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Here, we demonstrate that troglitazone (Rezulin), a peroxi-
some proliferator-activated receptor agonist, acted in synergy
with heregulin to induce massive cell death in breast cancer
cells. Although the combination of heregulin and troglitazone
(HRG/TGZ) induced both apoptosis and necrosis, the main
mode of cell death was caspase-independent and occurred via
necrosis. This combination increased generation of superoxide
in mitochondria, which in turn destabilized mitochondria
potential. Pretreatment with N-acetyl-L-cysteine and catalase
expression ameliorated cell death induced by the combination
treatment, indicating a role of oxidative stress in mediating
HRG/TGZ-induced cell death. Notably, pretreatment with
pyruvate significantly prevented the cell death, suggesting a
potential mechanistic link between metabolic stress and HRG/
TGZ-induced cell death. The activation of the HRG signaling
axis has been considered as a poor prognostic factor in breast
cancer and confers resistance to gefitinib (Iressa) and tamox-
ifen. However, our data presented here paradoxically suggest
that HRG expression can actually be beneficial when it comes to
treating breast cancer with peroxisome proliferator-activated
receptor-� ligands. Taken together, the combination of HRG
and TGZ may provide a basis for the development of a novel
strategy in the treatment of apoptosis-resistant and/or hor-
mone-refractory breast cancer.

Breast cancer is the second most common cause of cancer
death, accounting for one in three of all cancer cases diagnosed
in women. Although overall survival continues to improve for
breast cancer, intrinsic or acquired therapy resistance has been
an ongoing obstacle to reducing overall breast cancermortality.
Combining different drugs is now widely used to overcome the
problem of therapy resistance. Combination therapy often
increases the likelihood of response, and in ideal combination

may even be synergistic rather than simply additive. In addition,
by keeping each drug at low dose, there can be the potential
advantages of longer duration of action and less side effects.
Heregulin (HRG),2 also known as neuregulin or neu differ-

entiation factor, is a soluble secreted growth factor. The HRG
gene family consists of four members, HRG-1, HRG-2, HRG-3,
andHRG-4, of which a multitude of different isoforms are syn-
thesized by alternative exon splicing (1). HRG binds to HER3
receptors or HER4 receptors, or both, resulting in the forma-
tion of receptor homo- and heterodimerization. In mammary
epithelial cells, HRG predominantly uses HER2 and HER3
dimers. Upon engagement of HRGwith the heregulin extracel-
lular domain, multiple signaling pathways, such as the phos-
phatidylinositol 3-kinase (PI3K)/AKT, RAS/MAPK, and JNK
pathways, are activated. To date, most studies have shown that
HRG exhibits a growth-stimulatory effect in a variety of cancer
cells, including breast cancer cells. Several lines of evidence
implicated activation of human epidermal growth factor recep-
tors by HRG as a primary driver of malignancy (2–4). Activa-
tion of HER-3 by HRG is also involved in resistance to current
EGF receptor-targeted therapies (5). Furthermore, HRG
induces the progression of breast cancer cells to more resis-
tance to anti-estrogenic therapy and to a more aggressive phe-
notype (6).
Peroxisome proliferator-activated receptors (PPARs) belong

to the nuclear hormone receptor superfamily and are impli-
cated in the pathology of numerous diseases, including obesity,
diabetes, atherosclerosis, and cancer (7). PPARs consist of �, �,
and � subtypes. Among PPARs, PPAR� is of particular interest,
because it is expressed in many human cancers and plays key
roles in the proliferation, differentiation, and apoptosis of can-
cer cells. Accordingly, PPAR activation in cancer has been
intensively studied. Recent studies have shown that ligand acti-
vation of the PPAR� receptor causes growth inhibition by
inducing the differentiation or apoptosis of various human can-
cer cells (8). Breast cancer cells often express prominent levels
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(PPAR�/�) have a greater susceptibility to breast cancer (10),
suggesting a strong causal link betweenPPAR� and progression
of breast cancer.
Among PPAR� ligands, troglitazone (Rezulin, Resulin, or

Romozin) (TGZ), the most extensively studied compound,
shows anti-tumorigenic effects in human breast cancer cells (9,
11). TGZ also exerts its anti-tumorigenic effects in colon cancer
cells both in vivo and in vitro (12). However, there have been
some apparently contradictory observations in which TGZ
treatment increases the number of precancerous polyps in the
colon in Apc mutant mice compared with untreated ones (13,
14). It was also reported that activation of PPAR� signaling
enhances mammary tumorigenesis via activation of Wnt sig-
naling (15). Furthermore, TGZ has been shown to stimulate
growth of osteosarcoma (16), suggesting that TGZ can trigger
both stimulatory and inhibitory effects depending on the cell-
and tissue-specific context (7).
Although there have been trials with the use of PPAR� ago-

nists in the treatment of cancer, such treatment was not suc-
cessful as a monotherapy in breast (17) and colorectal cancer
(18). In a recent study by Girnun et al. (19), combining a plati-
num-based drug, carboplatin, with PPAR� ligands is showing
highly promising results in inhibition of lung, colon, and ovar-
ian cancer cell growth.However, platinum-based drugs, includ-
ing carboplatin, are not normally used to treat breast cancer
(20), although there is an ongoing trial using platinum-based
therapy in triple-negative breast cancer patients who do not
harbor a BRCA1mutation (21).
TGZ, although it is one of the most extensively studied

PPAR� agonists, has recently been withdrawn from clinical tri-
als because of its hepatocyte toxicity. Rosiglitazone (Avandia),
another PPAR� agonist, is still on the market, but the cardio-
vascular safety of rosiglitazone is currently the subject of vigor-
ous debate, necessitating further efforts to minimize its side
effects. Hence, there is a compelling need to seek alternative
combinatorial therapies to target breast cancer with PPAR�
ligands.
BothHRG and TGZ have been found to exert not only inhib-

itory but also stimulatory effects on breast cancer cell growth.
In this study, we demonstrate that these two-faced molecules,
when combined, exert a pronounced synergy on cell death in
breast cancer cells. We also explore molecular mechanisms by
which these two compounds synergistically induce cell death in
breast cancer cells.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant human heregulin �-1 was pur-
chased from PeproTech (Rocky Hill, NJ). Troglitazone, N-ace-
tylcysteine, 3-methyladenine, propidium iodide (PI), E64d, and
pepstatin Awere obtained from Sigma. p38MAPK inhibitor SB
203580, JNK inhibitor SP 600125, PI3K inhibitor LY 294002,
PPAR� antagonist, GW9662, IM-54, and Z-VAD-fmk were
purchased from Calbiochem. FuGENE HD and cell death
detection ELISA kit were purchased from Roche Applied Sci-
ence. Z-VAD-fmk and Dual-Luciferase assay system were pur-
chased fromPromega (Madison,WI).MitoSOX and YO-PRO1
kits were obtained from Invitrogen.

Antibodies—Monoclonal anti-PARP antibody was pur-
chased from Biomol International LP (PlymouthMeeting, PA).
Polyclonal and monoclonal anti-H2AX were purchased from
Millipore (Billerica, MA). Antibodies against either phosphor-
ylated or unphosphorylated p38 MAPK, JNK, AKT, and ERK
were purchased from Cell Signaling Technologies (Billerica,
MA). Polyclonal anti-actin antibody was obtained from Stress-
Gen Bioreagents (Victoria, Canada). Polyclonal anti-catalase
antibodywas purchased fromCalbiochem. Polyclonal anti-LC3
antibody was purchased from Novus Biologicals (Littleton,
CO). Polyclonal anti-ATG7 antibodywas obtained fromSigma.
Cell Culture—The human breast cancer cell lines MCF-7,

SKBR-3, and MDA-MB-453 were grown in complete medium,
containing DMEM, McCoy5A, and RPMI 1640, respectively,
supplemented with 10% fetal bovine serum (Sigma). MCF-10A
cell line was grown in DMEM/F-12 (Invitrogen) supplemented
with 5% horse serum 20 ng/ml EGF (PeproTech, Rocky Hill,
NJ), 100 ng/ml cholera toxin (Sigma), and 0.5 �g/ml hydrocor-
tisone (Sigma). Unless otherwise stated, cells were grown to
�60% confluence, serum-starved overnight, and then treated
with heregulin �-1 (100 ng/ml) and/or troglitazone (10 �M).
WhenN-acetylcysteine, kinase inhibitors, or PPAR� antagonist
were used, cells were pretreated with these reagents for 1 h
before the addition of heregulin and/or troglitazone. MCF-7
cell line was infected with adenoviral vectors containing by
human catalase for 4 h before heregulin and/or troglitazone
treatment. The human catalase-expressing adenovirus was fur-
ther purified and concentrated by Vivapure AdenoPACK (pur-
chased from Sartorius, Goettingen, Germany).
Luciferase Reporter Assay—MCF-7 cells were transiently

transfected with PPRE-luciferase reporter construct as well as
pRL-SV40 Renilla internal control plasmid. After 16 h of trans-
fection, cells were treated as indicated in the figure legends for
another 24 h. Luciferase assay was performed 48 h after the
transfection. Luciferase activity was normalized with control
Renilla luciferase expression. Normalized luciferase activities
of treated cells were expressed as fold increase compared with
the untreated cells transfected with the same plasmid, arbi-
trarily set at 1. Experiments were done in duplicate, and the
standard deviation was indicated.
Apoptosis/Necrosis Assay—Apoptosis was measured by the

quantification of the histone-complexed DNA fragments
(mono- and oligonucleosomes) by ELISA (Roche Applied Sci-
ence). Lysates from cells treated similarly to those described
abovewere analyzed. The level ofmono- and oligonucleosomes
released into the cytoplasm was measured at 405 nm against
reference wavelength (460 nm). Enrichment factor was calcu-
lated as the ratio of the sample cells to the absorbance of control
cells as described previously (22, 23) using the following for-
mula: enrichment factor � milliunits (absorbance (10�3)) of
the samples (apoptotic cells)/milliunits of the corresponding
control. To assess apoptosis and necrosis, cells were stained
with YO-PRO-1 and PI as directed by the manufacturer
(Molecular Probes, Eugene, OR) and analyzed by flow cyto-
metry (24, 25).
Mitochondrial Assays—Mitochondrial ROS levels were

quantified as described by the manufacturer. MCF-7 cells were
seeded into 6-well plates and cultured overnight followed by
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serum starvation. The cells were then incubated with heregu-
lin-�1 and/or troglitazone for the indicated periods of time.
Before harvesting, cells were incubated with MitoSOX (final
concentration, 5 �M) for 10 min. Cells were washed with PBS,
collected, and kept on ice in the dark for immediate detection
with a flow cytometer (Coulter Epics XL flow cytometer). For
measurement of mitochondrial membrane potential, the mito-
chondrial membrane potential detection kit was used as
instructed by the manufacturer (Cayman Chemical, Ann
Arbor, MI). Cells were treated as above and incubated with 10
�g/ml JC-1 for 10min, and then fluorescence wasmeasured on
a flow cytometer using FL1 and FL2 channels.
Electron Microscopy—Electron microscopy was performed

as described previously (26). Briefly, MCF-7 cells grown in tis-
sue culture dishes and treated as above were fixed with 2.0%
paraformaldehyde, 2.5% EMgrade glutaraldehyde in PBS. After
fixation, samples were dehydrated in a graded series of ethyl
alcohol and embedded. Ultrathin sections of samples were
placed on copper grids and stained with uranyl acetate and lead
citrate. Sections were examined under a JEM 1011CX electron
microscope (JEOL, Peabody, MA).
Immunocytochemistry—MCF-7 cells were seeded onto cov-

erslips in 6-well plates to obtain �60% confluence and then
treated as described above. The cells were then incubated with
anti-phospho-H2AX (Ser-139) mouse monoclonal antibody at
room temperature for 1 h followed by Alexa Fluor 488-conju-
gated anti-mouse IgG antibody (Molecular Probes Inc., Eugene,
OR). Cells were then stained with DAPI (Molecular Probes
Inc.). Cells were co-stainedwith antibodies to LC3, cytokeratin,
and DAPI. Autophagy was quantified by counting the cells
showing accumulation of LC3 puncta as described previously
(27). Images were captured using a Zeiss Axioskop fluorescent
microscope with Plan-NeoFluar 63�/1.25 oil lens and a
CoolSnapPro (Media Cybernetics) digital camera with associ-
ated software.
Measurement of Intracellular ATP—ATP levels were mea-

sured using a luminescence ATP detection system (PerkinEl-
mer Life Sciences) according to the manufacturer’s instruc-
tions. Luminescence was measured using Wallac microplate
luminescence reader (PerkinElmer Life Sciences) as counts/s
and normalized to total protein concentration for each sample.
The relative ATP level was calculated by dividing the counts/s
of the treated samples by that of the control samples.
RNA Interference—MCF-7 cells were transfected with 100

nM pooled small interference RNA (siRNA) oligonucleotide
(SMART pool) against ATG7 (obtained from Dharmacon,
Lafayette, CO) or with 100 nM nontargeting siRNA
(siGENOME 5, Dharmacon, Lafayette, CO) by Dharmafect I
(Dharmacon, Lafayette, CO) according to the manufacturer’s
instructions. The knockdown effect was examined by Western
blot.

RESULTS

Combinatory Treatment of HRG and TGZ Markedly In-
creases Cell Death in Breast Cancer Cells—BothHRG and TGZ
are well known differentiation-inducing factors in breast can-
cer cells. In agreement, HRG or TGZ alone induced differenti-
ation ofMCF-7 breast cancer cells, as determined by Oil Red O

staining. However, combinatorial treatment with HRG and
TGZ (HRG/TGZ) did not increase the extent of differentiation,
compared with either HRG or TGZ alone (data not shown).
Rather, HRG/TGZ treatment led to a significant cell death, as
shown in Fig. 1a. To measure the extent of cell death, MCF-7
cells were stained by PI and assessed by flow cytometry. HRG
alone and TGZ alone induced cell death at 48 h of treatment,
but their effects were modest. However, when HRG and TGZ
were combined, this markedly increased cell death at 48 h of
treatment (Fig. 1b) and led to virtually complete cell death at
72 h of treatment (data not shown). PARP has been widely used
as an early indicator of apoptotic cell death, and its cleaved
protein (89 kDa) is correlated with the extent of apoptotic cell
death. As shown in Fig. 1c, compared with samples from con-
trol, TGZ alone, or HRG alone, HRG/TGZ treatment resulted
in an increase in the ratio of cleaved to uncleaved PARP. To test
whether the effect of HRG/TGZ on MCF-7 cells was not a cell
line-specific effect, we assessed how other breast cancer cell
lines respond toHRG/TGZ treatment.Apoptotic cell deathwas
measured by the quantitative detection of mono- and oligo-
nucleosomes (histone-associated DNA fragments) in the cyto-
plasmic fraction of cell lysates by ELISA. Combinatory treat-
ment of TGZ and HRG significantly increased apoptotic cell
death in both SKBR-3 andMDA-MB-453 breast cancer cells as
compared with either alone (Fig. 1d), suggesting that HRG/
TGZ-induced apoptosis is not a cell line-specific phenomenon.
Notably, although MCF-10A cell (normal-like diploid human
breast epithelial cell line) was highly sensitive to TGZ alone as
reported previously (28), it displayed a significant resistance to
HRG/TGZ-induced apoptosis (Fig. 1e).
Signaling Pathways Involved in HRG/TGZ-induced Cell

Death—HRG activates a vast number of signal transduction
pathways. Among these pathways, we focused AKT, ERK, p38
MAPK, and JNK,which are known to regulate proliferation and
apoptosis of breast cancer cells. HRG alone and HRG/TGZ
induced a transient increase in phosphorylation of p38 MAPK,
JNK, AKT and ERK in MCF-7 cells, with a peak activation
occurring at 5 min (Fig. 2a). Compared with HRG alone, HRG/
TGZ treatment sustained these activations over longer periods
of time. Of note, HRG/TGZ treatment significantly augmented
the late phase p38MAPK activation comparedwith either TGZ
or HRG alone (Fig. 2a). It has been previously documented that
the late phase of p38 MAPK activation followed by HRG treat-
ment is correlated with HRG-induced apoptotic cell death in
breast cancer (29).
This suggests that the observed cell death in HRG/TGZ-

treated cells might be attributed to the augmented late phase
p38MAPK activation. The kinetics of AKT, ERK, JNK, and p38
MAPK activation inMDA-MB-453 and SKBR-3 cells were also
comparable with that of MCF-7 cells, although the late phase
p38 MAPK activation was observed at earlier time points in
these cells compared with MCF-7 cells (data not shown). To
further elucidate which signaling pathways mediate HRG/
TGZ-induced apoptotic cell death, we examined the effect of
various chemical inhibitors on HRG/TGZ-induced apoptosis.
Pretreatment with PI3K/AKT inhibitor (LY 294002), JNK
inhibitor (SP 600125), or MEK/ERK inhibitor (U1026) did not
exert any protective effects against HRG/TGZ-induced apo-
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ptosis (data not shown). In contrast, p38 MAPK inhibitor SB
203580 decreased HRG/TGZ-induced apoptosis by about
35–40% (Fig. 2b), suggesting that p38MAPK signaling is linked
in part to HRG/TGZ-induced apoptosis.

We next determined the effects of the early and late phase of
p38MAPK activation onHRG/TGZ-induced apoptosis. Block-
ing the early phase of p38 MAPK activity (SB 203580 was
retrieved before the onset of the late phase activation) provided
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only modest protection fromHRG/TGZ-induced apoptosis, as
determined by PARP cleavage (Fig. 2c). SB 203580 is a reversi-
ble inhibitor (30). Therefore, even after the early phase p38
MAPK activation was inhibited by SB 203580, the late phase
p38MAPK activity was still fully reversible upon removal of the
inhibitor as shown in Fig. 2c (right lane, middle panel). Con-
trary to the early phase blockade, blocking of the late phase p38
MAPK activation significantly reduced the extent of HRG/
TGZ-induced PARP cleavage (Fig. 2c, top panel, middle lane),
suggesting that the late phase of p38 MAPK activity plays a
more significant role than the early phase activation in HRG/
TGZ-induced apoptosis.
PPAR� activation plays a major role in apoptosis in cancer

cells. To investigate whether HRG/TGZ induces synergistic
activation of the PPAR� receptor and thus triggers apoptosis,
we assessed PPAR� activity using PPRE luciferase reporter con-
struct. The combination of TGZ and HRG could stimulate the
promoter activity to a higher level compared with TGZ orHRG
alone (Fig. 2d). However, increased PPAR� activity did not cor-
relate with HRG/TGZ-induced apoptosis, because pretreat-
ment of GW9662, a potent antagonist of PPAR�, did not alter
the extent of apoptotic cell death induced by HRG/TGZ (data
not shown). Although HRG/TGZ treatment enhanced PPAR�
activity also in MDA-MB-453 and SKBR-3 cells, GW9662 was
not able to rescue these cells either (data not shown). As such,
these data suggest that HRG/TGZ exerts its action through
PPAR�-independent pathways.
HRG/TGZ Induces Both Apoptotic and Nonapoptotic/Ne-

crotic Cell Death—Given the central role of caspases in medi-
ating apoptosis, we tested whether a pan-caspase inhibitor,
Z-VAD-fmk, could prevent or attenuate HRG/TGZ-induced
cell death. Z-VAD-fmk efficiently blocked HRG/TGZ-induced
apoptosis (Fig. 3a), as determined by nuclear fragmentation.
However, a major portion of HRG/TGZ-treated cells still
underwent cell death, suggesting that nonapoptotic/necrotic
mechanisms contribute to the HRG/TGZ-induced cell death.
To assess the extent of apoptosis and necrosis caused by

HRG/TGZ treatment, HRG/TGZ-treated cells were stained
with PI and YO-PRO-1. Viable cells with intact membrane
exclude both dyes (live cells, YO-PRO-1�, and PI�), whereas
apoptotic cells are permeable to YO-PRO-1, yet remain imper-
meable to PI (YO-PRO-1�, PI�) (31). Meanwhile, necrotic (or
late apoptotic) cells lose membrane integrity and become PI-
positive. HRG/TGZ induced both apoptotic and necrotic cell
death, but mostly through the necrotic (62%) rather than the
apoptotic (13%) pathway (Fig. 3b, left panel). Necrotic cell death

can be better defined by electron microscopy. The majority of
the HRG/TGZ-treated cells displayed typical changes associ-
ated with necrotic cell death, such as discontinuities in plasma
membrane,multiple large vacuoles, and leakage of cellular con-
tents (Fig. 3c, left panel). The percentages of apoptosis- and
necrosis-like cells based on electron microscopic determina-
tion were comparable (Fig. 3c, right panel) with those obtained
using YO-PRO-1/PI staining. Furthermore, IM-54, a selective
inhibitor of oxidative stress-induced necrotic cell death, sub-
stantially reduced HRG/TGZ-induced cell death (supplemen-
tal Fig. 1), supporting the notion that HRG/TGZ-induced cell
death occurred primarily through necrosis.
Notably, pretreatment of methyl pyruvate significantly

reduced the extent of HRG/TGZ-induced necrosis (from 62 to
31%) with minimal impact on HRG/TGZ-induced apoptosis
(Fig. 3b,middle panel), suggesting that HRG/TGZ-induced cell
death is associated withmetabolic stress. A comparable protec-
tive effect was also achieved with sodium pyruvate (HRG/TGZ�
NaPyr) (data not shown). Of note, HRG/TGZ treatment
resulted in marked depletion of cellular ATP levels compared
with untreated cells (Fig. 3d). In contrast, supplementation of
MePyr or NaPyr prevented HRG/TGZ-induced depletion of
cellular ATP (Fig. 3d). These results suggest that pyruvate res-
cues the low energy status of HRG/TGZ-treated cells, further
supporting the hypothesis thatHRG/TGZ-induced cell death is
mainly caused by metabolic stress. Low ATP concentration
pushes the cell into necrotic cell death (11, 15), which is con-
sistentwith themajor type of cell death observed inHRG/TGZ-
treated cells.
The medium in the HRG/TGZ-treated wells precipitously

turned yellow with a concomitant drop in pH (Fig. 3e) before
the onset of cell death, reinforcing the causal association
between HRG/TGZ-induced cell death and metabolic stress.
Meanwhile, 3-MA, an autophagy inhibitor (HRG/TGZ �
3-MA), showed only modest effects on HRG/TGZ-induced
necrosis (from 62 to 69%) (Fig. 3b, right panel).
Combinatory Treatment of HRG and TGZ Causes Oxidative

Stress and Mitochondrial Dysfunction—Mitochondria play a
major role in cellular energy metabolism, and metabolic stress
can induce mitochondrial dysfunction (32). To test whether
HRG/TGZ-induced cell death was associated with mitochon-
drial function, a change in mitochondrial transmembrane
potential (��m) was assessed by flow cytometric assessment of
JC-1. JC-1 offers more reliable staining than rhodamines and
other carbocyanines, because it can selectively enter into mito-
chondria (33). HRG alone had a slightly protective effect on

FIGURE 1. Combination treatment of HRG and TGZ markedly increases cell death in breast cancer cells. a, MCF-7 cells were treated for 48 h with either 100
ng/ml HRG or 10 �M TGZ alone or with a combination of heregulin and troglitazone (HRG/TGZ). Cell morphology was examined under the phase contrast
microscope. b, quantification of cell death was made by PI staining (5 �g/ml). MCF-7 cells were treated for 48 h with either HRG or TGZ alone or with a
combination of HRG/TGZ as described. The percentage of PI-positive cells indicates the proportion of cell death. Shown are representatives of at least three
independent experiments. c, left panel, after treatment with the indicated compounds for 48 h, cell extracts from MCF-7 cells were prepared and analyzed by
Western blotting using anti-PARP antibody. Shown is a representative Western blot of four independent experiments. Right panel, quantitative data expressing
the ratio of cleaved to uncleaved PARP. PARP cleavage was quantified by densitometry, normalized to �-actin, and calculated as a ratio of cleaved PARP to
uncleaved PARP. The data are expressed as the means � S.E. CTRL, control. d, cells (SKBR-3 and MDA-MB-453) were treated as described in the legend to a. Cell
death detection ELISA was used to measure apoptotic cell death. Rate of apoptosis is reflected by the enrichment of nucleosomes released in each sample. The
ratio of the absorbance of the treated cells to the untreated cells (CTRL) was calculated as an enrichment factor. Data represent the means � S.E. e, MCF-10A
cells were treated as described in the legend to a. After treatment with the indicated compounds for 48 h, cell extracts were prepared and analyzed for PARP
cleavage. Of note, PARP cleavage was not detectable in TGZ-treated MCF-10A cells, most likely because most of the TGZ-treated MCF-10A cells already died by
the 48 h of TGZ treatment.
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��m, whereas TGZ alone destabilized ��m (Fig. 4a). The com-
bined treatment (HRG/TGZ) resulted in a further reduction in
the mitochondrial transmembrane potential as indicated by a
marked shift in JC-1 fluorescence (Fig. 4a).
ROS are postulated to be a common trigger for mitochon-

drial dysfunction. Therefore, we asked whether HRG/TGZ
treatment causes an accumulation of higher levels of ROS,
which in turn leads to the ROS-induced collapse of mitochon-
drial membrane potential. Because mitochondria are the pri-
mary source of ROS in eukaryotic cells, we measured mito-
chondrial ROS usingMitoSox, which is a highly selective probe
for mitochondrial superoxide anion. A higher level of mito-
chondrial ROS was observed in HRG/TGZ-treated cells than
those treated with either alone or nontreated cells (Fig. 4b).
Taken together, these results suggest that oxidative damage of
mitochondria induced by HRG/TGZ potentially contributes to
HRG/TGZ-induced cell death.
N-Acetylcysteine (NAC) interacts with ROS and oxygen rad-

icals, counteracting ROS-induced effects. To test whether the
augmented ROS level indeed plays a role in mediating the
HRG/TGZ-induced cell death, MCF-7 cells were pretreated
withNAC and then challengedwith a combination of HRG and
TGZ. NAC was able to significantly protect cells from HRG/
TGZ-induced cell death (Fig. 5a), indicating that the generation
of ROS is one ofmajor determinants ofHRG/TGZ-induced cell
death.
Although apoptotic cell death accounted for aminor portion

of HRG/TGZ-induced cell death (Fig. 3b), NAC attenuated
nuclear DNA fragmentation (apoptosis) induced byHRG/TGZ
by about 40–50% (Fig. 5b), suggesting that ROS actively take
part in HRG/TGZ-induced apoptotic cell death. This protec-
tive effect of NAC against HRG/TGZ-induced cell death was
accompanied with the inhibition of the late phase p38 MAPK
activation (Fig. 5c). Interestingly, SB 203580 was also able to
reduce the level of ROS inHRG/TGZ-treated cells (supplemen-
tal Fig. 2). These results suggest that p38 MAPK and ROS can
function independently or in parallel in HRG/TGZ-induced
cell death, although it remains uncertain how exactly ROS and
p38 MAPK are interconnected in HRG/TGZ-induced cell
death.
To further substantiate the role of ROS in HRG/TGZ-in-

duced apoptosis, MCF-7 cells were transduced with recombi-

nant adenovirus encoding catalase. Whereas treatment with
HRG/TGZ in control adenovirus-infected cells (Ad-GFP) still
allowed for significant PARP cleavage, infection with catalase-
encoding adenovirus (Ad-catalase) led to a reduction in PARP
cleavage (Fig. 5d).
Recent studies indicate that autophagy plays an active role in

cell death and survival (34).Whether autophagy favors apopto-
sis or survival is context-dependent (35). Many cellular stresses
that induce ROS generation also induce autophagy, which in
turn triggers or delays cell death (36). To test whether the cell
death induced by HRG/TGZ is attributable to autophagy for-
mation uponHRG/TGZ treatment, we assessed autophagy for-
mation by immunocytochemical analysis. The quantitative
analysis of LC3 revealed a significant increase in the number of
LC-3 positive puncta in HRG/TGZ-treated cells compared
with untreated control cells (95 � 3 versus 10 � 2%, p � 0.01)
(Fig. 5e). The proportion of LC3II increases during autophago-
some formation, and thus its levels can serve as an indicator of
autophagosome (37). HRG/TGZ induced a significant increase
in LC3II expression, whereas HRG or TGZ alone had only a
marginal effect on LC3II expression (Fig. 5f). To assess more
precisely that HRG/TGZ regulates autophagic flux, MCF-7
cells were treated with the combination of E64D and pepstatin
A, and the levels of LC3-II were measured. E64D/pepstatin A
further increased the levels of LC3-II (supplemental Fig. 3), sug-
gesting that HRG/TGZ induces autophagosome formation. In
agreement, electron microscopic analysis revealed a number of
autophagosomes in HRG/TGZ-treated cells (Fig. 5g).
Despite the increase in autophagy in HRG/TGZ-treated

cells, this pathway does not seem to contribute significantly to
HRG/TGZ-induced cell death, because inhibition of autophagy
with 3-MA (at a dose that does not compromise the viability of
MCF-7 cells) caused only a modest change in HRG/TGZ-in-
duced cell death (Fig. 3b). Similarly, another autophagosome
inhibitor, bafilomycin A, did not have a noticeable effect on
the HRG/TGZ-induced cell death (data not shown). However,
like most pharmacological inhibitors, 3-MA and bafilomycin A
are not specific inhibitors for autophagy. To determine more
precisely the role of autophagosome in HRG/TGZ-induced
cell death, MCF-7 cells were transiently transfected with
negative control siRNA (scramble siRNA) or Atg7 siRNA.
siRNA-mediated knockdown of Atg7 markedly reduced its

FIGURE 2. Signaling pathways in HRG/TGZ-induced breast cancer cell death. a, MCF-7 cells were treated as described in the legend to Fig. 1. Cells were
harvested at indicated times post-treatment, and cell lysates were then analyzed by Western blot for phosphorylated and total cellular proteins using specific
antibodies as indicated. C, control, untreated cells; H, HRG; T, TGZ; HT, HRG and TGZ. Representative data from one of three independent experiments are
shown. b, effect of p38 MAPK inhibitor (SB 203580) on HRG/TGZ-induced apoptotic cell death. MCF-7 cells were treated with combination of HRG and TGZ in
the absence (HRG/TGZ (HT)) or presence of 4 �M SB 203580 (HT�SB). DNA fragmentation, which represents one of the hallmarks of apoptosis, was quantitated
using the cell death detection ELISA kit (Roche Applied Science). The enrichment factor was used as a parameter of apoptosis. The rate of apoptosis is reflected
by the enrichment of mono- and oligonucleosomes released into the cytoplasm shown on the y axis; an enrichment factor of 1 is equivalent to background
apoptosis. The enrichment factor was calculated as the ratio between the absorbance measurements of treated cells and the basal value (untreated control
cells). Data represent the mean � S.E. from three experiments performed in duplicate. c, blockade of the late phase of p38 MAPK activation provides more
protection from HRG/TGZ-induced apoptosis than the early phase blockade. To block the early phase p38 MAPK activation, MCF-7 cells were pretreated with
p38 MAPK inhibitor (SB 203580, 4 �M) for 1 h, and then the media were replaced with fresh media containing HRG/TGZ and 4 �M SB 203580. After 5 h, the
incubation medium was removed, and the cells were washed twice to get rid of SB 203580. Cells were then cultured in media containing HRG/TGZ until 48 h
after initial HRG/TGZ treatment. Note that p38 MAPK activity is reversible if SB 203580 is removed. To block the late phase p38 MAPK activation, 4 �M SB 203580
was treated after the early phase p38 MAPK activation (5 h after HRG/TGZ treatment). Note that cell lysates were analyzed at 48 h after initial HRG/TGZ
treatment, and thus p38 MAPK activity shown in this figure (P-p38 MAPK) represents the late phase p38 MAPK activity. Data shown are representative of three
independent experiments. d, MCF-7 cells were transiently transfected with the reporter plasmid containing the PPAR-response element and internal control
(pRL-SV40). The reporter-transfected cells were then incubated with each compound as indicated. The data were normalized to the Renilla luciferase and
expressed as fold increase relative to that of control cells. Data represent the mean � S.E. from three experiments performed in duplicate. C, control, untreated
cells; H, HRG; T, TGZ; HT, HRG and TGZ.
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protein expression in MCF-7 cells (Fig. 5h, left, top panel). As
expected, Atg7 knockdown resulted in decreased expression of
LC3-II (Fig. 5h, left, middle panel). However, despite a signifi-
cant “knockdown” of the Atg 7 protein, there were no noticea-
ble differences in HRG/TGZ-induced cell death between Atg7
siRNA and control siRNA cells (Fig. 5h, right panel), indicating
that autophagosome plays a minimal role in HRG/TGZ-in-
duced cell death. Of note, treatment of NAC reduced LC3II
expression, suggesting that HRG/TGZ-induced autophagy is in
part due to oxidative stress (Fig. 5f).
Given the fact that ROS can cause damage to macromole-

cules such as DNA (38), we determined whether the elevated

level of ROS from HRG/TGZ-treated breast cancer cells
causes DNA damage. We measured �-H2AX foci formation,
a sensitive marker for double strand breaks, to visualize and
quantify double strand breaks elicited by different treatment
groups. HRG induced a modest increase in �-H2AX foci for-
mation (Fig. 6a). The HRG and TGZ combination, which
causes an accumulation of a higher level of ROS (Fig. 4b),
produced more �-H2AX foci as shown in Fig. 6a. Western
blot analysis also revealed an increase in the level of �-H2AX
in HRG/TGZ-treated cells (Fig. 6b, left panel). NAC treat-
ment resulted in the inhibition of �-H2AX expression (Fig.
6b, right panel), indicating that the elevated level of ROS by

FIGURE 3. HRG/TGZ induces both apoptotic and nonapoptotic/necrotic cell death but the primary mode is necrosis. a, effect of Z-VAD-fmk on HRG/TGZ-
induced apoptotic cell death. MCF-7 cells were treated with HRG and TGZ in the absence (HT) or presence (HT�zVAD) of 20 �M Z-VAD-fmk. Cell death detection
ELISA was used to measure apoptotic cell death. Rate of apoptosis is reflected by the enrichment of nucleosomes released in each sample. The enrichment
factor was calculated as described in Fig. 2b legend. Data represent the mean � S.E. from three independent experiments performed in duplicate. b, MCF-7 cells
were pretreated with 10 mM methyl pyruvate (HT�MePyr) or 10 mM 3-Methyladenine (HT�3-MA) for 1 h and then treated for 48 h with HRG and TGZ. Cells were
then stained with YO-PRO-1 and PI and analyzed by flow cytometry. Plots are representative from two independent experiments. c, electron microscopy of
HRG/TGZ-treated MCF-7 cells. MCF-7 cells were either left untreated (C) or treated (HT) for 48 h with HRG/TGZ. Cells were fixed in glutaraldehyde and examined
under an electron microscope. Bar represents 2 �m. The accompanying graph (right panel) shows the electron microscopic quantitation of apoptotic and
necrotic cells. The percentages of cell numbers showing apoptosis- and necrosis-like morphological changes were calculated by counting �200 cells from
randomly selected areas (	90 fields). Results are presented as mean � S.E. (p � 0.01). d, effect of HRG/TGZ treatment on intracellular ATP level. MCF-7 cells were
either left untreated (C) or treated for 48 h with 10 mM methyl pyruvate (HT�MePyr) or with 10 mM sodium pyruvate (HT�NaPyr) in the presence of HRG/TGZ
(HT). ATP level was measured using a luminescence ATP detection system as described under “Experimental Procedures.” Luminescence was measured as
counts/s (cps) and normalized to total protein concentration for each sample. The relative ATP level was calculated by dividing the normalized cps of the
treated samples by that of the control samples. Bars correspond to means � S.E. from at least five independent experiments carried out in duplicate. e, MCF-7
cells were treated for 48 h with the indicated compounds and the pH of media was measured. Data are representative of at least three independent
experiments. C, control, untreated cells; H, HRG; T, TGZ; HT, HRG and TGZ.

Synergy between Heregulin and Troglitazone

20094 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 22 • JUNE 3, 2011



HRG/TGZ treatment is associated with the increased
�-H2AX foci.

DISCUSSION

It has been found that HRG confers resistance against drugs
such as gefitinib and tamoxifen (5), indicating that increased
expression of HRG correlates with poor prognosis in breast
cancer (2, 6, 39). On the contrary, this study suggests that HRG
expression in breast cancer can actually be beneficial when it
comes to treating breast cancer with PPAR� ligands.
We demonstrated here that HRG in combination with TGZ

consistently induced massive cell death in breast cancer cells.
Although the combination was equally potent in inducing cell
death in all three breast cancer cell lines tested, MCF-10A cells
were significantly more resistant to HRG/TGZ-induced cell
death. Themechanisms underlying the resistance of MCF-10A
cells against HRG/TGZ treatment are not known yet. Little or
no expression of HER-4 in MCF-10A cells may account for the
resistance to HRG/TGZ. However,MDA-MB-453 and SKBR-3
cells, which also express low level or absent HER-4 (40), still
underwent significant cell death in response to HRG/TGZ
treatment, excluding this possibility. Whether normal primary
breast epithelial cells also exhibit resistance to HRG/TGZ
clearly warrants further investigation.

p38MAPK inhibitor, but not PI3-K/AKT, JNK, orMEK/ERK
inhibitors, reduced the capacity of HRG/TGZ to trigger apo-
ptosis, suggesting that p38 MAPK plays a role in HRG/TGZ-
induced apoptosis. HRG/TGZ treatment elicited a biphasic
pattern of p38 MAPK activation (early phase and late phase).
Importantly, the late phase activation seems to play a more
significant role than the early phase activation in HRG/TGZ-
mediated apoptosis, because the selective blocking of the late
phase p38 MAPK activation provided a substantially higher
level of protection against HRG/TGZ-induced apoptosis than
that obtained by the early phase blocking. However, in either
case, p38 MAPK inhibitor cannot fully protect breast cancer
cells fromHRG/TGZ-induced apoptosis, suggesting that alter-
native pathways to trigger cell death may exist.
Activation of the PPAR� pathway is known to induce apo-

ptosis, but although HRG/TGZ synergistically increased in the
transcriptional activity of the PPRE luciferase reporter,
GW9662 (PPAR� antagonist) treatment showed no effect on
HRG/TGZ-induced cell death, indicating that the observed
effects are independent of PPAR� activation. It is known that
thiazolidinediones can induce their cytotoxic activity inde-
pendent of PPAR� activation. However, the molecular basis of
how thiazolidinediones exert their effects in a PPAR�-inde-
pendent manner is currently incompletely elucidated (41).

FIGURE 4. HRG/TGZ treatment results in increased superoxide production and loss of mitochondrial membrane potential. a, MCF-7 cells were cultured
for 24 h with each compound as indicated. Cells were then stained with JC-1 mitochondrial membrane potential detection kit for 10 min and analyzed by flow
cytometry. Cells with intact mitochondrial membrane potential are found in the top right quadrant of the plots. Cells with impaired mitochondrial membrane
potential are found in the low right quadrant of the plots. Note the shift to the lower right part of the quadrants in HRG/TGZ (HT)-treated cells. Numbers indicate
the percentage of cells in the upper and lower quadrant. Representative data from one of three independent experiments are shown. b, to measure mito-
chondrial ROS, MCF-7 cells were treated for 16 h with the indicated compounds and stained with MitoSOX Red. Gates to determine percent MitoSOX-positive
cells were set to exclude 95–98% of control cells (C, untreated). Numbers in the upper left of each dot blot indicate the percentage of cells staining positively with
MitoSOX Red. A representative blot is shown. C, control, untreated cells; H, HRG; T, TGZ; HT, HRG and TGZ.
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Importantly, inhibition of caspase activity with a pan-
caspase inhibitor provided only modest protection against
HRG/TGZ-induced cell death. Although necrosis accounted
for the majority of HRG/TGZ-induced cell death, necrotic
and apoptotic cell death was concomitantly activated in
HRG/TGZ-treated cells. It was consistently observed that
HRG/TGZ-treated media turned yellow during cell death,
suggesting HRG/TGZ-induced cell death could be the con-
sequence of a metabolic stress. Consistent with this specula-
tion, pyruvate addition significantly protected cells from
HRG/TGZ-induced cell death. Transport of nutrients from

extracellular medium into the cell is mediated by specific
transporter proteins. For example, IL-3 withdrawal or cera-
mide treatment induces cell death by down-regulating nutri-
ent transporters (42, 43). Accordingly, only a permeable
pyruvate (MePyr), but not an impermeable pyruvate
(NaPyr), could counteract the onset of metabolic stress in cer-
amide-treated cells (43). In contrast, sodium pyruvate could
exert a protective effect against the HRG/TGZ-induced cell
death (data not shown). This result suggests that HRG/TGZ-
induced cell death is not due to down-regulation of nutrient
transporter proteins. These protective effects of pyruvate

FIGURE 5. Antioxidants NAC and catalase protect cells from the cell death induced by HRG/TGZ. a, effect of NAC on HRG/TGZ-induced cell death. Phase
contrast images of cells treated with HRG/TGZ (HT) and HRG/TGZ�NAC (HT�NAC) are shown. b, effect of NAC on HRG/TGZ-induced apoptosis. NAC (5 mM) was
pretreated for 1 h before HRG/TGZ treatment. After 48 h of HRG/TGZ treatment, cell death detection ELISA was used to measure apoptotic cell death. The
enrichment factor was calculated as described in Fig. 2 legend. Data represent the mean � S.E. from three experiments performed in duplicate. c, cells were
treated with HRG/TGZ in the presence (�) or absence (�) of NAC under similar cell culture conditions as described above. Cells were collected at 48 h after
HRG/TGZ treatment and analyzed for p38 MAPK phosphorylation by Western blot. d, effect of catalase on HRG/TGZ-induced PARP cleavage. MCF-7 cells were
transduced with adenoviral vectors encoding catalase (Ad-catalase) or empty vector (Ad-GFP) as a control. Transduction of cells by Ad-GFP or Ad-catalase was
confirmed by GFP expression (at least 80% of transduction efficiency is based on GFP expression). Transduced cells were then treated with HRG/TGZ for 36 h,
and the level of PARP cleavage was measured. e, MCF-7 cells grown on glass coverslips were treated as indicated. Cells were stained with antibodies to LC3
(green), cytokeratin (red), and DAPI (blue). The number of cells with a punctate LC3 pattern was quantified by counting more than 100 cells from at least three
randomly selected fields, and the results represent the mean � S.E. (p � 0.01). f, MCF-7 cells were cultured with each compound as indicated in the presence
(�) or absence (�) of NAC. Cells were then analyzed for the levels of LC3II. C, control, untreated cells; H, HRG; T, TGZ; HT, HRG and TGZ. g, formation of
autophagosomes was confirmed through electron microscopy. MCF-7 cells were treated for 48 h with HRG/TGZ. Cells were then fixed and examined as
described in Fig. 3c. At a high magnification, HRG/TGZ-treated cells exhibited typical morphological features of autophagy. Bar represents 100 nm. h, left panel,
MCF-7 cells transfected with either scrambled control siRNA (HT�scramble siRNA) or ATG7 siRNA (HT�ATG7 siRNA) were treated with HRG/TGZ for 48 h. Cell
lysates were then analyzed by immunoblot analysis with the anti-ATG7 or LC3II antibody. Right panel, MCF-7 cells were transfected with siRNAs as indicated and
treated with HRG/TGZ for 30 –36 h. Cell death was analyzed by PI staining as described in the legend to Fig. 1. Numbers indicate the percentage of PI-positive
cells. Please note that cells were retrieved for PI staining at an earlier time point (30 –36 h after HRG/TGZ treatment) and thus showed lower level of cell death
compared with corresponding cells treated for 48 h.
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(NaPyr andMePyr) could be multifactorial, including scaveng-
ing ROS and/or providing an energy source, etc. (44–46).
Although further studies are necessary to explore such possi-
bilities, our study showed that pyruvate significantly attenuated
the decline inATP levels inHRG/TGZ-treated cells, suggesting
that pyruvate was used as an energy substrate during HRG/
TGZ-induced metabolic stress.
Direct measurement of mitochondrial ROS showed an accu-

mulation of higher levels of superoxide in HRG/TGZ-treated
cells, and this was apparently correlated with impaired mito-
chondrial function. Thus, it is likely that oxidative damage to

mitochondria is associated with HRG/TGZ-induced cell death.
ROS are also well known to cause DNA damage and induce
cytotoxicity. HRG/TGZ treatment triggered a pronounced
increase in �-H2AX levels compared with either treatment
alone, but pretreatment with NAC reduced �-H2AX levels,
indicating that HRG/TGZ-induced DNA damage represents a
ROS-dependent process.
Although HRG/TGZ treatment increased autophagosome

formation, suppression of autophagosomes did not signifi-
cantly affect HRG/TGZ-induced cell death. These results sug-
gest that autophagosome formation, although it is markedly

FIGURE 6. HRG/TGZ induces DNA damage through oxidative stress. a, immunocytochemical staining of �-H2AX was performed as described under
“Experimental Procedures.” MCF-7 cells were incubated with the indicated compounds for 40 h. They were then stained for the presence of phosphorylated
�-H2AX (left panels). The nuclei were visualized by DAPI staining (right panels). A representative image is shown. C, control, untreated cells; H, HRG; T, TGZl; HT,
HRG and TGZ. b, MCF-7 cells were incubated for 40 h with the indicated compounds. Cell lysates were analyzed by Western blot for the expression of
phosphorylated �-H2AX. C, control, untreated cells; H, HRG; T, TGZ; HT, HRG and TGZ.
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increased upon HRG/TGZ treatment, is not sufficient to over-
ride HRG/TGZ-induced cell death.
Whereas HRG signaling exerts stimulatory effects on breast

cancer cells (2, 6, 39), there are also contradictory results show-
ing that activation of HRG signaling exerts inhibitory effects on
breast cancer cell growth and survival (1, 29, 47). When, how,
and inwhich conditionsHRG functions as stimulatory or inhib-
itory molecules in breast cancer cells is not clearly understood
(48). Some studies suggest that HRG can either promote prolif-
eration or induce apoptosis depending on HRG concentration
(49). However, when cell death was assessed with various
amounts of HRG in the presence of 10 �M TGZ, there was no
apparent correlation between HRG concentrations and the
extent of HRG/TGZ-induced cell death.3
When MCF-7 cells were treated with a fixed dose of HRG

(100 ng/ml) with varying concentrations of TGZ, the level of
HRG/TGZ-induced cell death was noticeably reduced at con-
centrations lower than 10 �M TGZ (supplemental Fig. 4). Pre-
vious studies showed that a higher concentration of TGZ (40
�M) is needed to achieve 30–50% of cell death in MCF-7 cells
(50, 51). Meanwhile, our study found that a significantly lower
concentration of TGZ (10 �M), when it is combined with HRG,
was sufficient to induce 85–95% (if not all) of cell death (at 72 h
post-treatment) in MCF-7 cells. Although further detailed
pharmacokinetic studies are required to determine optimal
doses of each of the agents, lowering the dose of PPAR� ago-
nists would be beneficial to maximize their therapeutic poten-
tial and minimize the side effects.
The level of ErbB2 expression is also known to be correlated

with HRG-induced cell death (52). However, HRG/TGZ com-
bination induced a similar degree of cell death both in ErbB2
high (SKBR-3 and MDA-MB-453) and low expressing cells
(MCF-7), suggesting that the level of ErbB2 does not play a
crucial role in HRG/TGZ-induced cell death. Therefore, nei-
ther the level of ErbB2 expression nor HRG concentration
seems to be the major determinant in mediating HRG/TGZ-
induced cell death.
Evasion from apoptosis is common in cancer cells and

remains a major obstacle to the effective treatment of breast
cancer. However, apoptosis-resistant cancer cells may still
remain sensitive to necrotic cell death, and diverting the mode
of cell death from the apoptotic toward the necrotic is one of the
promising therapeutic approaches for therapy-resistant tumors
(53). Nevertheless, necrotic cell death results in the release of
cellular contents, and this is often associatedwith inflammation
and tumor growth (54, 55). Therefore, the therapeutic
enhancement of necrotic cell death should be carefully weighed
along with the potential adverse effects.
Our data suggest that metabolic stress is implicated in HRG/

TGZ-induced cell death. In this scenario, HRG/TGZ treatment
evokes metabolic stress that would promote cellular oxidative
stress by increasing ROS formation. Excessive ROS leads to
mitochondrial dysfunction and impairs energy metabolism,
and this, in turn, further aggravates a bioenergetic crisis. As a
drastic decrease in cellular energy status can switch the cell

death mode from apoptosis to necrosis (56), it is possible that
exaggerated energy demand by HRG/TGZ-treated cells can
drive cells into necrotic cell death. Alternatively, it is possible
thatHRGmakes breast cancer cellsmore susceptible to TGZor
vice versa.
With the heterogeneity of breast cancer, identification of

specific combinatorial treatment is an important task to tailor
the therapy best suited to the individual patient. In this regard,
the combination of HRG with TGZmay provide the basis for a
novel strategy in the treatment of apoptosis-resistant and/or
hormone-refractory breast cancer.
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