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Chemotherapeutic resistance in breast cancer, whether acquired or intrinsic,

remains a major clinical obstacle. Thus, increasing tumor cell sensitivity to chemo-

therapeutic agents will be helpful in improving the clinical management of breast

cancer. In the present study, we found an induction of HO-1 expression in doxoru-

bicin (DOX)-treated MDA-MB-231 human breast adenocarcinoma cells, which

showed insensitivity to DOX treatment. Knockdown HO-1 expression dramatically

upregulated the incidence of MDA-MB-231 cell death under DOX treatment,

indicating that HO-1 functions as a critical contributor to drug resistance in MDA-

MB-231 cells. We further observed that DOX exposure induced a cytoprotective

autophagic flux in MDA-MB-231 cells, which was dependent on HO-1 induction.

Moreover, upregulation of HO-1 expression required the activation of both signal

transducer and activator of transcription (STAT)3 and its upstream regulator, pro-

tein kinase Src. Abrogating Src ⁄ STAT3 pathway activation attenuated HO-1 and

autophagy induction, thus increasing the chemosensitivity of MDA-MB-231 cells.

Therefore, we conclude that Src ⁄ STAT3-dependent HO-1 induction protects

MDA-MB-231 breast cancer cells from DOX-induced death through promoting

autophagy. In the following study, we further demonstrated the contribution of

Src ⁄ STAT3 ⁄HO-1 ⁄ autophagy pathway activation to DOX resistance in another

breast cancer cell line, MDA-MB-468, which bears a similar phenotype to MDA-MB-

231 cells. Therefore, activation of Src ⁄ STAT3 ⁄HO-1 ⁄ autophagy signaling pathway

might play a general role in protecting certain subtypes of breast cancer cells from

DOX-induced cytotoxicity. Targeting this signaling event may provide a potential

approach for overcoming DOX resistance in breast cancer therapeutics.

B reast cancer is the most common malignant disease for
Western women.(1) Early detection of breast cancer has

improved the prognosis for patients with primary disease con-
fined to the breast but the prognosis for patients with advanced
metastatic breast cancer remains poor, which is often due to
poor response to standard chemotherapy that is mainly based on
anthracyclines and taxanes. Significant advances in the under-
standing of the mechanisms of anti-cancer drug resistance have
not been paralleled by the introduction of novel strategies to cir-
cumvent or avoid resistance in clinical practice. Thus, increas-
ing tumor cell sensitivity to these chemotherapeutic agents is an
attractive goal towards improving the therapeutic efficacy of
breast cancer, and modulation of tumor-specific signaling path-
ways may provide a different and complementary approach.
Heme oxygenase (HO), the rate-limiting enzyme in heme

degradation, catalyzes the oxidation of heme to generate sev-
eral biologically active molecules: carbon monoxide (CO), bili-
verdin and ferrous ion.(2) Among the three isoforms of the HO
family, HO-1 is widely expressed at low levels in most tissues
under steady state and is highly inducible under a variety of

chemical and physical cellular stresses.(3) The transcriptional
upregulation of ho-1 gene and the subsequent de novo
synthesis of the corresponding protein play a critical role in
antioxidative defense, anti-inflammatory and anti-apoptotic
effects.(4) Due to its cytoprotective properties, the roles of HO-
1 in maintaining tumor cell survival and mediating chemothera-
peutic resistance have attracted great attention. Increased
expression of HO-1 has been observed in several cancers,
including brain tumors, melanomas, chronic myeloid leukemia
and lymphosarcoma, suggesting possible contribution of HO-1
to tumor progression through promotion of angiogenesis, metas-
tases and proliferation.(5–8) HO-1 expression is also believed to
contribute to resistance to chemotherapeutic agents in AML
cells, and pancreatic and lung cancer cells.(9,10) On the con-
trary, few reports have demonstrated the anti-proliferative role
of HO-1 in prostate and breast cancer.(11,12) These contrasting
observations have undoubtedly increased the significance of
HO-1 in the field of cancer biology.
Autophagy is a highly conserved process during which parts

of the cytoplasm, including damaged, superfluous organelles or
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long-lived proteins, are sequestered into double-membrane ves-
icles known as autophagosomes.(13) Under steady state, this
provides a quality-control mechanism, removing damaged
organelles and proteins. Under stress conditions, the autopha-
gic digestion recovers energy in an attempt to maintain ⁄ restore
metabolic homeostasis. It is believed that autophagy plays a
critical role in the pathogenesis of diverse diseases, such as
inflammatory bowel disease, neuronal degeneration, aging and
cancer.(14,15) Among them, the role of autophagy in cancer has
been extensively studied and discussed. While most studies
suggest a protective role for autophagy, some reports show that
autophagy may act as a cell death mechanism in response to
stress.(16,17) Recent studies have struggled to reveal the com-
plex paradoxical role of autophagy in cancer development as
well as in cancer therapy.
In the current study, we found that DOX-insensitive MDA-

MB-231 and MDA-MB-468 breast cancer cells exhibited
increased autophagy accompanied by HO-1 induction follow-
ing DOX treatment. Furthermore, Src-STAT3 signaling path-
way’s activation mediated the induction of HO-1 expression
and the subsequent upregulation of autophagy. Blocking
STAT3 or Src kinase activation or inhibition of autophagy or
HO-1 induction increased the sensitivity of these cells to DOX
treatment, suggesting that Src ⁄STAT3 ⁄HO-1 ⁄ autophagy path-
way activation is a novel mechanism for mediating chemore-
sistance in breast cancer cells.

Materials and Methods

Plasmids, antibodies and reagents. STAT3-dependent lucifer-
ase reporter plasmid was provided by Dr Ming Shi from our
institute. Human HO-1, STAT3, ATG5 and Src siRNA and
their control siRNA were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA), Invitrogen-Life Technology
(Beijing, China) and Ruibo Biotechnology (Guangzhou,
China), respectively. The antibodies against Beclin-1, LC3B,
phospho-Tyr416-Src, Src, phospho-Tyr705-STAT3 and STAT3
were purchased from Cell Signaling Technology (Beverly,
MA, USA). The antibodies against HO-1 and b-actin were
obtained from Santa Cruz Biotechnology. The anti-ATG5 anti-
body, DOX, 3-Methyladenine (3-MA) and chloroquine were
purchased from Sigma (St. Louis, MO, USA).

Cell culture and transfection. The human breast adenocarci-
noma cell lines MDA-MB-231 and MDA-MB-453 were
obtained from ATCC (Rockville, MD, USA). MDA-MB-468
cells were kindly provided by Dr Lihua Ding (Beijing Institute
of Biotechnology). All the cells were maintained in DMEM
supplemented with 10% FBS at 37°C, in an atmosphere of 5%
CO2. The transfections were performed with the LipofectA-
MINE 2000 or LipofectAMINE RNAi MAX reagents (Life
Technologies, Rockville, MD, USA) according to the manufac-
turer’s instructions.

Western blot assay. Cellular protein extracts were prepared
with cell lysis buffer (10 mM Tris-HCl, pH 7.4, 1% SDS,
1 mM Na3VO4) and resolved by SDS-PAGE. After blocking,
blots were probed with the appropriate primary antibodies
overnight at 4°C and then washed and incubated with HRP-
conjugated secondary antibodies. Bands were detected as
described in our previous studies.(18)

Luciferase reporter assay. Cells were transiently transfected
with the STAT3-dependent luciferase reporter construct and
then treated with DOX 36 h after transfection. The luciferase
activities were tested at the indicated time periods after DOX
treatment. The luciferase activities were presented as relative

activities normalized to the luciferase activity in the control
cells without treatment, as described previously.(19)

Apoptosis assay. Cellular apoptosis was measured by propi-
dium iodide (PI) staining of the nuclei followed by flow cyto-
metric analysis on a FACSCalibur as described previously.(18)

Autophagy assay. Cellular autophagy was monitored using a
Cyto-ID Autophagy Detection Kit (Enzo Life Sciences; New
York, USA) following the manufacturer’s protocol. The 488-
nm excitable Cyto-ID Green Autophagy Detection Reagent
(dye) supplied in the kit becomes brightly fluorescent in vesi-
cles produced during autophagy and, thus, serves as a conve-
nient tool to detect autophagy at the cellular level under
confocal microscopy. Following treatment, the cells were
trypsinized, washed in assay buffer that was supplied in the
kit, and re-suspended in the assay buffer. We then analyzed
the samples in the green (FL1) channel of a flow cytometer to
obtain the quantitative fluorescent data (mean of fluorescence
intensity).

Results

Induction of heme oxygenase-1 expression mediated doxorubi-

cin resistance in MDA-MB-231 cells. To determine the mecha-
nisms involved in chemoresistance in breast cancer cells, two
breast cancer cell lines, MDA-MB-453 and MDA-MB-231,
which showed quite different sensitivity to doxorubicin (DOX)
treatment, were first selected for analysis in this study. As
shown in Figure 1(a), a significant increase in cellular apoptosis
(from 1.7 � 0.01% to 36.8 � 0.03%) was observed in MDA-
MB-453 cells after 48 h of DOX (0.2 lM) treatment. However,
the percentage of apoptotic 231 cells only increased from
2.1 � 0.01% to 7.8 � 0.015% under the same DOX exposure
conditions. These data indicate that MDA-MB-231 cells are
more resistant to DOX treatment than MDA-MB-453 cells.
Heme oxygenase-1 (HO-1) is a key enzyme that can exert

potential cytoprotective properties under multiple stress con-
ditions.(20) Therefore, it functions as a critical mediator for
drug resistance in a variety of tumor cell lines. However, its
role in the chemotherapeutic agents-induced responses in
breast cancer cells has not been clearly defined.(21,22) To
examine whether HO-1 is involved in regulating DOX sensi-
tivity in MDA-MB-453 and MDA-MB-231 cells, the cells
were incubated with 0.2 lM of DOX and then HO-1 expres-
sion was examined at the indicated time periods after DOX
exposure. We found a significant increase of HO-1 expres-
sion in DOX-treated MDA-MB-231 cells, but these
responses were totally absent in the MDA-MB-453 cells
under the same conditions (Fig. 1b). Furthermore, knock-
down of HO-1 induction obviously increased the DOX sen-
sitivity in MDA-MB-231 cells (Fig. 1c,d), indicating that
HO-1 induction contributes to mediate DOX resistance in
MDA-MB-231 cells.

Doxorubicin-induced autophagy protected MDA-MB-231 cells

from apoptosis. In the following analysis, we attempted to
determine the downstream signaling events following HO-1
induction in mediating DOX resistance in MDA-MB-231 cells.
Autophagy is a metabolic process which can exert either an
anti-apoptotic or a pro-apoptotic role under different stress
conditions.(23) One of the novel findings regarding autophagy
regulation is that HO-1 has been illustrated to function as an
upstream regulator by promoting or antagonizing auto-
phagy.(24,25) Therefore, we next investigated whether auto-
phagy was induced upon DOX exposure and was involved in
regulating DOX-induced apoptosis in MDA-MB-231 cells. As
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shown in Figure 2(a), when DOX-treated MDA-MB-231 and
MDA-MB-453 cells were stained with the Cyto-ID Green
Autophagy Detection Reagent, we observed an obvious induc-
tion of autophagic flux in MDA-MB-231 cells, evidenced by a
green fluorescence signal accumulated in spherical vacuoles in
the perinuclear region of the cells; in contrast, no signal was
detected in the MDA-MB-453 cells under the same DOX
exposure conditions. To further confirm the above results, we
next performed flow cytometry-based quantitative analysis of
the cell populations loaded with Cyto-ID Green Autophagy
Detection Reagent. As shown in Figure 2(b), control MDA-
MB-231 and MDA-MB-453 cells were stained only faintly,
revealing low fluorescence signal intensity. After treatment
with DOX for 24 h, the Cyto-ID Green Reagent signal
increased dramatically in MDA-MB-231 cells. No similar phe-
nomena were observed in the MDA-MB-453 cells under the
same conditions, indicating that DOX caused an increase in
autophagic vesicles only in MDA-MB-231 cells. In the follow-
ing test, we observed a time-dependent increase of LC3B-I ⁄ II
and Beclin-1 expression levels in the DOX-treated MDA-MB-
231 cells, but not in MDA-MB-453 cells, further confirming
that drug treatment enhanced autophagy activation in MDA-
MB-231 cells.
To determine whether autophagy is able to regulate the sen-

sitivity of breast cancer cells to DOX, MDA-MB-231 cells
were transfected with the specific siRNA targeted ATG5, the
critical component of autophagosome, and then cell apoptosis
was detected in the presence or absence of ATG5 expression.
As shown in Figure 2(d,e), knockdown ATG5 levels blocked
the induction of autophagy, while increasing the sensitivity of
MDA-MB-231 cells to DOX treatment, indicating that auto-
phagy functions as a protective mechanism in antagonizing
apoptosis induced by DOX. To further confirm these results,
MDA-MB-231 cells were pretreated with autophagy inhibitor,
3-MA, or lysosome inhibitor, chloroquine, and cell susceptibil-
ity to DOX-induced apoptosis was determined. Inhibition of
DOX-induced autophagy in MDA-MB-231 cells by 3-MA or
chloroquine was verified by reduction of LC3BI ⁄ II and Beclin-
1 expression in the 3-MA or chloroquine-pretreated cells com-
pared with the control cells (data not shown). Under the same
conditions, an increase of MDA-MB-231 cell sensitivity in
response to DOX exposure was observed upon 3-MA or chlo-
roquine pretreatment (Fig. 2f,g). These findings clearly suggest

that upregulation of autophagy promotes anti-tumor drug resis-
tance in MDA-MB-231 cells.

Doxorubicin-induced autophagy was dependent on heme oxy-

genase-1 expression in MDA-MB-231 cells. To investigate
whether HO-1 regulates autophagy induction in DOX-treated
MDA-MB-231 cells, the cells were transfected with HO-1 siR-
NA and then DOX-induced autophagy flux was examined in
the absence or presence of HO-1 expression. We observed that
the induction of autophagy-related proteins, Beclin-1 and
LC3BI ⁄ II, were almost totally blocked by siRNA knockdown
of HO-1 expression (Fig. 3a). Furthermore, the fluorescence
signals from the Cyto-ID Autophagy Detection Reagent-stained
MDA-MB-231 cells greatly decreased after HO-1 siRNA
transfection (Fig. 3b,c). These data together indicate that
DOX-induced autophagy is dependent on HO-1 expression in
MDA-MB-231 cells.

STAT3 was responsible for heme oxygenase-1 induction in

doxorubicin-treated MDA-MB-231 cells. After revealing HO-1-
dependent autophagy in mediating the cytoprotective effect,
we next focused on elucidating the upstream signaling events
leading to HO-1 induction in DOX-induced responses. Accord-
ing to previous reports, induction of HO-1 expression occurs
exclusively at the transcriptional levels, which potentially
involves the coordinated interaction of multiple transcription
factors, such as Nrf2, NF-jB, Egr-1, AP-1 and STAT3.(26–29)

However, the functional significance of each factor is different
under various stress conditions. Therefore, in the next study,
we compared the activation status of the potential transcrip-
tional factors involved in regulating HO-1 induction in DOX-
treated MDA-MB-231 and MDA-MB-453 cells. We found that
STAT3 was strongly activated in MDA-MB-231 cells after
treatment with DOX, evidenced by dramatic upregulation of
levels on tyrosine705-phosphorylated STAT3. No signaling
indicating STAT3 activation was observed in MDA-MB-453
cells under the same DOX exposure conditions (Fig. 4a). Fur-
thermore, an enhancement of STAT3-dependent luciferase
activities was readily detected in MDA-MB-231 cells after
DOX stimulation (Fig. 4b). These data indicate that although
MDA-MB-231 cells are not sensitive to DOX treatment, DOX
induces upregulation of STAT3 transcriptional activities in
these cells.
To determine whether STAT3 activation contributes to

HO-1-dependent autophagy induction in the DOX-treated

(a) (b)

(c)

(d)

Fig. 1. Induction of heme oxygenase-1 (HO-1)
expression mediated doxorubicin (DOX) resistance
in MDA-MB-231 cells. (a) MDA-MB-231 and MDA-
MB-453 cells were left untreated or treated with
DOX (0.2 lM) for 48 h and then cell death
incidence was determined by flow cytrometric assay
after propidium iodide (PI) staining of the nuclei.
(b) MDA-MB-231 and MDA-MB-453 cells were
treated with DOX (0.2 lM) for the indicated time
periods and then the induction of HO-1 expression
was detected by western-blot assay. (c) MDA-MB-
231 cells were transfected with HO-1 siRNA or
control siRNA and then treated with DOX (0.2 lM)
for the indicated time periods 36 h after
transfection. The efficiency of HO-1 siRNA was
determined by western-blot assay. To avoid the off-
target effect, two different siRNA against HO-1
were purchased and tested. Data shown here were
obtained from the most effective one. (d) MDA-
MB-231 cells were transfected and treated with
DOX as described in (c) and then cell death
incidence was detected 48 h after DOX treatment.
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MDA-MB-231 cells, STAT3 siRNA was transfected into
the MDA-MB-231 cells and then the induction of HO-1
expression and the subsequent signal transduction pathways
activation were examined in the absence or presence of
STAT3 expression. As shown in Figure 4(c), HO-1 induction
and the upregulation of the autophagy-related proteins (Beclin-
1 and LC3BI ⁄ II) were totally blocked in STAT3 siRNA-trans-
fected cells compared to the control siRNA-transfected group.
In addition, DOX-induced autophagic fluorescence intensity

and the signals indicating the autophagic flux inside the cells
captured under confocal microscopy greatly reduced upon
knockdown of STAT3 expression (Fig. 4d,e). These data
clearly demonstrate the dependence of HO-1 expression and
the subsequent induction of autopahgy on STAT3 activation in
the DOX-treated MDA-MB-231 cells. We further observed the
significant increase of DOX-induced cellular apoptosis upon
knockdown of STAT3 expression in MDA-MB-231 cells
(Fig. 4f), confirming that STAT3 activation is responsible for

(a)

(b)

(d)

(f) (g)

(e)

(c)

Fig. 2. Doxorubicin (DOX)-induced autophagy
protected MDA-MB-231 cells from apoptosis. (a)
MDA-MB-231 and MDA-MB-453 cells were left
untreated or treated with DOX (0.2 lM) for 24 h
and then autophagy was detected under confocal
microscopy after staining the cells with Cyto-ID
Green Autophagy Detection Reagent (ENZO
Biotechnology). (b) The cells in (a) were trypsinized,
collected and subjected to flow cytometric analysis
to obtain the quantitative data indicating the
autophagic flux inside the cells. (c) MDA-MB-231
and MDA-MB-453 cells were treated with DOX as
described in Figure 1(b) and then the expressions of
Beclin-1 and LC3BI ⁄ II were detected. (d) MDA-MB-
231 cells were transfected with ATG5 siRNA or
control siRNA and then treated with DOX (0.2 lM)
36 h after transfection. Then the cells were
collected and subjected to flow cytometric analysis
to test the autophagic flux inside the cells. To avoid
the off-target effect, two different siRNA against
ATG5 were purchased and tested. Data shown here
were obtained from the most effective one. (e)
MDA-MB-231 cells were transfected and treated
with DOX as described in (d) and then cell death
incidence was detected 48 h after DOX treatment.
(f) MDA-MB-231 cells were pretreated with
chloroquine and then exposed to DOX (0.2 lM).
The cell death incidence was detected 48 h after
DOX treatment. (g) MDA-MB-231 cells were
pretreated with 3-MA and then exposed to DOX
(0.2 lM). The cell death incidence was detected
48 h after DOX treatment.
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mediating the induction HO-1-dependent autophagy to deliver
the cytoprotective effect in the DOX responses.

Src functioned as the upstream protein kinase responsible for

STAT3 activation in doxorubicin-treated MDA-MB-231 cells. Both
JAK2 and Src kinases are well-known cytoplasmic tyrosine
kinases that are responsible for phosphorylating and activating
STAT3.(30,31) Therefore, to determine the upstream signal mol-
ecules leading to STAT3 activation in MDA-MB-231 cells
under DOX exposure, we next detected the activation status of
Src and JAK2 in the DOX-treated MDA-MB-231 and MDA-
MB-453 cells. As shown in Figure 5(a), after treatment with
DOX, phosphorylation of Src was only significantly induced in
MDA-MB-231 cells, but not in MDA-MB-453 cells. No signal
of JAK2 activation was detected in either MDA-MB-231 or
MDA-MB-453 cells under the same DOX exposure conditions
(data not show).
To determine whether Src is responsible for STAT3 phos-

phorylation in response to DOX treatment, MDA-MB-231 cells
were transfected with Src siRNA or control siRNA. We found
that knockdown Src expression significantly inhibited the
upregulation of STAT3-dependent luciferase activities and the
levels of STAT3 phosphorylation induced by DOX (Fig. 5b,c).
Furthermore, Dox-induced HO-1, Beclin-1 and LC3BI ⁄ II
expressions were greatly reduced by inhibition of Src expres-
sion (Fig. 5c). Consistent with these data, we also observed a
decrease of autophagy in Src siRNA-transfected MDA-MB-
231 cells according to the results from the quantitative auto-
phagic fluorescence assay (Fig. 5d) and the Cyto-ID Auto-
phagy Detection Reagent-stained signals captured by confocal
microscopy (Fig. 5e). These data together indicate that Src is
the critical protein kinase that is responsible for mediating the

induced activation of STAT3 and the subsequent HO-1-depen-
dent autophagy in the DOX-treated MDA-MB-231 cells.
Finally, we analyzed whether Src was also involved in regu-

lating DOX sensitivity in the MDA-MB-231 cells. As
expected, cell death incidence was significantly increased in
the Src siRNA-transfected MDA-MB-231 cells compared with
that in the control siRNA-transfected cells (Fig. 5f). The
results together suggest that activation of Src ⁄STAT3 ⁄HO-1
⁄ autophagy pathway functions as a protective mechanism to
antagonize the cytotoxicity of DOX in the MDA-MB-231
cells.

Src ⁄ STAT3 ⁄HO-1-dependent autophagy protected MDA-MB-468

cells from doxorubicin-induced apoptosis. To determine whether
the Src ⁄STAT3 ⁄HO-1 ⁄ autophagy pathway activation plays a
general cytoprotective role in breast cancer cells under DOX
treatment, we next detected the activation status of this path-
way in the MDA-MB-468 cells, which also bear ER, PR and
Her2-negative phenotype as MDA-MB-231 cells (data not
shown) and are also resistant to DOX-induced apoptosis com-
pared with MDA-MB-453 cells (Fig. 6a). We observed that
DOX treatment not only induced the activation of Src and
STAT3, but also upregulated the expression levels of HO-1,
Beclin-1 and LC-3I ⁄ II in the MDA-MB-468 cells; in contrast,
no signal indicating the activation of these signaling molecules
was detected in the MDA-MB-453 cells under the same DOX
exposure conditions (Fig. 6b). Moreover, an induction of auto-
phagic flux in MDA-MB-468 cells was observed under DOX
exposure in the flow cytometry-based analysis (Fig. 6c), fur-
ther confirming the induction of autophagy in the DOX-treated
MDA-MB-468 cells. In the following analyses, MDA-MB-468
cells were transfected with Src, STAT3 or HO-1 siRNA,

(a)

(b)

(c)

Fig. 3. Doxorubicin (DOX)-induced autophagy was
dependent on heme oxygenase-1 (HO-1). (a) MDA-
MB-231 cells were transfected and treated as
described in Figure 1(c) and then the expression
levels of Beclin-1 and LC3BI ⁄ II were detected. The
image shown in this figure and Figure 1(c) were
developed from the same membrane. (b,c) MDA-
MB-231 cells were transfected and treated as
described in Figure 1(c) and then autophagy was
detected either under confocal microscopy (b) or by
flow cytometric analysis (c) after staining the cells
with Cyto-ID Green Autophagy Detection Reagent.
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respectively, to test whether signal transduction of Src ⁄STAT3
⁄HO-1 cascade contributed to autophagy. As shown in Fig-
ure 6(d–f), knockdown Src, STAT3 or HO-1 expression almost
totally blocked the activation of their downstream targets as
well as the signaling event indicating autophagy induction (Be-
clin-1 and LC3I ⁄ II upregulations). Finally, abrogating auto-
phagy induction by 3-MA obviously increased the sensitivity
of MDA-MB-468 cells to DOX-induced cytotoxicity (Fig. 6g).
Taken together, these data indicate that Src ⁄STAT3 ⁄HO-1
⁄ autophagy pathway activation also plays a cytoprotective role
in MDA-MB-468 cells under DOX treatment.

Discussion

Acquired resistance to chemotherapeutic agents is a serious
problem in breast cancer patients. Upregulation of drug trans-

porters, which efflux the drugs, has been linked to both intrin-
sic and acquired chemoresistance.(32) Adaptive activation of
proliferative and survival signal pathways also contributes to
resistance to the chemotherapeutic agents.(33) In the current
study, we have identified a novel mechanism for the chemore-
sistance of breast cancer cells to DOX, which is mediated by
Scr ⁄STAT3 ⁄HO-1 ⁄ autophagy pro-survival pathway activation.
Blocking the activity of either molecule in this pathway signif-
icantly overcomes DOX resistance in the breast cancer cells,
indicating the feasibility of targeting this pathway to increase
the efficacy of breast cancer chemotherapeutics.
There is considerable evidence that HO-1 provides robust

protection against various cellular stresses.(34) However, the
role of HO-1 in the tumor therapeutic agent-induced responses
in the breast cancer cells seems more complicated. Some
reports confirm the contribution of HO-1 induction to angio-

(a) (c)

(b)

(d)

(e) (f)

Fig. 4. STAT-3 was responsible for heme
oxygenase-1 (HO-1) induction under doxorubicin
(DOX) exposure. (a) MDA-MB-231 and MDA-MB-453
cells were treated with DOX (0.2 lM) for the
indicated time periods and then the induction of
STAT3 activation was detected by western-blot
assay. (b) MDA-MB-231 cells were transfected with
STAT3-dependent luciferase reporter plasmid and
then exposed to DOX (0.2 lM) 36 h after
transfection. Then the induction of STAT3 luciferase
activities was determined at the indicated time
periods after DOX treatment. (c) MDA-MB-231 cells
were transfected with STAT3 siRNA or control
siRNA and then treated with DOX (0.2 lM) 36 h
after transfection. Then the expressions of HO-1,
Beclin-1 and LC3BI ⁄ II were determined 12 h after
DOX exposure. To avoid the off-target effect, two
different siRNA against STAT3 were purchased and
tested. Data shown here were obtained from the
most effective one. (d,e) MDA-MB-231 cells were
transfected and treated as described in figure (c)
and then autophagy was detected as described in
Figure 3(b,c). (f) MDA-MB-231 cells were
transfected and treated as described in figure (c)
and then cell death incidence was detected 48 h
after DOX treatment.
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genesis and metastasis of breast cancer cells under certain
types of drugs treatment,(35) while others demonstrate the func-
tion of HO-1 expression in suppressing breast tumor cell pro-
liferation and migration in response to other anticancer
agents.(12,36) The data in the present study contribute evidence
on the tumor protective function of HO-1 induction, which
constitutes an adaptive defense mechanism against breast can-
cer cell death induced by DOX. Due to these facts, we believe
that the opposite actions of HO-1 implicated in either breast
cancer promotion or prevention may be specific to differences
in stimuli. Based on the current understanding, HO-1 confers
protective actions by regulating a variety of downstream sig-
naling molecules or signal transduction events. Modulation of
autophagy appears to be one of the most important mecha-
nisms underlying the cytoprotective role of HO-1.(24,37)

Autophagy is a complicated process that exerts opposing
effects on tumorigenesis and tumor progression processes.(38)

It is believed that autophagy suppresses the growth of early
tumors by increasing genomic stability, eliminating cells with
defective proteins or inhibiting inflammation.(14) At later or
advanced stages, autophagy supports the survival of established
tumors and promotes cancer progression by antagonizing vari-
ous forms of cellular stress, such as oxidative stress, starvation
and DNA damage.(39,40) The dual role of autophagy in cancer
development is further augmented by conflicting reports about
the effect of autophagy on chemotherapeutic treatment. Some
groups suggest that autophagy augments the toxicity of drugs
to facilitate apoptosis of cancer cells,(41) while others propose
that autophagy is induced in cancer cells as a survival strategy
against these drugs.(42,43) We speculate that this discrepancy

(a) (c)

(d)

(e) (f)

(b)

Fig. 5. Src was the upstream protein kinase
responsible for STAT3 activation under doxorubicin
(DOX) treatment. (a) MDA-MB-231 and MDA-MB-
453 cells were treated with DOX (0.2 lM) for the
indicated time periods and then the induction of
Src activation was detected by western-blot assay.
(b) MDA-MB-231 cells were co-transfected with
STAT3-dependent luciferase reporter plasmid and
Src siRNA and then exposed to DOX (0.2 lM) 36 h
after transfection. Then the induction of STAT3
luciferase activities was determined at the indicated
time periods after DOX treatment. (c) MDA-MB-231
cells were transfected with Src siRNA or control
siRNA and then treated with DOX (0.2 lM) 36 h
after transfection. Then the activation of STAT3 and
the expressions of heme oxygenase-1 (HO-1),
Beclin-1 and LC3BI ⁄ II were determined 12 h after
DOX exposure. To avoid the off-target effect, two
different siRNA against Src were purchased and
tested. Data shown here were obtained from the
most effective one. (d,e) MDA-MB-231 cells were
transfected and treated as described in figure (c)
and then autophagy was detected as described in
Figure 3(b,c). (f) MDA-MB-231 cells were
transfected and treated as described in figure (c)
and then cell death incidence was detected 48 h
after DOX treatment.
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might be related to the nature and duration of the treatment-
induced metabolic stress, the anticancer drugs used as well as
tumor type. As one of the novel upstream regulators for auto-
phagy, HO-1 has been shown to function as either a positive
mediator for the cytoprotective autophagy or a negative regula-
tor to inhibit the cytotoxic autophagy in the different tumor
therapeutic agent-induced responses.(37,44) Under both circum-
stances, the final outcome of HO-1 induction displays a
defense mechanism against cell death induced by these drugs.
The data in the current study provide evidence for the HO-1-
dependent cytoprotective autophagy in the DOX-treated breast
cancer cells and its role in overcoming DOX-induced cytotox-
icity. Therefore, our data have provided new evidence for the
mechanism underlying HO-1 induction and autophagy regula-
tion in the chemotherapeutic agent-induced response in the
breast cancer cells. However, the signaling transduction cas-
cade by which HO-1 induces autophagy is currently unknown.

A previous report demonstrated that HO-1 modulates p38K
phosphorylation to induce autophagy signaling, which is criti-
cal for protecting hepatocyte cell death.(24) In fact, we found
the activation of p38K in MDA-MB-231 and 468 cells under
DOX exposure (data not shown). Therefore, whether HO-1’s
action on regulating autophagy is associated with p38K activa-
tion requires further investigation.
In the investigations to determine the upstream signaling

events leading to HO-1 induction in the DOX-treated breast can-
cer cells, we found the activation of both STAT3 and AP-1 in
the MDA-MB-231 cells in response to DOX exposure. How-
ever, AP-1 seemed not to be involved in HO-1 induction due to
the comparable levels of HO-1 expression before and after AP-1
transactivation was blocked (data not shown). In contrast,
STAT3 obviously played a major role in this process. As a criti-
cal member of the STAT transcriptional factor family, STAT3
has been established to possess a pivotal function in the initia-

(a)

(c)

(e)

(d)

(g)

(f)

(b)

Fig. 6. Src ⁄ STAT3 ⁄ heme oxygenase-1 (HO-1)-
dependent autophagy protected MDA-MB-468 cells
from doxorubicin (DOX)-induced apoptosis. (a)
MDA-MB-468 and MDA-MB-453 cells were left
untreated or treated with DOX (0.2 lM) for 48 h
and then cell death incidence was determined as
described in Figure 1(a). (b) MDA-MB-468 and
MDA-MB-453 cells were treated with DOX (0.2 lM)
for the indicated time periods and then the
induction of Src and STAT3 activation and HO-1,
Beclin-1 and IC3I ⁄ II expression were detected by
western-blot assay. (c) MDA-MB-468 and MDA-MB-
453 cells were left untreated or treated with DOX
(0.2 lM) for 24 h and then autophagy was detected
as described in Figure 2(a). (d–f) MDA-MB-468 cells
were transfected with Src, STAT3, HO-1 siRNA or
their control siRNA, respectively. Then the cells
were treated with DOX (0.2 lM) 36 h after
transfection. The activation of Src, STAT3 and the
expressions of HO-1, Beclin-1 and LC3BI ⁄ II were
determined 12 h after DOX exposure. (g) MDA-MB-
468 cells were pretreated with 3-MA followed by
exposure to DOX (0.2 lM) and then cell death
incidence was detected 48 h after DOX treatment.
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tion, progression, maintenance and metastasis of multiple cancer
types by transactivation of a host of target genes involved in cell
proliferation, survival, angiogenesis and invasiveness.(45) For
breast cancer, the involvement of STAT3 in early mammary
tumorigenesis of ER-negative and triple-negative (ER, PR and
Her2-negative) subtypes has been well-defined. In these cells,
persistent activation of STAT3 is readily observed and inhibi-
tion of STAT3 activation has been proved to suppress cell pro-
liferation and to promote apoptosis.(46) Most importantly,
accumulative evidence indicates that STAT3 activation is
required for the maintenance and self-renewal of stem cell-like
breast cancer cells (CD44+ CD24�),(47) which have been shown
to be related to tumor recurrence, metastasis and chemoresis-
tance. Therefore, targeting STAT3 represents a promising strat-
egy for prevention of breast cancer. Data in the current study
have provided novel evidence on the contribution of STAT3
activation to breast cancer cell resistance to DOX toxicity, fur-
ther emphasizing the importance of and demand to develop
STAT3 inhibitors for efficient breast cancer treatment.
Because phosphorylation is essential for STAT3 biological

activity, blocking the upstream protein kianses responsible for
STAT3 activation also represents a rational approach to pre-
vent carcinogenesis. For this reason, the effective inhibitors
targeting JAK2 and Src have been extensively investigated. By
understanding of that 70% of breast cancer cells overexpress
c-Src cellular tyrosine kinase, pharmacological inhibitors of
Src are being actively developed in breast cancer.(48) Preclini-
cal studies have identified that breast cancer cell lines repre-
senting the basal ⁄ triple-negative group are uniquely sensitive
to growth inhibition by Dasatinib, the only approved Src inhib-
itor, therefore shedding light on the therapy of triple-negative
breast cancer (TNBC), which is a clinically important subtype
with limited approved treatment options other than chemother-
apy.(49) In the current study, we have identified Src activation-

dependent signaling events in mediating DOX resistance in
MDA-MB-231 and MDA-MS-468 cells, both of which bear
triple-negative phenotypes, suggesting that targeting Src is not
only essential to block proliferation, invasion and metastasis of
TNBC, but also critical for overcoming the resistance and
recurrence of this subgroup after therapy. In fact, Src overacti-
vation is frequently observed in Her2-positive breast cancer
cells. How Src is activated in the Her2-negative cells is an
interesting question. Because the numerous receptor tyrosine
kinases (such as EGFR, PDGFR and EGFR) and the focal
adhesion kinase (FAK) have been reported to be involved in
Src activation under different conditions,(50) whether targeting
these upstream protein kinases for Src is also contributive to
overcoming anti-cancer drugs resistance is worth exploring.
In conclusion, data in this study demonstrate that HO-1-

dependent autophagy is able to attenuate DOX toxicity in
breast cancer cells, which is largely mediated by Src ⁄STAT3
pathway activation. Therefore, therapeutic strategies aimed at
reducing Src ⁄STAT3 ⁄HO-1 pathway activation and autophagy
may provide a potential approach to overcome DOX resis-
tance, leading to improved clinical use of DOX in breast can-
cer cells.
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