancer cells (28). It is possible that normal
fibroblasts are more sensitive to ROS production by WA
compared with normal epithelial cells (51,59). Of note,
suicidal death of erythrocytes upon treatment with WA
has been observed at a concentration (=10 uM) (63) that
is pharmacologically not attainable (32). Nevertheless,
further studies are needed to ascertain whether resistance
to ROS generation upon treatment with WA is unique to
epithelial cells such as HMEC (51).
(c) The mechanism underlying ROS generation by WA has
been studied thoroughly only in breast cancer cells (51).
A model emerging from our own studies using wild-type
and mitochondrial DNA deficient (Rho”) variants of
MDA-MB-231 and MCF-7 cells indicates that WA
treatment inhibits complex III activity and oxidative
phosphorylation leading to ROS-dependent activation of
Bak and ensuing cell death (51). The mammary cancer
prevention by WA in MMTV-neu transgenic mice was
also associated with in vivo inhibition of complex III
activity in the tumor (40). However, the mechanism by
which WA inhibits complex III activity is still elusive.

(b

~

Role of Par-4 in WA-Induced Apoptosis

Several studies have suggested involvement of Par-4 in
apoptosis regulation by WA (28,64,65). A role for Par-4
protein in apoptosis induction by WA was first proposed by
Srinivasan et al. (28) in androgen receptor (AR) negative
prostate cancer cells. These investigators also proposed a
model where WA-mediated induction of Par-4 protein led to
inhibition of NF-kB and subsequently downregulation of the
anti-apoptotic protein Bcl-2 (28). Interestingly, the Par-4
induction and apoptotic cell death resulting from WA
exposure was attenuated by overexpression of wild-type AR
(28). WA-mediated induction of PAR-4 has also been
demonstrated in neuroblastoma and cholangiocarcinoma cells
(64,65). However, the precise role of Par-4 in apoptosis
regulation by WA was not thoroughly investigated in neuro-
blastoma and cholangiocarcinoma cells (64,65). It is also
unclear if Par-4 protein is involved in apoptosis regulation by
WA in other cancer types.



Inhibition of Proteasome in WA-Induced Apoptosis

Mohan et al. (66) were the first to show inhibition of
ubiquitin-mediated proteasome pathway by WA treatment in
human umbilical vein endothelial cells. Yang et al. showed
convincingly that tumor proteasome is a target of WA in
prostate cancer cells (27), and these observations were
subsequently extended to mesothelioma cells (35). WA was
shown to be a potent inhibitor of chymotrypsin-like activity in
human prostate cancer cultures and xenografts (27). Inhibi-
tion of prostate tumor proteasome activity by WA resulted in
accumulation of proteasome target protein Bax (35). Thus,
inhibition of proteasome and proapoptotic effect of WA may
be linked through Bax stabilization. In this context, we have
shown previously that knockdown of Bax and Bak protein
confers significant protection against WA-induced apoptosis
in MCF-7 cells (51). Carefully designed kinetic studies are
needed to test whether inhibition of proteasome by WA
treatment is linked to its pro-oxidant effect. Molecular
docking studies have suggested that WA likely inhibits
proteasome irreversibly and with a high rate due to acylation
of the N-terminal Thrl of the B-5 subunit (67).

Role of Bcl-2 Family Proteins in WA-Induced Apoptosis

The Bcl-2 family proteins play an important role in
regulation of apoptosis by different stimuli (68). Induction of
pro-apoptotic Bcl-2 family members (Bax, Bak, and Bim),
translocation of Bax to mitochondria and/or downregulation of
anti-apoptotic Bcl-2 proteins (Bcl-2, Bel-xL) upon WA treat-
ment has been observed in a variety of cultured cancer cells (27-
29,33,35,48,53-55,58). However, the in vivo evidence for WA-
mediated induction of Bax and downregulation of Bcl-2 is
available only in cervical cancer xenografts (33). In leukemia
cells, WA-mediated apoptosis was attenuated by Bcl-2
overexpression (54). Similar protective effect of Bcl-2
overexpression on apoptosis induction by WA was observed in
Caki renal cancer cells (61). In human breast cancer cells,
FOXO03a-dependent induction of Bim was implicated in
apoptosis regulation by WA (29). WA-mediated apoptosis in
breast cancer cells was significantly attenuated by RNA
interference of both Bim and FOXO3a (29). Once again, similar
functional studies are needed in other cancer cell types to
establish the generality of these mechanisms. In addition, it
remains to be seen if WA administration affects protein levels of
Bcl-2 family members in vivo in different types of cancer cells.

Role of p53 Tumor Suppressor in Apoptosis Regulation
by WA

The tumor suppressor role for p53 and its involvement in
apoptosis regulation is well established (69). WA-mediated
stabilization of p53 protein level and/or increased Serl5
phosphorylation of this tumor suppressor have been observed
in breast, cervical, and renal cancer cells (33,44,61,70). WA-
mediated induction of p53 in vivo has been reported in
cervical cancer xenografts (33). In cervical cancer cells,
apoptosis induction by WA was partially but statistically
significantly attenuated by small interfering RNA (siRNA)
knockdown of p53 (33). We also observed a modest but
significant protection against proapoptotic effect of WA by
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RNA interference of p53 in MCF-7 human breast cancer cell
line (70). Collectively, these results indicate that p53 status
can influence cell death induction by WA.

Suppression of Inhibitor of Apoptosis Family Proteins by WA

The inhibitor of apoptosis (IAP) family proteins, including
X-linked inhibitor of apoptosis, survivin, and cIAP1/cIAP2 play
an important role in apoptosis regulation by inhibiting caspases
(71,72). WA-mediated suppression of IAPs has been shown in
breast cancer cells in vitro (XIAP, survivin, and cIAP2) and in
vivo (survivin) (44,52) and leukemia cells (XIAP) (54). Howev-
er, the functional evidence for involvement of IAPs in apoptosis
regulation by WA is limited to MCF-7 and MD A-MB-231 breast
cancer cells (52). WA treatment decreases protein and mRNA
levels of XIAP, survivin, and cIAP2 in a dose-dependent
manner (52). Overexpression of these proteins was protective
to varying extent against apoptosis induction by WA (52).
Docking studies suggested strong binding affinity for WA with
cIAP1 (73). Further work is needed to determine the contribu-
tion of IAP family proteins in apoptotic cell death induction by
WA in other types of cancer cells.

Role of Mitogen-Activated Protein Kinases in Apoptosis
Regulation by WA

Mitogen-activated protein kinases (MAPK) are known
to play an important role in apoptosis regulation by different
agents (74,75). Mandal et al (55) were the first to study role of
MAPK in apoptotic response to WA using leukemic cells of
lymphoid and myeloid origin. This study showed activation of
p38 MAPK upon treatment with WA (55). Moreover,
inhibition of p38 activation by an inhibitor as well as p38
protein knockdown resulted in significant protection against
apoptosis by WA (55). Contribution of extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinases (JNK),
and/or p38 MAPK in pro-apoptotic response to WA has also
been suggested in breast cancer cells, head and neck cancer
cells, and glioblastoma cells (44,45,47,76). One study showed
transient activation (increased phosphorylation) of p38
MAPK after 1-3 h treatment with 2.5 uM WA in MCF-7
breast cancer cells that was not due to an increase in level of
p38 MAPK protein (44). In fact, the protein level of p38
MAPK was decreased after 6-h treatment with WA (44). The
effect of WA on ERK or JNK was not studied by these
investigators (44). The same group of investigators noted
activation of ERK1/2 without any effect on protein level upon
treatment of some head and neck cancer cells and glioblas-
toma cells with WA (45,47). Once again, the effect of WA on
other MAPK was not determined in head and neck cancer
cells or in glioblastoma cells (45). In addition, these studies
lacked functional experiments (pharmacological inhibitors or
overexpression of dominant negative mutants) to allow
meaningful conclusions concerning the role of MAPK in
apoptosis by WA (44,45). WA treatment resulted in increased
phosphorylation of ERK1/2, JNK, and p38 MAPK in U937
human leukemia cells (54). Pharmacological inhibition of JINK
resulted in potentiation of WA-induced apoptosis as evidenced
by enrichment of sub-Gy-G; population whereas p38 MAPK
inhibition had no effect of cell death resulting from WA
treatment (54). On the other hand, partial but significant
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attenuation of WA-mediated apoptosis was discernible in the
presence of an inhibitor of ERK (54). These observations
indicated opposing roles of MAPK activation in apoptosis
induction by WA in U937 cells (54).

More recently, we have used MCF-7 (estrogen respon-
sive) and SUM159 (triple negative) human breast cancer cells
to systematically study the role of MAPK in apoptosis
induction by WA (76). Exposure of both cells to WA resulted
in increased phosphorylation of ERK, JNK, and p38 MAPK,
but these effects were relatively more pronounced in the
former cell line than in SUM159 (76). Activation of ERK, but
not JNK or p38 MAPK, resulting from WA treatment was
partially attenuated by overexpression of Mn-SOD (76). Cell
death resulting from WA treatment in MCF-7 cells was
significantly augmented by pharmacological inhibition of
ERK and p38 MAPK (76). Interestingly, the WA-induced
apoptosis in MCF-7 cells was partially but significantly
blocked in the presence of a JNK-specific inhibitor (76).
Inhibition of ERK or JNK had no effect on WA-induced
apoptosis in SUM159 cells (76). Collectively, it is reasonable
to propose that role of MAPK in apoptosis induction by WA
is cell line dependent.

Suppression of Oncogenic Signaling Pathways by WA
Treatment

WA has the ability to target multiple oncogenic signaling
pathways often hyperactive in human cancers, including NF-
kB, Akt, signal transducer and activator of transcription 3
(Stat3), and estrogen receptor-a (ER-a) to name a few. Most
of these studies have relied on protein expression changes
(total and phosphorylated proteins) to draw major conclu-
sions. Furthermore, data on in vivo relevance of the WA-
mediated changes in oncogenic pathways is still limited. A
brief review of the effects of WA on various oncogenic
pathways follows:

WA-Mediated Inhibition of NF-kB and Akt in Cancer Cells

The role for NF-xB and Akt in cancer is well-established
and reviewed elsewhere (77,78). WA-mediated inhibition of
NF-&B, suppression of nuclear translocation of p65 subunit of
NF-xB, and/or downregulation of p65 has been reported in
prostate cancer cells and soft tissue sarcoma cells (27,28,31).
Likewise, inhibition of total and/or Ser473 phosphorylated
Akt upon treatment with WA has been shown in medullary
thyroid cancer cells (30), soft tissue sarcoma cells (31), uveal
melanoma cells (34), pancreatic cancer cells (36), head and
neck cancer cells (45), glioblastoma cells (47), ovarian cancer
cells (48), an leukemia cells (54). In some models, the WA-
mediated suppression of phospho-Akt levels seems cell line
specific phenomenon. For example, WA treatment caused a
decrease in level of phospho-Akt in U87 but not in U251
glioblastoma cells (47). The mechanism by which WA
treatment inhibits phosphorylation of Akt is not fully
understood, but in soft tissue sarcoma cells this effect was
dependent on degradation of vimentin (31). It is unclear if the
vimentin-mediated suppression of phospho-Akt levels by WA
treatment is unique to soft tissue sarcoma. WA-mediated
increase in Ser473 phosphorylation of Akt was visually
obvious in some cancer cells (34) but lack of quantitation

hindered clear data interpretation. Nevertheless, overexpression
of dominant active Akt conferred protection against apoptosis
induction by WA in leukemia cells (54). Similar functional
studies are needed in other types of cancer cells to establish if
inhibition of Akt and/or NF-kB are key determinants of
apoptosis induction by WA.

Suppression of Stat3 by WA Treatment

Stat3 activation plays an important role in tumorigenesis
(79). We were the first to systematically study the role of Stat3 in
anticancer effects of WA in human breast cancer cells (80). We
found that WA treatment inhibits constitutive as well as
interkeukin-6 (IL-6) inducible activation of Stat3 and its up-
stream kinase Jak2 (80). The IL-6 stimulation, either before or
after treatment with WA, did not have any appreciable effect on
WA-induced apoptosis (80). On the other hand, IL-6 stimulated
activation of Stat3 conferred modest protection against inhibition
of cell invasion by WA (80). WA-mediated suppression of
constitutive or IL-6 inducible activation of Stat3 has also been
reported in cervical and renal cancer cells (33,81). However, in
vivo suppression of Stat3 phosphorylation by WA treatment has
only been shown in cervical cancer xenografts (33). Unlike our
conclusions in breast cancer cells (80), WA-induced apoptosis was
significantly suppressed by overexpression of Stat3 in Caki renal
cancer cells (81).

Downregulation of ER-o. by WA Treatment in Breast Cancer
Cells

The ER-a is a well-accepted therapeutic target for breast
cancer (82). Our laboratory was the first to show suppression of
ER-a by WA in human breast cancer cells (70), and the major
conclusions from this study were: (a) growth inhibition as well as
apoptosis induction by WA in MCF-7 cells was significantly
attenuated in the presence of 17p-estradiol (E2), (b) WA
treatment downregulated ER-a protein (but not ER-2) and this
effect was markedly abolished in the presence of E2, and (c)
ectopic expression of ER-a in the MDA-MB-231 cell line
conferred partial but significant protection against WA-mediated
apoptosis (70). Our observation of WA-mediated suppression of
ER-a protein has since been confirmed by another laboratory
(44). In our study, we were unable to rescue loss of ER-a protein
in the presence of a proteasomal inhibitor (MG132) indicating
transcriptional repression of this hormone receptor (70). Indeed,
we found transcriptional repression of ER-a in WA-treated
breast cancer cells. On the other hand, Zhang et al (44) have
concluded that WA treatment causes aggregation followed by
proteasomal degradation of ER-« (44). Zhang et al (44) did not
determine the effect of WA on ER- mRNA, but further
investigation is needed to resolve this discrepancy.

Effect of WA on Notch Signaling

The Notch pathway is implicated in cell fate determination
(proliferation and differentiation) and tumorigenesis (83,84).
The Notch signaling is mediated by four receptors (Notch1-4)
and five ligands (83,84). Koduru et al (85) observed suppression
of full-length Notch-1 after treatment with WA in human colon
cancer cells. We also noticed a decrease in levels of both full-
length and cleaved (active form) Notch-1 in WA-treated breast



cancer cells (86). At the same time, exposure of MDA-MB-231
and MCF-7 human breast cancer cells to pharmacological
concentrations of WA resulted in cleavage of Notch2 as well as
Notch4, which was accompanied by transcriptional activation of
Notch (86). The WA-mediated activation of Notch in breast
cancer cells was associated with induction of vy-secretase
complex components Presenilinl and/or Nicastrin (86). Inhibi-
tion of MDA-MB-231 and MDA-MB-468 cell migration
resulting from WA exposure was significantly augmented by
RNA interference of Notch2 and Notch4 (86). Thus, activation
of Notch2 and Notch4 by WA impeded its inhibitory effect on
breast cancer cell migration. Zhang et al (48) reported either
increase or decrease in levels of cleaved Notch1 and suppression
of cleaved Notch3 in WA -treated ovarian cancer cells. However,
activation of Notch 2 or Notch4 by WA has not been
demonstrated in other types of cancer cells.

Role of Autophagy in Anticancer Effects of WA

Autophagy is an evolutionarily conserved physiological
process for bulk degradation of cellular macromolecules and
various organelles and a cancer therapeutic target (87). For
some agents, autophagy induction is cytoprotective against
apoptotic cell death (88). On the other hand, autophagy has
been shown to contribute to overall cell death by some agents
(87,89). We have shown recently that exposure of MDA-MB-
231 and MCF-7 human breast cancer cells as well as a
spontaneously immortalized and non-tumorigenic normal hu-
man mammary epithelial cell line (MCF-10A) to WA results in
autophagy (90). The MDA-MB-231 xenografts from WA-
treated mice also exhibit markers of autophagy (90). Interest-
ingly, the WA-mediated inhibition of MDA-MB-231 and MCF-7
cell viability was not affected either by pharmacological
suppression of autophagy or genetic repression of autophagy
by transfection with Atg5 siRNA (90). In another study, WA
treatment sensitized ovarian cancer cells to doxorubicin by
causing ROS-dependent autophagy in vitro and in vivo (91).
However, the role of autophagy, if any, in anticancer effects of
WA in other types of cancer cells remain to be determined.

WA Causes Endoplasmic Reticulum Stress

Treatment of renal carcinoma Caki cells with WA resulted
in endoplasmic reticulum (ER) stress characterized by phos-
phorylation of eukaryotic initiation factor-2a (eIF-2a), ER
stress-specific XBP1 splicing, and upregulation of glucose-
regulated protein-78 (57). In addition, WA treatment caused
upregulation of CAAT/enhancer-binding protein-homologous
protein (CHOP) (57). Transfection with CHOP siRNA or
inhibition of caspase-4 activity attenuated WA-induced apopto-
sis (57). However, WA-mediated induction of ER stress has not
yet been reported in other types of cancer cells.

Combination Chemotherapies with WA

Several studies have shown sensitization of cultured cancer
cells to chemotherapy drugs and radiation in the presence of
WA (49,60,92-94). For example, WA and sorafenib exhibited
synergistic efficacy in thyroid cancer cells (49). Likewise, WA
sensitized Caki renal cancer cells to TRAIL-induced apoptosis
due to ROS-dependent upregulation of DRS5 and
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downregulation of c-FLIP (60). WA-mediated sensitization of
ovarian cancer cells to cisplatin-induced apoptosis in vitro has
also been shown (92). However, none of these studies provided
any in vivo evidence for synergy between WA and chemother-
apy drugs (49,60,92), without which the therapeutic value of
these observations is still unknown.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Despite promising preclinical cellular and in vivo data
summarized in this article, several steps are necessary for
clinical development of WA for prevention and/or therapy of
cancers. First, long-term toxicological evaluation of WA is
necessary to establish its safety profile. Second, pharmacody-
namics biomarkers predictive of WA tissue exposure and
possibly response are necessary. Many studies have shown
chemotherapy sensitization by WA in cultured cancer cells,
but the in vivo significance of these findings is still unclear.
Finally, it is clear that WA targets multiple molecules/
pathways that may be cell line-specific. Further work is also
needed to systematically explore this possibility. For example,
a role for ROS in WA-induced apoptosis has been suggested
for many types of cancer cells, but the knowledge on
mechanisms leading to ROS production or mechanisms
downstream of ROS in execution of apoptosis is limited.
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