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Abstract

Withaferin A (WA), a bioactive constituent of Ayurvedic medicine plant Withania somnifera, is a

potent apoptosis inducer in cancer cells but the mechanism of cell death induction is not fully

characterized. The present study was undertaken to determine the role of mitogen-activated

protein kinases (MAPK), including c-jun NH2-terminal kinase (JNK), extracellular signal-

regulated kinase (ERK), and p38 MAPK, and anti-apoptotic protein myeloid cell leukemia-1

(Mcl-1) in regulation of WA-induced apoptosis using human breast cancer cells. Exposure of

MCF-7 (estrogen responsive) and SUM159 (triple negative) human breast cancer 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. Overexpression of

manganese-superoxide dismutase conferred partial protection against WA-mediated

hyperphosphorylation of ERK, but not JNK or p38 MAPK. Cell death resulting from WA

treatment in MCF-7 cells was significantly augmented by pharmacological inhibition of ERK and

p38 MAPK. Interestingly, the WA-induced apoptosis in MCF-7 cells was partially but

significantly blocked in the presence of a JNK-specific inhibitor. Pharmacological inhibition of

ERK or JNK had no effect on WA-induced apoptosis in SUM159 cells. The WA-treated cells

exhibited induction of long and short forms of Mcl-1. RNA interference of Mcl-1 alone triggered

apoptosis. Furthermore, the WA-induced cell death in MCF-7 cells was modestly but significantly

augmented by knockdown of the Mcl-1 protein. These observations indicate that: MAPK have cell

line-specific role in cell death by WA, and Mcl-1 induction confers modest protection against

WA-induced apoptosis.
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INTRODUCTION

Constituents of Ayurvedic medicine, which has been practiced in India for thousands of

years, are an attractive source of potential anti-cancer agents [1]. Withania somnifera
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(commonly known as Ashwagandha in Ayurvedic medicine) is one such plant with a variety

of pharmacological effects, including cardioprotection from ischemia reperfusion injury,

inhibition of 6-hydroxydopamine-induced Parkinsonism, and anticancer effects [2–5]. For

instance, leaf extract of Withania somnifera caused growth retardation of human

fibrosarcoma cells implanted in athymic mice [5]. Anticancer property of Withania

somnifera is attributed to withanolides, including withaferin A (WA) [6] that was the first

discovered member of the withanolide family [7]. At the cellular level, anti-cancer effects of

WA have now been documented against different cancer types, including prostate [8,9],

breast [10], blood [11], colon [12], head and neck [13], cervical [14], and melanoma [15]

cells. In vivo activity of WA has also been reported. For example, WA was shown to cause

destruction of Ehrlich ascites tumor cells in vivo by causing immune activation [16]. Very

impressive results have been reported for WA in a chemically-induced rodent cancer model

where oral administration of WA (20 mg/kg body weight) for 14 weeks resulted in complete

protection of 7,12-dimethylbenz[a]anthracene-induced oral cancer in hamsters [17]. We

have also shown previously that intraperitoneal administration of 4 mg WA/kg mouse

significantly retards growth of MDA-MB-231 human breast cancer cells implanted in

female athymic mice [10]. In another study, the WA treatment was shown to inhibit breast

cancer invasion and metastasis at sub-cytotoxic doses [18].

Because of impressive in vivo anti-cancer activity [8–10,17,18] elucidation of the

mechanism by which WA causes destruction of cancer cells has been the topic of intense

research over the past several years. Mechanisms underlying anti-cancer effects of WA are

not fully understood but known anti-cancer responses to WA treatment in cultured cancer

cells include G2 phase and mitotic arrest [19], apoptotic cell death [9–11,13,15,20], and

induction of autophagy [21]. While the in vivo significance of cell cycle arrest or autophagy

is still unclear, the WA-mediated inhibition of cancer cell growth in vivo is associated with

apoptosis induction [10]. Moreover, WA treatment has been shown to suppress multiple

oncogenic signaling pathways in cultured cancer cells including, Akt [11], nuclear factor-κB

[22], signal transducer and activator of transcription 3 [23], estrogen receptor-α [24], and

vimentin [18,25]. Critical role for reactive oxygen species (ROS) in apoptosis induction by

WA has also been proposed [15,26].

The present study was undertaken to determine the role of mitogen-activated protein kinases

(MAPK) and myeloid cell leukemia-1 (Mcl-1) in apoptosis regulation by WA using human

breast cancer cells as a model. Impetus for these studies stemmed from the following

observations: (a) WA was shown to induce apoptosis by activating p38 MAPK in lymphoid

and myeloid leukemia cells [20], but it was unclear if these observations were unique to the

leukemic cells, and (b) WA treatment was shown to cause marked induction of anti-

apoptotic protein Mcl-1 in MCF-7 cells [10], but functional significance of this observation

in the context of apoptosis induction was not studied.

MATERIALS AND METHODS

Cells, Antibodies, and Reagents

MCF-7 cell line was purchased from American Type Culture Collection (Manassas, VA),

whereas SUM159 cell line was obtained from Asterand (Detroit, MI). The cells were
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cultured as recommended by the supplier. Generation of MCF-7 cells stably transfected with

empty pcDNA3.1 vector or the same vector encoding for manganese-superoxide dismutase

(Mn-SOD), and their culture conditions have been described previously [27]. Cell culture

reagents and Oligofectamine were from Life Technologies (Grand Island, NY). Anti-actin

antibody, anti-α-tubulin antibody, and N-acetylcysteine (NAC) were from Sigma-Aldrich

(St. Louis, MO). Antibodies against phospho-(Thr183/Tyr185)-JNK, total JNK, and cleaved

poly-(ADP-ribose)-polymerase (PARP) were from Cell Signaling Technology (Danvers,

MA). Antibodies against phospho-(Tyr204)-ERK, total ERK, phospho-(Tyr182)-p38

MAPK, total p38 MAPK, phospho-(Ser63/73)-c-jun, and Mcl-1, and small-interfering RNA

(siRNA) targeted against Mcl-1 were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA). Non-specific siRNA was obtained from Qiagen (Valencia, CA).

Pharmacological inhibitors of MAPK, including SB202190 (p38 MAPK inhibitor),

SP600125 (JNK inhibitor), and PD98059 (inhibitor of an upstream kinase in ERK signaling

pathway) were purchased from EMD-Millipore (Billerica, MA). WA (purity ≥ 99%) was

purchased from Enzo Life Sciences (Farmingdale, NY). WA was dissolved in dimethyl

sulfoxide (DMSO), and diluted with complete media immediately before use. Anti-

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody was from GeneTex (Irvine,

CA).

Western Blotting

DMSO-treated control or WA-treated cells were lysed and total lysates were subjected to

sodium dodecyl-sulfate polyacrylamide gel electrophoresis followed by western blotting as

described previously [28]. The resolved proteins were visualized by enhanced

Chemiluminescence technique. Change in protein level was determined by densitometric

scanning of the band and normalized against a loading control.

Detection of Apoptosis

Apoptosis induction was assessed by quantitation of histone-associated DNA fragment

release into the cytosol, which is a widely used technique for determination of apoptotic

death in cells, using a kit from Roche Applied Science (Indianapolis, IN). This assay was

performed according to the manufacturer’s instructions.

RNA Interference of Mcl-1

Cells were seeded in six-well plates and transfected at 50% confluency with a control (non-

specific) siRNA or Mcl-1-targeted siRNA. Twenty-four hours after transfection, the cells

were treated with DMSO (control) or specified concentration of WA for 24 h. The cells

were then collected and processed for western blotting and DNA fragmentation assay.

RESULTS

WA Treatment Caused Activation of MAPK in Human Breast Cancer Cells

Initially, we compared basal activation of different MAPK in MCF-7 and SUM159 cells. As

can be seen in Figure 1A and 1B, constitutive ERK1 activation was significantly higher in

MCF-7 cells compared with SUM159, whereas basal ERK2 activation was lower in the

MCF-7 cell line than in SUM159. The basal activation of JNK and p38 MAPK did not differ
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significantly between SUM159 and MCF-7 cells (Figure 1B). As shown in Figure 1C,

exposure of MCF-7 cells to WA resulted in a rapid (as early as 30 min) and sustained

activation of ERK (up to 16 h) as evidenced by an increase in the levels of Tyr204

phosphorylated protein. The WA-mediated increase in Thr183/Tyr185 phosphorylated JNK

peaked between 2 and 4 h after treatment (Figure 1C). The WA-treated MCF-7 cells also

exhibited dose-dependent and sustained activation of p38 MAPK with Tyr182

hyperphosphorylation persisting for the duration of the experiment (16 h) especially at the 5

μM concentration (Figure 1C). These results indicated that WA treatment resulted in

hyperphosphorylation of ERK, JNK, and p38 MAPK in MCF-7 cells, which was not due to

induction of these proteins except for slight but inconsistent elevation of the total p38

MAPK protein at some time points.

Next, we raised the question of whether activation of MAPK after WA treatment was unique

to the MCF-7 cell line or influenced by the hormone receptor status. We addressed this

question using a triple negative human breast cancer cell line (SUM159). Generally, the

MCF-7 cell line was relatively more sensitive to WA-mediated hyperphosphorylation of

MAPK (Figure 1C) compared with SUM159 cells (Figure 2). Cell line-specific differences

between MCF-7 and SUM159 were also discernible with respect to kinetics of the MAPK

activation. For example, in contrast to the MCF-7 cells (Figure 1C), hyperphosphorylation

of only ERK1 persisted for the duration of the experiment (16 h) in SUM159 cells (Figure

2). Likewise, a clear-cut increase in phosphorylation of only JNK1 was observed in

SUM159 cells only after 16 h treatment with WA (Figure 2). The WA-mediated

hyperphosphorylation of p38 MAPK was transient in SUM159 cells and peaked between 30

min and 1 h after treatment (Figure 2). Interestingly, WA treatment caused a decrease in the

levels of Tyr182 phosphorylated p38 MAPK at 1–4 h time points, which was not due to

downregulation of the total protein (Figure 2).

The Role of ROS in MAPK Activation by WA

We have shown previously that the WA-induced apoptosis in human breast cancer cells,

including the MCF-7 cell line is intimately linked to ROS production [26]. Moreover ROS-

dependence of the WA-induced apoptosis is not unique to the breast cancer cells [15]. We

therefore raised the question of whether activation of MAPK in our model was linked to

ROS production. We addressed this question by determining the effect of Mn-SOD

overexpression on WA-mediated activation of MAPK using MCF-7 cells. The WA-

mediated activation of ERK, but not JNK or p38 MAPK was partially suppressed by

overexpression of Mn-SOD (Figure 3A). In addition, overexpression of Mn-SOD conferred

partial but significant protection against WA-induced apoptosis at least in the MCF-7 cell

line (Figure 3B). The protection by Mn-SOD overexpression on ERK activation was

consistent at the 2.5 μM WA in different experiments, but not at the higher dose. Because

Mn-SOD overexpression, which will suppress superoxide anion, showed partial protective

effect on ERK activation by WA treatment, we determined the effect of NAC on WA-

mediated activation of ERK and apoptosis. As can be seen in Figure 3C and 3D, NAC

treatment reversed the effect of WA on ERK activation as well as apoptosis. These results

suggested that only ERK activation by WA treatment was sensitive to ROS production at

least in the MCF-7 cell line.
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The Role of MAPK Activation in Apoptosis Induction by WA

Next, we designed experiments using specific inhibitors of different MAPK to determine the

functional significance of their activation in the context of WA-induced apoptosis. As shown

in Figure 4A, a 1 h pretreatment with PD98059 resulted in suppression of WA-mediated

hyperphosphorylation of ERK in both MCF-7 and SUM159 cells. Inhibition of ERK

activation significantly augmented WA-induced apoptosis in MCF-7, but not in SUM159

cells as evidenced by analysis of histone-associated DNA fragment release into the cytosol

(Figure 4B). Lack of any effect on apoptosis in SUM159 cells may be partly attributable to

incomplete inhibition of the ERK. The WA-mediated activation of JNK was markedly

suppressed in the presence of SP600125 (Figure 5A). Pharmacological inhibition of JNK

conferred modest but significant protection against WA-induced apoptosis in MCF-7 cells

(Figure 5B). Similar to PD98059 (Figure 4B), inhibition of JNK had no meaningful impact

on WA-induced apoptosis in SUM159 cells (Figure 5B) possibly due to incomplete

inhibition of the kinase. Because SUM159 cell line was not as sensitive as MCF-7 to WA-

mediated activation of p38 MAPK, effect of its inhibition was only studied in the MCF-7

cell line. Because activation of p38 MAPK is transient and dose-dependent (e.g., activation

of p38 MAPK observed only at 5 μM concentration at the 16 h time point in Figure 1) in

MCF-7 cells, an increase in the levels of Tyr182 phosphorylated p38 MAPK was not evident

in the western blotting experiment (Figure 6A). Nevertheless, western blotting revealed a

reduction in the level phosphorylated p38 MAPK in the presence of WA and SB202190

(Figure 6A). Pharmacological inhibition of p38 MAPK resulted in a modest but significant

increase in WA-induced apoptosis in the MCF-7 cell line (Figure 6B).

The Role of Mcl-1 in WA-Induced Apoptosis

We have shown previously that WA treatment causes a marked increase in levels of long

and short forms of Mcl-1, which is an anti-apoptotic protein [29], in MCF-7 cells [10].

However, the functional significance of Mcl-1 induction in the context of WA-mediated

apoptosis was not clear. Moreover, it is still unclear if WA-mediated induction of Mcl-1 is

unique to the MCF-7 cell line. As shown in Figure 7A, treatment of SUM159 cells with WA

resulted in a dose- and time-dependent induction of both long and short forms of Mcl-1.

Quantitation of treatment-related induction was not possible due to undetectable basal level

of Mcl-1 in this experiment (Figure 7A). As shown in Figure 7B, the WA-mediated

induction of Mcl-1 (both forms) was fully abolished by its RNA interference. Knockdown of

Mcl-1 alone triggered apoptosis in MCF-7 cells (Figure 7C), which is consistent with its

anti-apoptotic role [29]. Furthermore, the WA-induced apoptosis in MCF-7 cells was

modestly but significantly augmented by knockdown of Mcl-1 protein as evidenced by

analysis of PARP cleavage (Figure 7B) as well as histone-associated DNA fragment release

into the cytosol (Figure 7C). Similar results were observed in the SUM159 cell line (results

not shown).

DISCUSSION

Elucidation of the mechanism by which WA treatment causes apoptosis is important for two

reasons: (a) this knowledge likely helps optimization of WA-based regimens for prevention

and/or treatment of cancer, and (b) mechanistic studies could lead to identification of
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biomarker(s) predictive of WA response for application in future clinical investigations. For

example, we have shown recently that activation of Notch2 and Notch4 by WA impedes its

inhibitory effect on breast cancer cell migration and invasion [30], suggesting that the anti-

cancer effect of WA may be augmented in the presence of Notch inhibitors. The present

study indicates that MAPK activation may not be a suitable biomarker for WA because of

cell line-specific contribution. The ERK or JNK activation has no meaningful impact on

WA-induced apoptosis in SUM159 cells, which may be partly attributable to a lack of

complete inhibition of the respective kinases in the presence of PD98059 and SP600125. On

the other hand, ERK/p38 MAPK and JNK have opposing effects on cell death resulting from

WA exposure in MCF-7 cells. Activation of ERK and p38 MAPK seem to confer modest

protection against WA-induced apoptosis, whereas JNK activation is partially responsible

for the cell death. These results are strikingly different from those in leukemia cells [20]

where WA-induced apoptosis was significantly attenuated by inhibition of p38 MAPK [20].

Another interesting observation of the present study is that MCF-7 cell line is relatively

more sensitive to MAPK activation compared with SUM159. Further work is necessary to

answer the question of whether differential sensitivity of MCF-7 and SUM159 cells to

MAPK activation by WA is related to differences in their estrogen receptor-α status. In this

context, it is important to mention that a role for p38 MAPK in downregulation of estrogen

receptor-α protein expression by a green tea polyphenol has been suggested previously [31].

The WA is known to cause downregulation of estrogen receptor-α protein in MCF-7 cells

[24].

We have shown previously that apoptosis induction by WA treatment in human breast

cancer cells is associated with ROS generation [26]. A number of examples exist to illustrate

involvement of ROS in MAPK activation by naturally-occurring anti-cancer agents. For

example, ROS-mediated activation of JNK is responsible for phosphorylation of Bcl-2 and

apoptosis by garlic constituent diallyl trisulfide in prostate and breast cancer cells [32,33]. A

similar mechanistic connection between ROS generation, JNK activation, and apoptosis

induction has been noted for the garden cress constituent benzyl isothiocyanate in breast

cancer cells [34]. The present study reveals that the activation of JNK or p38 MAPK in WA-

treated cells is not blocked by overexpression of Mn-SOD. Thus, unlike diallyl trisulfide or

isothiocyanates, the JNK or p38 MAPK activation by WA is independent of ROS

production. On the other hand, the ERK activation by WA may be partly dependent on ROS

generation at least in the MCF-7 cell line. However, it is important to point out that ERK

inhibition leads to augmentation of WA-induced apoptosis at least in the MCF-7 cell line

whereas suppression of ROS by Mn-SOD overexpression or NAC treatment is protective

against cell death induction by this agent. Based on these results, we conclude that ERK-

independent mechanism(s) are likely involved in ROS-dependent apoptosis by WA

treatment.

Previous work from our laboratory has indicated induction of Mcl-1 protein after treatment

with WA in MCF-7 cells [10], which is also evident in the SUM159 cell line (Figure 7A).

Another objective of the present study was to gain insight into the functional significance of

Mcl-1 induction in WA-mediated apoptosis. The Mcl-1 (myeloid cell leukemia-1) belongs

to the Bcl-2 family of apoptosis regulating proteins, and induced by a variety of cytokines

and signaling pathways, including signal transducer and activation of transcription 3 and p38
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MAPK [29,35]. Alternative splicing of Mcl-1 results in two protein isoforms, Mcl-1 long

and Mcl-1 short, with opposing functions. The short form of Mcl-1 has been suggested to

promote apoptosis [36]. RNA interference of Mcl-1 alone is apoptogenic in both MCF-7 and

SUM159 cells (Figure 7C, and unpublished results). Because RNA interference of Mcl-1

depletes both forms of the protein and results in apoptosis induction, we can conclude that

the long form predominates in function due to its abundance. The WA-induced apoptosis is

only modestly increased after knockdown of both forms of Mcl-1. Based on these results,

we conclude that induction of the long form of Mcl-1 confers only modest protection against

WA-induced apoptosis possibly because of concomitant induction of the Mcl-1 short form.

In conclusion, the take home message from the present study is that while MAPK activation

elicits cell line-specific contribution to the cell death by WA, induction of Mcl-1 long form

confers modest protection at best against WA-induced apoptosis.
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Abbreviations

WA withaferin A

MAPK mitogen-activated protein kinases

JNK c-jun NH2-terminal kinases

ERK extracellular signal-regulated kinases

ROS reactive oxygen species

Mn-SOD manganese-superoxide dismutase

siRNA small interfering RNA

DMSO dimethyl sulfoxide

GAPDH glyceraldehydes 3-phosphate dehydrogenase

NAC N-acetylcysteine

PARP poly-(ADP-ribose)-polymerase

Mcl-1 myeloid cell leukemia-1

ANOVA analysis of variance
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Figure 1.
WA treatment activates MAPK in MCF-7 human breast cancer cells. (A–B) Determination

of basal activation of MAPK in MCF-7 and SUM159 cells. The cells (5×105 cells per dish)

were plated in triplicate in 6-cm dish. After overnight incubation, the cells were collected

and subjected to western blotting for phosphorylated forms of ERK, JNK, and p38 MAPK.

Quantitation of basal level of phosphorylated MAPK in MCF-7 and SUM159 from two-

independent experiments is shown in the bar graph. Results shown are mean S.D. (n = 6).

Statistical significance (*, P<0.05) of difference in expression level between MCF-7 and

SUM159 cells was analyzed by unpaired Student’s t-test. (C) Effect of WA treatment on

activation of MAPK in MCF-7 cells. Lysates from MCF-7 cells treated with the indicated
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concentrations of WA for specified time periods were subjected to western blotting for

phosphorylated and total forms of ERK, JNK, and p38. The number on top of the band

represents fold change in level compared to corresponding DMSO-treated control.
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Figure 2.
WA treatment activates MAPK in SUM159 cells. Effect of WA treatment on activation of

MAPK in SUM159 cells. Lysates from SUM159 cells treated with the indicated

concentrations of WA for specified time periods were subjected to western blotting for

phosphorylated and total forms of ERK, JNK, and p38 MAPK. The number on top of the

band represents fold change in level compared to corresponding DMSO-treated control.

Hahm et al. Page 12

Mol Carcinog. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
ROS are involved in apoptosis by WA in MCF-7 cells. (A) Effect of overexpression of Mn-

SOD on WA-mediated activation of MAPK. The MCF-7 cells stably transfected with

pcDNA3.1 empty vector or pcDNA3.1 vector encoding for Mn-SOD were treated with the

desired concentrations of WA for 2 hours. The total lysates from these cells were subjected

to western blotting for phosphorylated MAPK. Quantitation relative to DMSO-treated empty

vector transfected cells is shown. (B) Detection of apoptosis (histone-associated DNA

fragment release into the cytosol) in MCF-7 cells stably transfected with pcDNA3.1 empty

vector or pcDNA3.1 vector encoding for Mn-SOD. The cells were treated with the indicated

doses of WA for 24 h and then processed for apoptosis assay. Statistical significance

(P<0.05) was analyzed one-way ANOVA with Bonferroni’s multiple comparison

test. aSignificantly different (P<0.05) compared with each control. bSignificantly different

(P<0.05) between groups with the same dose. The results shown are mean ± S.D (n= 3). (C)

Effect of NAC on WA-mediated activation of ERK. MCF-7 cells (5×105 cells per dish)

were plated in 6-cm dish and allowed to attach. After overnight incubation, the cells were

pretreated with 5 mM NAC for 2 h and then treated with indicated doses of WA in the

absence or presence of NAC for 2 h. After treatment, the cells were collected and processed

for immunoblotting. (D) Effect of NAC on WA-mediated apoptosis induction in MCF-7

cells. The cells were pretreated with 5 mM NAC for 2 h and then treated with 2.5 μM WA in

the absence or presence of NAC for 24 h. Statistical significance (P<0.05) was analyzed by

one-way ANOVA with Bonferroni’s multiple comparison test. aSignificantly different

(P<0.05) compared with each control. bSignificantly different (P<0.05) between groups with

the same dose. The results shown are mean ± S.D. (n= 2–3).
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Figure 4.
The effect of pharmacological inhibition of ERK on WA-mediated apoptosis in human

breast cancer cells. The MCF-7 and SUM159 human breast cancer cells were pretreated

with 25 μM PD98059 for 1 h, and then exposed to 2.5 μM WA in the absence or presence of

PD98059 for an additional 24 h. (A) Western blotting for phosphorylated ERK. Quantitation

relative to DMSO-treated cells is shown. (B) Histone-associated DNA fragment release into

the cytosol. Quantitation relative to DMSO-treated cells is shown. Combined results (n = 6)

from two independent experiments are shown as mean ± S.D. Statistical significance was

determined by one-way ANOVA with Bonferroni’s multiple comparison test. aSignificantly

different (P<0.05) compared with respective control. bSignificantly different (P<0.05)

between groups at the same dose.
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Figure 5.
The effect of pharmacological inhibition of JNK on WA-mediated apoptosis in human

breast cancer cells. The MCF-7 and SUM159 human breast cancer cells were pretreated

with 20 μM SP600125 for 1 h, exposed to 2.5 μM WA in the absence or presence of

SP600125 for 24 h, and then processed for western blot analysis or apoptosis detection. (A)

Western blotting for phosphorylated c-jun. Quantitation relative to DMSO-treated cells is

shown. (B) Histone-associated DNA fragment release into the cytosol. Quantitation relative

to DMSO-treated cells is shown. Combined results (n = 6) from two independent

experiments are shown as mean ± S.D. Statistical significance was determined by one-way

ANOVA with Bonferroni’s multiple comparison test. aSignificantly different (P<0.05)

compared with respective control. bSignificantly different (P<0.05) between groups at the

same dose.
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Figure 6.
The effect of pharmacological inhibition of p38 MAPK on WA-mediated apoptosis in

MCF-7 cells. The MCF-7 cells were pretreated with 10 μM SB202190 for 1 h, exposed to

2.5 μM WA in the absence or presence of SB202190 for 24 h, and then processed for

western blot analysis or apoptosis detection. (A) Western blotting for phosphorylated p38

MAPK and cleaved PARP. Quantitation for phosphorylated p38MAPK relative to DMSO-

treated cells is shown. (B) Histone-associated DNA fragment release into the cytosol.

Quantitation relative to DMSO-treated cells is shown. Combined results (n = 6) from two

independent experiments are shown as mean ± S.D. Statistical significance was determined

by one-way ANOVA with Bonferroni’s multiple comparison test. aSignificantly different

(P<0.05) compared with respective control. bSignificantly different (P<0.05) between

groups at the same dose.

Hahm et al. Page 16

Mol Carcinog. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7.
The effect of Mcl-1 knockdown on WA-mediated apoptosis in MCF-7 cells. (A) Western

blot analysis for Mcl-1 using lysates from SUM159 cells treated with the indicated doses of

WA for specified time periods. The number on top of the immunoreactive band represents

change of protein expression level relative to corresponding DMSO-treated control. (B)

Western blotting for Mcl-1 and cleaved PARP using lysates from transiently transfected

MCF-7 cells with a non-specific control siRNA or a Mcl-1-targeted siRNA and treated with

2.5 μM WA for 24 h. Quantitation relative to DMSO-treated control siRNA transfected cells

is shown. (C) Histone-associated DNA fragment release into the cytosol in MCF-7 cells

transiently transfected with a non-specific control siRNA or a Mcl-1 targeted siRNA and

treated with 2.5 μM WA for 24 h. Quantitation relative to DMSO-treated control siRNA

transfected cells is shown. Combined results (n = 6) from two independent experiments are

shown as mean ± S.D. Statistical significance was determined by one-way ANOVA with

Bonferroni’s multiple comparison test. aSignificantly different (P<0.05) compared with

respective control. bSignificantly different (P<0.05) between groups at the same dose.
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