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The role of hypoxia-inducible factor-1α in radiation-induced
autophagic cell death in breast cancer cells
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Abstract Hypoxia-inducible factor-1α (HIF-1α) is a major
effector in cell survival response to hypoxia, while the roles
of HIF-1α in radiation-induced autophagy are still unclear in
breast cancer cells. Human breast cancer carcinoma MCF-7
cells were stably transfected with pSUPER-shRNA against
human HIF-1α or a scrambled sequence with no homology
to mammalian genes, named as pSUPER-HIF-1α and
pSUPER-SC, respectively. Cell Counting Kit-8 (CCK-8) as-
say and colony formation assay were used to detect cell via-
bility, Western blot was used to detect protein expression,
monodansylcadaverine (MDC) staining was used to analyze
autophagy, and Hoechts/PI staining was used to assess apo-
ptosis. Ionizing radiation (IR) and cobalt chloride (CoCl2)
could induce HIF-1α expression and increase the
microtubule-associated protein 1 light chain 3 (MAPLC3)-II/
MAPLC3-I ratio, especially in radiation+CoCl2 group. After
the silencing of HIF-1α, the radiosensitivity of MCF-7 cells

increased and the autophagy level decreased in response to
DNA damage induced by ionizing radiation, but there was
no influence on IR-induced apoptosis. HIF-1α silencing also
increased the expression of phospho-Akt, mTOR, and
P70S6K and activated the mTOR signals significantly. Hyp-
oxia can induce autophagy and also improve the IR-induced
autophagy via the suppression of Akt/mTOR/P70S6K path-
way, which consequently lead to radioresistance.
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Introduction

Local hypoxic microenvironment of solid tumors is one of the
most important characteristics. The relative genes will partic-
ipate in the regulation of cell death in response to DNA dam-
age under the hypoxic environment; among them, hypoxia-
inducible factor (HIF)-1 plays central roles [1]. Nowadays,
HIF-boosting drugs could be used for the treatment of infec-
tious diseases, anemia, and so on [2]. HIF-1, an important
intermediary factor to adapt hypoxia response, consists of
subunits HIF-1α and HIF-1β, and its post-translational mod-
ifications can regulate HIF-1α activity [3]. HIF-1 is associated
with tumor angiogenesis, energy metabolism, invasion, me-
tastasis, and the resistance to chemotherapy and radiotherapy
[4].

Although apoptosis is previously thought of as the primary
mechanism of radiation-induced cell death, an alternative cell
death type, autophagic cell death (programmed cell death,
type II), has emerged recently as an important mechanism
for radiation-induced cell death in tumors [5]. Increasing evi-
dence proved the potential regulatory roles of p53 in the pro-
cess of autophagy [6]. More importantly, some investigations
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have demonstrated that the co-regulation of both apoptosis
and autophagy can participate in mammalian cell death [7],
apoptosis, and autophagy, may be interconnected, and even
simultaneously regulated by the same triggering factors [8].
Under certain circumstance, apoptosis and autophagy seem to
be interconnected positively or negatively, and there might be
a Bmolecular switch^ between them. Undoubtedly, there are
multiple connections between apoptotic and autophagic pro-
cesses that can jointly seal the fate of tumor cells [9].

In this study, wemanaged to analyze the roles of HIF-1α in
radiation-induced autophagic cell death in breast cancer cells,
to elucidate whether HIF-1α participates in the regulation of
cell death induced by ionizing radiation (IR) and its underly-
ing mechanism.

Material and methods

Cell line, antibodies, and reagents

Human breast cancer cell line, MCF-7, were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO)
supplemented with 10 % fetal bovine serum (FBS) and 1 %
penicillin streptomycin (Invitrogen, Carlsbad, CA) in glass
Petri dishes at 37 °C in a 5 %CO2 incubator.

Fetal bovine serum (FBS), Cell Counting Kit-8 (CCK-8,
Dojin Laboratories, Kumamoto, Japan), 3-methyladenine (3-
MA), and monodansylcadaverine (MDC) were purchased
from Sigma Chemical (St. Louis, MO, USA), pSUPER retro-
viral vector was obtained from OligoEngine (Seattle, WA,
USA). Rabbit polyclonal antibodies against microtubule-
associated protein 1 light chain 3 (MAPLC3), Akt, mTOR,
and P70S6K were purchased from Cell Signaling Technology
(Cell Signaling, Beverly, MA, USA); mouse polyclonal anti-
bodies against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and mouse monoclonal antibody against HIF-1α
were purchased from BD Biosciences (San Jose, CA, USA),
peroxidase-conjugated anti-mouse IgG and peroxidase-
conjugated anti-rabbit IgG were purchased at Santa Cruz
(Santa Cruz, CA, USA).

Radiation

X-ray generator (X-RAD 320ix, Precision X-ray Inc., USA)
was utilized to deliver radiation at a dose rate of 0.40 Gy/min.

The establishment of HIF-1α silencing cells

ShRNAs were designed according to Bwww.idtdna.com.^
ShRNAs were synthesized, denatured, and ligated to
pSUPER vector at BglII and HindIII sites. ShRNA
sequences are as follows: for HIF-1α, sense sequence: 5′-
GATCTGAACTAGCCGAGGAAGAACTATGATCAAG

AGTCATAGTTCTTCCTCGGCTAGTTTTTTTTA-3 ′;
antisense sequence: 5′-AGCTTAAAAAAAACTAGCCGAG
GAAGAACTATGACTCTTGATCATAGTTCTTCCTCGG
CTAGTTCA-3′. The pSUPER-HIF-1α and the vector with a
scrambled sequence, i.e., pSUPER, were constructed in our
lab. Then they were transfected into packaging cells 293 T by
calcium phosphate co-precipitation to produce pseudovirus
particle [(Ampho Pack plasmid 10 μg, pSUPER pSUPER-
HIF-1α 10 μg, 2 mol/LCaCl2 31 μl, ddH2O to 250 μl, and
2×HEPES buffer salt solution (HBS) 250μl)], the supernatant
containing pseudovirus particle was collected and used to in-
fect MCF-7. Positive stable clones were selected by growing
cells with puromycin (1 μg/ml) for 1 week.

Colony formation analysis

Cells were plated into 60-mm petri dishes using standard cul-
ture medium; different doses of radiation (0, 2, 4, 6, 8 Gy)
were given. Two weeks later, cells were fixed with 4 % form-
aldehyde and stained with 0.5 % crystal violet, and surviving
colonies of >50 cells were scored under a dissection micro-
scope (Olympus XSZ-D2, Japan). The surviving fraction for a
given treatment dose was calculated as the plating efficiency
of the irradiated samples relative to that of the sham-irradiated
ones. Multi-target click model of GraphPad Prism 5.0 (Systat
Software, USA) was used to fit cell survival curves. The dose
quasithreshold (Dq) and mean lethal dose (D0) were
calculated.

Cell viability assay

MCF-7 cells were seeded in 96-well plates at a density of
4000 cells/well, 48 h after different treatments; 10 μl of the
CCK-8 solution was added to each well, and cells were incu-
bated for 1 h in an incubator. The absorbance was measured at
450 nm using a microplate reader (Synergy HT, Bio-Tek,
USA).

Western bolt analysis

The total proteins were extracted with RIPA lysis buffer
[HEPES(50 mM), Nacl(150 mM), EDTA (1 mM), EGTA
(2.5 mM), NaF (10 mM), DTT (1 mM), SV (1 mM), PMSF
(1 mM), NP-40 (1 %), SDS (0.1 %)]; 2 ml aliquot was mixed
with 20-μl protease inhibitor cocktail. Unless indicated, 40 μg
of total protein was separated by SDS-PAGE, transferred to
nitrocellulose membrane. The membrane was then blocked in
5 % dried milk or 3 % bovine serum albumin in Tris-buffered
saline and Tween 20 (10 mmol/L Tris, pH 7.5;100 mmol/l
NaCl; 0.1 % Tween 20), incubated with primary antibodies,
and then with appropriate horseradish peroxidase-conjugated
secondary antibodies. The signals were visualized by chemi-
luminescence system according to the manufacturer’s
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instruction (Santa Cruz, USA). GAPDH was used as an inter-
nal standard. The intensity of protein bands were quantified
using image software (The Discovery Series), and the ratio of
specific band to control was analyzed.

Apoptosis assay

The morphological observation of apoptosis was measured by
Hoechts/PI staining. Cells were seeded in a 6-well flat-bot-
tomed plate; 48 h after, different treatment cells were washed
with cold phosphate buffered saline (PBS) twice followed by
incubation with 5 μl Hoechts and 5 μl PI at 4 °C for 30 min.
After 15 min of fixation with a solution of 4 % paraformalde-
hyde, cells were visualized by fluorescence microscopy. Cells
with condensed chromatin, and fragmented nuclei were taken
as apoptotic cells.

Autophagy assay

Cells were cultured on cover slips overnight. Twenty-four
hours after the indicated irradiation treatment, cells were
washed with cold phosphate buffered saline (PBS) twice. Au-
tophag ic vacuo les were labe led wi th 0 .05 mM
monodansylcadaverine (MDC) in PBS at 37 °C for 10 min.

Cells were then washed three times with PBS and immediate-
ly analyzed by fluorescence microscopy using an inverted
microscope equipped with a filter system (excitation filter
V-2A: 380–420 nm, barrier filter: 450 nm). Images were ob-
tained with a CCD camera (Orca I, Hamamatsu) and proc-
essed using the program Meta View, version 4.5 (Universal
Images Corporation). The percentage of MDC positive cells
expressing punctuate staining was analyzed under fluores-
cence microscope.

Statistical analysis

Statistical evaluations are presented as mean±S.E. Data were
analyzed using Student’s t test, one-way ANOVA test, or χ2

test using SPSS v17.10 software for statistical significance.
P<0.05 was considered significant.

Results

HIF-1α induce radioresistance in MCF-7 cells

In order to elucidate the roles of hypoxia in radiation-induced
cell death, CoCl2 (150 μmol/L) was used to mimic hypoxic

Fig. 1 HIF-1α changes the cell
survival and induces
radioresistance. a MCF-7 cells
were exposed to normoxia,
hypoxia, or IR. After 48 h, the cell
viability was analyzed by CCK-8
assay. b Establishment of isogenic
cell lines with HIF-1α silencing.
Knockdown effects were
confirmed by Western blot. Cells
were exposed to the indicated
doses of IR with or without
hypoxia. c Both HIF-1α silencing
cells and control cells were
pretreated with CoCl2 24 h before
radiation (0–8 Gy), then the
radiosensitivity was assessed by
the colony formation assay. Data
were presented as mean±SD of
three independent experiments.
*P<0.05 versus control group
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environment. MCF-7 cells were treated with IR (8 Gy) or
CoCl2, and cell viability was detected by CCK-8 assay
(Fig. 1a). The result showed that after 48 h treatment, the
survival rate in IR group decreased significantly. However,
the viability of the group co-treated with hypoxia and IR did
not change compared with that of the control group, indicating
that hypoxia could antagonize the IR-induced cell death. Since
hypoxia can increase HIF-1α expression, then we want to
know whether HIF-α plays roles in this process. We
established isogenic MCF-7 cell models in which control
shRNA or HIF-1α shRNAwere stably expressed. The results
showed that HIF-1α silencing could successfully decrease
hypoxia-induced HIF-1α expression (Fig. 1b). HIF-1α
knockdown decreased the colony formation in response to
IR (Fig. 1c), suggesting the increase of radiosensitivity.

HIF-1α did not change the radiation-induced apoptosis
in MCF-7 cells

As HIF-1α had an effect on cell death, we sought to figure out
whether HIF-1α enhances radiation-induced apoptosis.

Apoptosis was evaluated by Hoechts/PI staining (Fig. 2a, b).
We found that the apoptosis increased when wild-type and
HIF-1α silencing cells were treated with hypoxia and radia-
tion. The important hallmarker for apoptosis, cleavage of
PARP-1, was also detected, since caspase-3 and caspase-7
also cleaved PARP-1 [10]. There were no detectable change
between the control group and HIF-1α knockdown group
(Fig. 2c, d), indicating that HIF-1α did not change the
radiation-induced apoptosis in MCF-7 cells.

HIF-1α enhanced the autophagy induced by IR inMCF-7
cells

Since HIF-1α participated in the regulation of cell death and it
had no effect on apoptosis, how about autophagy? Autophagic
cell death is also named type II programmed cell death. Then
we detected whether HIF-1α can change autophagy level,
which consequently affects cell death. Autofluorescent sub-
stance MDC was used as a marker for autophagy vacuoles.
After 8 Gy radiation and the treatment of CoCl2, the percent-
age of MDC-positive cells increased, especially in radiation+

Fig. 2 HIF-1α did not change the radiation-induced apoptosis in MCF-7
cells. aBoth HIF-1α silencing cells and control cells were incubated with
CoCl2 (H group,150 μmol/L) for 48 h, treated with IR (8 Gy) for 24 h, or
pretreated with CoCl2 (150 μmol/L) for 24 h followed by IR and stained
with DAPI (1 ug/ml). Scale bar: 20 μm. b Quantitative analysis of

apoptotic cells from a, data were presented as mean±SD of three
independent experiments. *P<0.05 versus mock group. c Whole cell
lysates were harvested and subjected to Western blot. d Quantitative
analysis of cleaved PARP from c, GAPDH was used as an internal
standard
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CoCl2 group (Fig. 3a), suggesting that hypoxia and radiation
are able to induce autophagy. MAPLC3-II is a widely used
marker for autophagy; upon autophagy, the conversion from a
cytosolic MAPLC3-I form to an autophagosome-bound
MAPLC3-II form will appear [11, 12]. In Fig. 3b, it was illus-
trated radiation had no effect on HIF-1α expression, while
HIF-1α expression was much higher in the combination treat-
ment group compared with that in the single treatment group.
The conversion from MAPLC3-I to MAPLC3-II indicated
that both of hypoxia- and radiation-induced autophagy and
autophagy increased significantly in radiation+CoCl2 group,
suggesting that HIF-1α could promote the IR-induced

autophagy in MCF-7 cells (Fig. 3b). 3-Methyladenine (3-
MA) is an autophagic inhibitor which can control PI3KIII
and prevent autophagosome formation. Forty-eight hours after
the treatment of 2 mM 3-MA, cell survival was measured
(Fig. 3c). 3-MA significantly sensitized MCF-7 to IR,
resulting in the decrease of cell survival as compared with
IR or hypoxia merely group (P<0.05), and the survival per-
centage is highest in the control group as compared with the
other two groups. These results support that autophagy plays a
protective role in response to IR and hypoxia stress in MCF-7
cells, and the autophagy induced by HIF-1α increasedMCF-7
survival. The MDC assay showed that hypoxia and radiation

Fig. 3 HIF-1α enhanced the autophagy induced by IR in MCF-7 cells. a
MCF-7 cells were incubated with CoCl2 (H,150 μmol/L) for 48 h, treated
with IR (8Gy) for 24 h, or pretreatedwith CoCl2 (H,150μmol/L) for 24 h
followed by IR and stained with MDC (0.05 mM). Cells undergoing
autophagy were quantitated as a percentage of MDC-positive cells. The
graph shows the total number of puncta-positive cells. Scale bar: 20 μm.
Data were presented as mean±SD of three independent experiments. b In
the Western blot analysis of HIF-1α and LC3 expression, GAPDH was

used as an internal standard. c Three groups were divided: control,
CoCl2+IR, CoCl2+IR+3MA (2 mM); different doses of radiation (0,
2, 4, 6, 8 Gy) were used, and the radiosensitivity was assessed by colony
formation assay. d Cells undergoing autophagy were quantitated as a
percentage of MDC-positive cells. Scale bar: 20 μm. e Western blot
analysis was performed to detect MAPLC3-I/II; GAPDH was used as
an internal standard. Data were presented as mean±SD of three
independent experiments. *P<0.05 versus control group
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could induce autophagy; however, silencing of HIF-1α
inhibited autophagy induced by radiation (Fig. 3d). Western
blot indicated the similar results that the level of MAPLC3-II
decreased in HIF-1α knockdown cells when treated with ra-
diation, suggesting that HIF-1α can upregulate autophagy un-
der radiation stress (Fig. 3e).

HIF-1α induce autophagy via HIF-1/Akt/mTOR pathway

It is well appreciated now that mTOR serves as the master
negative regulator of autophagy [13]. In our study, Western
blotting analysis showed a significant decrease in phospho-
mTOR, mTOR, and P70S6K in MCF-7 cells when treated
with hypoxia+IR (Fig. 4a, b). However, knockdown of HIF-
1α induced the expression of phospho-Akt, mTOR, and
P70S6K. These results suggested that the radiation induced
the suppression of phospho-Akt, mTOR, and P70S6K could
be reversed by the silencing of HIF-1α. Since Akt, mTOR,
and P70S6K regulate autophagy negatively, HIF-1α could
regulate IR-induced autophagy via the suppression of Akt/
mTOR/P70 pathways.

Discussion

Because malignant proliferation as well as disorders of the
blood supply of tumor cells leads to the existence of a large
number of entities within the tumor hypoxic cells. When ra-
diation is given, the peripheral portion of cancer cells with
rapid growing are killed because they are sensitive to radia-
tion, but the central portion of hypoxic cells were with higher
resistance to radiation; therefore, oxygen effect is important in
cancer radiotherapy. HIF-1 can respond to intracellular-
reduced oxygen (O2) availably [14], and it is a heterodimer,
which regulates a series of genes which participate in cell
proliferation/survival, angiogenesis, and so on [15]. In our
study, when MCF-7 cells were treated with CoCl2 and

radiation, the cell viability increased in the CoCl2+IR group
as compared with CoCl2 alone and IR alone. It had been
reported that HIF-1α showed high expression under hypoxic
condition and cells displayed radiation resistance. However,
the cells exhibit hypersensitivity when HIF-1α was inhibited
[16]. In order to explore the role of HIF-1α in breast cancer,
we knock down HIF-1α and found that HIF-1α silencing led
to hypersensitivity in response to DNA damage induced by
IR, which is consistent with a previous report.

Apoptosis (a type I programmed cell death) and autophagic
death (type II programmed cell death) are the most important
mechanisms for cell death. We found that HIF-1α could
change MCF-7 viability and enhance radioresistance. Then
the next question is whether HIF-1α would affect the apopto-
sis and autophagy. We found that both IR and hypoxia could
induce apoptosis byHoechts/PI staining and PARP expression
analysis. However, HIF-1α could not influence IR-induced
apoptosis in MCF-7 cells.

Autophagy is a kind of cell catabolic process which can
target unfolded proteins, damaged organelles, and so on [17].
Autophagy could either induce cell apoptosis or promote au-
tophagic cell death or inhibit cell apoptosis [18]. We demon-
strated that HIF-1α did not affect the apoptosis induced by IR.
Then we would like to check if the autophagy was regulated
by HIF-1α. MAPLC3 is always used as a marker for autoph-
agy, and the conversion from LC3I to LC3II is associated with
autophagosome formation [11]. In this study, we detected the
conversion from MAPLC3I to MAPLC3II and acidic vacu-
oles (MDC staining) to analyze the change of autophagy; the
results illustrated that IR and hypoxia could induce autophagy
in MCF-7 cells. The HIF-1α level in IR+hypoxia group was
much higher than that in radiation or hypoxia treatment. IR-
induced autophagy was inhibited by HIF-1α knockdown,
confirming that HIF-1α did participate in the IR-induced au-
tophagy in MCF-7 cells.

Autophagy is able to lead to different outcomes, i.e., adap-
tive response or inducing cell death under different conditions

Fig. 4 HIF-1α-induced
autophagy via HIF-1/Akt/mTOR
pathway. a The isogenic cell lines
were treated with CoCl2
(H,150 μmol/L) or IR (8 Gy).
Whole cell lysates were harvested
and subjected toWestern blot 24 h
after radiation. b Quantitative
analysis of Western blot; data
were presented as mean±SD of
three independent experiments.
*P<0.05 versus control group
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[19]. To make sure if the high occurrence of autophagy is
associated with cell viability or sensitivity to IR, 3-MA, an
inhibitor for autophagy, was used. We found that 3-MA
inhibited autophagy as well as cell viability, suggesting that
the autophagy might play a protective role in response to IR.
To our knowledge, this is the first report highlighting the in-
terplay between HIF-1 and autophagy induced by IR. In ad-
dition, we used two other kinds of breast cancer cells for the
research: MDA-231 and SKBR3. However, only in MCF-7
cells we found that HIF-1α played important roles in autoph-
agy, while apoptosis showed little change in MCF-7. It might
be due to the lack of apoptosis genes like caspase-3 in MCF-7
cells [20].

PI3K/Akt/mTOR pathway was involved in many cellular
processes, including cell growth, survival, and promoting an-
giogenesis [21]. TOR, specifically TORC1, can regulate au-
tophagy by phosphorylating Atg proteins or by functioning in
a signal transduction cascade [22]. It had been reported that
PI3K/Akt signalingmediated cell proliferation, migration, and
HIF-1α expression [23]. Gambogic acid partly inhibited the
PI3K⁄Akt⁄mTOR signaling to suppress hypoxia-activated
pathways [24]. Doxazosin could inhibit HIF-1α and VEGF
expression and also suppress Akt/mTOR signaling in ovarian
carcinoma cells [25]. In our study, the expression of
mTORC1, p-Akt, and P70S6K decreased in response to IR
and hypoxia in the MCF-7 cells, which was reversed by HIF-
1α silencing, indicating that HIF-1α might play roles in IR-
induced autophagy by the suppression of PI3K/AKT/mTOR/
p70 pathway. Collectively, our findings imply the role of HIF-
1α in determining the response of breast cancer cells to IR.
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