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Abstract. The role of hypoxia-inducible factor-1 (HIF-1) in 
tumor development and progression is well-established but its 
effect on tumor growth remains controversial. The present 
study investigated the effect of HIF-1 on tumor growth using 
the estrogen receptor-negative breast cancer cell line, 
MDA-MB-231. Using Western blotting, we detected a higher 
level of HIF-1α protein in MDA-MB-231 cells than in any 
other breast cancer cell lines analyzed, and this was accompa-
nied by a more rapid growth pattern. Interruption of HIF-1α 
expression using small interference RNA (siRNA) signifi-
cantly suppressed cell growth and increased apoptosis, but the 
cell cycle was not affected. Activated fragments with increased 
caspase 3 activity and a mobility shift of B cell lymphoma 
(Bcl-2) were also detected in cells treated with HIF-1α siRNA. 
HIF-1 allows breast cancer cells to grow under long-term 
serum deprivation by inactivation of the caspase cascade and 
thus inhibition of apoptosis. Blocking HIF-1α protein resulted 
in loss of Bcl-2 function, which may contribute to the activa-
tion of the caspase cascade. 

Introduction

Hypoxic regions within tumors frequently appear during 
the processes of growth and progression, resulting in the 
activation of hypoxia-inducible factors (HIFs). Three HIFs 
(HIF-1, -2 and -3) that regulate transcriptional programs in 
response to low oxygen level have been identified. HIF-1 was 
the first family member to be characterized and is composed 

of a α and β subunit. The HIF-1β subunit is a constitutively 
expressed nuclear protein, while the HIF-1α subunit is regu-
lated by hypoxia, a variety of growth factors and cytokines, 
as well as tumor-modifying genes. Almost 100 target proteins 
were identified as being transactivated by HIF-1 and these 
are involved in various cellular processes including glucose 
uptake and metabolism, angiogenesis, erythropoiesis, cell 
proliferation, apoptosis and invasion (1,2). Overexpression of 
HIF-1α protein has not only been demonstrated in tumor cell 
lines (3) and a variety of human tumors, including bladder, 
breast, colon, ovarian, pancreas, prostate and kidney (4), but 
also correlates with poor patient outcome in a wide range of 
tumor types (5-7). HIF-2 was the second member of the family 
to be characterized and as HIF-2α is structurally similar to 
HIF-1α, it heterodimerizes with the β unit before inducing 
target gene expression. In contrast to HIF-1α, the expression 
of HIF-2α is more restricted (8). HIF-3 is the third member 
of the family and its exact role has yet to be clearly defined. 
HIF-1 is considered to be the most important family member 
as it is known to be crucial for tumorigenesis (9). However, 
there are certain controversial, even conflicting, findings 
concerning its role in the modulation of tumor growth and 
apoptosis. Therefore, this study aimed to determine the effect 
of HIF-1 on tumor growth, using the human metastatic breast 
cancer cell line (MDA-MB-231), and to probe the underlying 
control mechanisms using small interfering RNA (siRNA).

Materials and methods

Cell cultures and reagents. Human breast cancer cell 
lines MDA-MB-231, MCF-7, MDA-MB-468, SK-BR-3 
and MDA-MB-453 were obtained from the Department of 
Pathology, Peking University Medical Science Center, and 
were cultured in DMED medium or RPMI-1640 with 10% 
fetal bovine serum at 37˚C in a humidified environment of 
5% CO2. Cells were subcultured in 6- or 24-well plates until 
70-80% confluent. After extensive washing with phosphate-
buffered saline (PBS), cells were serum-starved for various 
time points according to each experimental protocol. A HIF-1α 
antibody was purchased from Sigma while antibodies against 
caspase 3, B cell lymphoma (Bcl-2), Bax and α-tubulin, as 
well as specific secondary antibodies were purchased from 
the Beyotime Institute of Biotechnology. siRNA duplexes 
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targeting HIF-1α mRNA and transfection reagents were 
purchased from Santa Cruz Biotechnology.

Transfection of MDA-MB-231 cell line with hypoxia-
inducible factor-1α small interference RNA or control 
small interference RNA. Cells were transfected with either 
siRNA duplexes targeting HIF-1α mRNA (HIF-1α: sense, 
5-UCAAGUUGCUGGUCAUCAGdTdT-3 and antisense, 
5-CUGAUGACCAGCAACUUGAdTdT-3) or with control 
siRNA not targeting any known genes, as previously described 
(10). MDA-MB-231 cells were transfected at a final siRNA 
duplex concentration of 80 pmol in 6-well plates according to 
the manufacturer's protocol. After 6 h of transfection, 1 ml of 
normal growth medium containing twice the normal serum 
and antibiotic concentration was added to the culture medium. 
The cells were then incubated for a further 18-24 h.

Western blotting. Following serum starvation, cells were 
washed with ice-cold PBS and lysed in 2% SDS, 100 mM 
DTT, 60 mM Tris, pH 6.8. Total cell protein was quantified 
using the Bradford assay. Proteins were separated on 10 or 
12% SDS-PAGE gels and transferred to PVDF membranes. 
The membranes were incubated with monoclonal antibodies 
against HIF-1α, caspase 3, Bcl-2 and Bax and specific 
secondary antibodies, and visualization was achieved via 
enhanced chemiluminescence and exposure to photographic 
film as previously described (11). The blot was stripped 
and re-probed with an antibody for α-tubulin as an internal 
control.

Cell proliferation assay. MDA-231 cells (1x105/ml) expressing 
HIF-1α or control siRNA were placed in 24-well plates and 
incubated in RPMI-1640 + 10% FCS for 9 days. Live cell 
numbers were regularly determined on alternate days by 
trypan blue staining and cell counting. Each condition was 
performed in quadruplicate with three counts per replicate 
and the average number of cells was calculated.

Flow cytometry. After appropriate treatment, cells trans-
fected with HIF-α or control siRNA were stained with either 
propidium iodide (PI) or Annexin V-fluorescent isothiocyanate 

(FITC) in combination with PI according to the manufacturer's 
protocol. Cell cycle status and apoptosis were then analysed 
by flow cytometry.

Hoechst 33258 stain. After a time period of serum starving, 
cells were washed twice with PBS, fixed in 4% paraformal-
dehyde in PBS, treated with 2 µM Hoechst 33258 dye and 
examined under fluorescence microscopy. Cells with condensed 
and fragmented DNA were considered to be apoptotic.

Caspase 3 activity assay. Caspase 3 activity was determined 
using an assay kit (purchased from BIB) according to the 
manufacturer's protocol. In brief, MDA-MB-231 cells (1x105/
ml) were incubated in serum-free medium, harvested in PBS 
and centrifuged at 500 g for 5 min. The cells were lysed on 
ice for 10 min and then centrifuged at 13,000 rpm for 1 min at 
4˚C. The supernatant was harvested and 80 µg of total protein 
was incubated with buffer containing 10 mM dithiothreitol 
and 5 µl of Ac-DEVD-pNA (final concentration 200 µM) 
at 37˚C. The chromophore P-nitroanilide was determined at 
405 nm with a fluorescence microplate reader.

Statistical analysis. Data were expressed as the mean ± standard 
deviation (SD) and statistical analysis was performed using a 
Student's t-test. Results were considered significant if p<0.05

Results

Basic expression of hypoxia-inducible factor-1α protein in 
breast cancer cell lines. The basic expression of HIF-1α protein 
in a number of breast cancer cell lines, with different back-
grounds, including MDA-MB-231, MCF-7, MDA-MB-468, 
SK-BR-3 and MDA-MB-453, was assessed after 24 h of serum 
starvation. Whole cell proteins were extracted and probed by 
Western blotting using an anti-HIF-1α monoclonal antibody. 
Our results showed that the MDA-MB-231 cell line expressed 
a higher level of HIF-1α protein than any of the other cell lines 
tested (Fig. 1A). We also found that this cell line grew faster 
than other cell lines. To determine whether there was a change 
in HIF-1α protein levels following long-term serum starva-
tion, we cultured the cells in serum-free medium for 12-60 h. 

Figure 1. Expression of HIF-1α protein: a number of breast cancer cell lines including MDA-MB-231, MCF-7, SK-BR-3, MDA-MB-468 and MDA-MB-453 
were serum starved for (A) 24 h and MDA-MB-231 cells were cultured with serum as a control or serum starved for (B) 12-60 h. Whole cell extracts were 
separated on 10% of SDS-PAGE and immunoblotted with HIF-1α antibody. α-tubulin was probed on the same blot to indicate equal loading. Data represent 
fold expression of HIF-1α protein versus α-tubulin. The results shown are representative of three independent experiments. 
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Results showed no change in protein levels when compared 
to those treated with serum (Fig. 1B). This suggests that the 
persistent expression of HIF-1α plays a key role in protecting 
cell growth under long-term serum deprivation.

Down-regulation of hypoxia-inducible factor-1α protein 
by hypoxia-inducible factor-1α small interference RNA. 
MDA-MB-231 cells were transfected with either HIF-1α 
siRNA duplex (a HIF-1α target-specific 20-25 nt siRNA 
designed to knock down gene expression) or a control duplex 
(a non-targeting 20-25 nt siRNA designed as a negative 
control). To examine the efficiency of HIF-1α siRNA, cells 
were cultured in a serum-free medium for various times under 
normoxic conditions or for 6 h under hypoxic conditions. 
Whole cell proteins were extracted and probed by Western 
blotting. HIF-1α protein expression was completely blocked 
when the transfected cells were cultured in serum or were 
serum-starved for 24-60 h (Fig. 2A). HIF-1α was also signifi-
cantly reduced under hypoxic conditions (Fig. 2B).

Role of hypoxia-inducible factor-1α in cell growth under 
serum deprivation. To investigate the role of HIF-1 in cell 
growth, 1x105/ml cells transfected with either HIF-1α or 
control siRNA were grown in 24-well plates for 9 days. Cell 
numbers were counted every other day and growth curves 
established. The results revealed that cell growth was mark-
edly inhibited in the group with HIF-1α siRNA compared to 
that with control siRNA (Fig. 3), suggesting a potential role 
for HIF-1 in protecting cell growth under serum starvation.

Effect of hypoxia-inducible factor-1 on cell cycle and apoptosis. 
Tumor growth depends on the number of cells proliferating 
(growth fraction) and the number of cells dying (cell loss). The 
growth fraction is calculated from the percentage of cells in the 
S, G2 and M phases of the cell cycle. Cell loss involves cells 
undergoing apoptosis and necrosis. Using flow cytometry, the 
cell cycle was assessed following serum starvation for varying 
time periods and no significant difference was found between 
cells treated with HIF-1α siRNA and those in the control group 
(data not shown). Levels of apoptosis were then assessed by 
flow cytometry using Annexin-V FITC and PI staining. More 
apoptotic cells were found in the HIF-1α siRNA-treated group 

Figure 2. Blocking of HIF-1 α protein by siRNA. MDA-MB-231 cells were 
transfected with either HIF-1α or control siRNA and incubated until 80% 
confluent. (A) After cultivation either with (0 h) or without serum for 24-60 h 
or (B) hypoxic (H) and normoxic (N) conditions for 6 h, respectively. Cell 
protein was extracted and detected by anti-HIF-1α or anti-α-tubulin anti-
bodies. The experiment was repeated three times.

Figure 3. Effect of HIF-1 on MDA-MB-231 cell growth. MDA-231 cells 
(1x105/ml) with HIF-1α or control siRNA were seeded into 24-well plates 
and incubated in culture medium for 9 days. Live cell numbers were counted 
every other day. Each condition was set in quadruplicate and three counts 
were performed per replicate. **p<0.01 vs. control siRNA. The experiment 
was repeated three times. 

  A

  B

Figure 4. Effect of HIF-1 on cell apoptosis. Adherent cells (1x105/ml) with either HIF-1α or control siRNA were serum-starved for the times indicated, fixed 
in ethanol, stained with fluorescent isothiocyanate (FITC)-conjugated Annexin V according to the manufacturer's instructions and analyzed for apoptotic 
cells by flow cytometry. Membrane integrity was simultaneously assessed by PI exclusion. The percentage of apoptotic cells (Annexin V-/PI-) is shown in the 
upper right panel. The values shown are the mean ± SD from three samples. **p<0.01 vs. control siRNA. Data are representative of two experiments. 
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compared with the controls and this difference was significant 
after 48 h (Fig. 4). Furthermore, when the HIF-1α siRNA-
treated cells were stained with Hoechst 33258 (Fig. 5A and B), 
more condensation or fragmentation of DNA was noted. This 
result morphologically confirmed the flow cytometry results. 
The results therefore suggest that HIF-1 promotes cell growth 
under serum deprivation by protecting cells from apoptosis 
rather than by shifting the cell cycle from G0-G1 to G2-S.

Anti-apoptosis of hypoxia-inducible factor-1: Involvement 
of caspase cascade and B cell lymphoma. The caspase 
cascade is a typical pathway for the initiation of apoptosis and 
Bcl-2 is a key modulating factor in this cascade. In order to 
determine the anti-apoptotic role of HIF-1 cells, with either 
HIF-1α or control siRNA, were serum-starved for various 
times and protein extracts were probed with anti-caspase 3, 
Bcl-2 and Bax antibodies. The anti-caspase 3 antibody can 
detect procaspase 3 (35 kDa) and its activated fragments 
(molecular weight 17 and 12 kDa). Our results showed that 
levels of procaspase 3 did not change in either of the treat-
ment groups. However, in the HIF-1α siRNA-treated group, 
the activated fragment (17 kDa) was present in all samples 
from 0-48 h of serum starvation and a weak expression of the 
12 kDa fragment was noted at 48 h. In contrast, the activated 
fragment (17 kDa) was only detected after 48 h of serum 
starvation in the control siRNA group (Fig. 6A). Increased 

caspase 3 activity was observed at all time points (0-60 h of 
serum starvation) following transfection with HIF-1α siRNA 
when compared to the control group (Fig. 6B). This obser-
vation was in-line with the detection of activated caspase 3 
fragments by Western blotting and suggests a role for HIF-1 
in the inactivation of the caspase cascade. Bcl-2 and Bax are 
two members of the Bcl-2 family that play contradictory roles 
in the regulation of apoptosis. Our results showed no change 
in the Bax protein expression (data not shown). However, the 
expression of Bcl-2 (28 kDa molecular weight) was detected 
in cells transfected with either HIF-1α or control siRNA and, 
notably, a larger band was also detected in cells transfected 
with HIF-1α siRNA (Fig. 6C). This larger band may be due to 
multiple site phosphorylation of Bcl-2, which would result in 
an increase in molecular weight and may be related to the loss 
of HIF-1 followed by apoptosis.

Discussion

HIF-1 is crucial for tumor progression involving growth, inva-
sion and metastasis (12).

Tumor cells adapt to a lack of oxygen and nutrients, 
continue to grow and escape necrosis and apoptosis. Previous 

Figure 5. Apoptosis detected by Hoechst stain. After appropriate treatment, 
cells with either control siRNA (A) or HIF-1α siRNA (B) were washed twice 
with PBS, fixed in 4% paraformaldehyde in PBS, treated with 2 µM Hoechst 
33258 dye and examined under fluorescence microscopy. The experiment 
was repeated twice with representative data from the 48 h time point shown.
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Figure 6. Activation of capsase 3 and phosphorylation of Bcl-2 after loss of 
HIF-1. After serum starvation for different times, whole cell proteins were 
probed with antibodies against caspase 3 or Bcl-2 by immunoblotting. (A) 
The anti-caspase 3 antibody detected activated fragments of 17 and 12 kDa 
and (C) the Bcl-2 antibody detected an alternatively-sized band in cells 
treated with HIF-1α siRNA, although this band was not observed in cells 
treated with control siRNA. Cell pellets were collected, lysed on ice and 
centrifuged. The supernatant protein was incubated with buffer containing 
dithiothreitol and Ac-DEVD-pNA. (B) Caspase 3 activity was determined at 
405 nm with a fluorescence microplate reader. 
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studies suggested that HIF-1 promotes tumor growth or 
suppresses apoptosis (13-15). However, other studies found that 
HIF-1 inhibited tumor growth and promoted hypoxia-induced 
apoptosis (16,17). Bafilomycin A1, a potential anticancer agent, 
was also found to restrict cell proliferation and tumor growth 
by inhibiting the degradation of the HIF-1α protein (18). A 
further study using a three-dimensional model found that 
HIF-1 promoted hepatoma cell growth, but that a HIF-1 defi-
cient counterpart showed increased proliferation and a higher 
rate of apoptosis than a wild-type hepatoma (19). Since tumor 
growth depends on the balance between the growth fraction 
and cell loss (necrosis and apoptosis, respectively), our study 
aimed to determine the role of HIF-1 in tumor growth and the 
possible mechanisms involved.

Detection of the basic expression of HIF-1α protein in a 
number of breast cancer cell lines provided further evidence 
for the universal expression of HIF-1α protein in tumor cells 
(3). MDA-MB-231, a metastatic breast cancer cell line showed 
a relatively higher level of HIF-1α protein compared to other 
cell lines analyzed, implying a possible correlation between 
HIF-1 expression and a malignant phenotype. Sustained 
growth with the expression of HIF-1α protein under long-term 
serum starvation suggested a potential relationship between 
HIF-1 and cell growth. Blocking the expression of HIF-1α 
using siRNA down-regulated cell growth confirmed previous 
studies indicating that suppression of HIF-1 decreases cell 
proliferation in vitro (13-15,20-22). Our study not only 
confirmed the role of HIF-1 in promoting growth, but also 
showed that apoptotic inhibition, as opposed to a shift in the 
cell cycle from G0 to G1, contributed to the role of HIF-1 in 
cell growth.

Apoptosis is triggered by a variety of factors such as death 
receptors, stress (including serum deprivation and growth 
factor depletion), free radicals, ionizing radiation, and factors 
released from cytotoxic T cells. Under stress, cytochrome C 
released an apoptotic inhibitor from the mitochondrial interac-
tion with Apaf-1 resulting in the recruitment of procaspase 9, 
which activates caspase cascades. The effector caspases 3, 6 
and 7, are downstream of the activator caspases and cleave 
various targets leading to apoptosis. Precursor caspase 3, 
a 35-kDa protein, is cleaved into 17 and 12 kDa fragments 
following activation (23). When HIF-1α protein was blocked 
we detected an activated fragment of caspase 3 (17 kDa) from 
0-48 h serum starvation. A 12 kDa fragment was also faintly 
detected after 48 h of starvation. These findings demonstrate 
that the interruption of HIF-1 promotes cell apoptosis by acti-
vating the caspase cascade.

The Bcl-2 family comprises a number of members of which 
Bad, Bid, Bax, Bim and Bik are pro-apoptotic proteins while 
Bcl-2 and Bcl-xL are anti-apoptotic proteins (24). Pro-apoptotic 
members promote the release of cytochrome C from mitochon-
dria in response to stress factors, while anti-apoptotic members 
inhibit this process (25). A number of studies showed that 
Bcl-2 undergoes multiple phosphorylations (26,27) resulting 
in a molecular mobility shift of the Bcl-2 protein and loss of 
anti-apoptotic function (27,28). Consistent with these studies, 
we also noticed a molecular mobility shift of the Bcl-2 protein 
in the HIF-1α siRNA group, but not in the control group, 
suggesting that loss of HIF-1 results in the phosphorylation of 
Bcl-2 followed by loss of its anti-apoptotic function, resulting 

in the release of cytochrome C from mitochondria and further 
activation of the caspase cascade. Our study has therefore 
shown that HIF-1 protects cell growth under serum-deprived 
conditions via the inhibition of apoptosis.
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