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Hepatocellular carcinoma (HCC), one of the most common cancers
worldwide, is resistant to anticancer drugs. Hypoxia is a major cause
of tumor resistance to chemotherapy, and hypoxia-inducible factor
(HIF)-1 is a key transcription factor in hypoxic responses. We have
previously demonstrated that gene transfer of an antisense HIF-1a
expression vector downregulates expression of HIF-1a and vascular
endothelial growth factor (VEGF), and synergizes with immuno-
therapy to eradicate lymphomas. The aim of the present study was
to determine whether gene transfer of antisense HIF-1a could
enhance the therapeutic efficacy of doxorubicin to combat HCC.
Both antisense HIF-1a therapy and doxorubicin suppressed the
growth of subcutaneous human HepG2 tumors established in BALB/
c nude mice, tumor angiogenesis, and cell proliferation, and induced
tumor cell apoptosis. The combination therapy with antisense
HIF-1a and doxorubicin was more effective in suppressing tumor
growth, angiogenesis, and cell proliferation, and inducing cell
apoptosis than the respective monotherapies. Gene transfer of
antisense HIF-1a downregulated the expression of both HIF-1a and
VEGF, whereas doxorubicin only downregulated VEGF expression.
Antisense HIF-1a and doxorubicin synergized to downregulate VEGF
expression. Both antisense HIF-1a and doxorubicin inhibited
expression of proliferating cell nuclear antigen, and combined to
exert even stronger inhibition of proliferating cell nuclear antigen
expression. Antisense HIF-1a therapy warrants investigation as a
therapeutic strategy to enhance the efficacy of doxorubicin for
treating HCC. (Cancer Sci 2008; 99: 2055–2061)

Hepatocellular carcinoma, accounting for up to 90% of
primary liver cancers, is characterized by a very poor

prognosis and is associated with high mortality.(1,2) Currently
available therapeutic modalities for HCC are largely inadequate.
Surgical approaches, including resection and transplantation, are
the treatment of choice for HCC; however, few patients are
suitable for resection, and the utility of transplantation is limited
by organ availability. Chemotherapy offers unsatisfactory response
rates. In a recent review by Zhu,(3) no chemotherapeutic agent
was identified as being particularly effective against HCC.
Among the approved anticancer drugs, doxorubicin is perhaps
the most widely used agent to treat HCC. An initial report by
Uganda(3) on the use of doxorubicin to combat HCC was
encouraging, but subsequent studies have been disappointing.
Doxorubicin failed to induce responses in 109 patients with
advanced HCC,(4) and there was only a 16% response rate in 475
patients.(5) In a recent study involving a large number of patients,
doxorubicin only showed response rates ranging from 4 to
10.5% in HCC patients, and had significant side effects.(6)

Therefore, new strategies to enhance the therapeutic efficacy of
doxorubicin to treat HCC are needed.

Hypoxic microenvironments are frequent in solid tumors.
Hypoxia orchestrates a wide spectrum of molecular pathways
that frustrate therapy, and is a major cause of tumor resistance
to radiotherapy and chemotherapy.(7,8) HIF-1, a transcription fac-
tor,(9) mediates the adaptation of cancer cells to the hypoxic
environment by controlling the expression of hundreds of
genes,(10) including VEGF,(11) glycolytic enzymes, and glucose
transporters.(12) HIF-1, formed by the assembly of HIF-1α and
HIF-1β, binds HRE in the promoters of the above genes.(12,13)

Although HIF-1β is expressed constitutively, HIF-1α is degraded
rapidly during normoxia and dramatically stabilized and activated
during hypoxia by oxygen-sensing and signaling processes.(14,15)

HIF-1-deficient hepatoma cells(16) and lung cancer cells treated
with siRNA targeting HIF-1α(17) are more susceptible to radio-
therapy and chemotherapy, respectively, than parental and untreated
cells. Hypoxia stimulates the migration of human HCC Hep3B,
an effect that is abolished by HIF-1α siRNA and the HIF inhibitor
YC-1, which also effectively inhibits cell invasion and metas-
tases in vivo.(18)

We recently reported that gene therapy using the antiang-
iogenic agent endostatin enhances the efficacy of doxorubicin to
treat HCC.(19) Gene transfer of endostatin downregulates the
expression of HIF-1α and synergizes with doxorubicin to down-
regulate the expression of VEGF, thereby inhibiting tumor
growth and angiogenesis.(19) Therefore, we reasoned that the
simplest means of inhibiting tumor angiogenesis would be to
target HIF-1α. We have already demonstrated that intratumoral
injection of antisense HIF-1α expression vectors suppresses the
growth of lymphomas by downregulating expression of HIF-1α
and VEGF, and synergizes with immunotherapy to eradicate
tumors.(20) We subsequently revealed that antisense HIF-1α
synergizes with von Hippel-Lindau tumor-suppressor protein to
eradicate solid tumors.(21) Here we investigated whether gene
transfer of antisense HIF-1α could enhance the therapeutic
efficacy of doxorubicin to combat HCC.

Materials and Methods

Mice and cell line. Male nude BALB/c mice (H-2b), 6–8 weeks
old, were obtained from the Animal Research Center, Shandong
University, China. The human HCC cell line HepG2 was
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obtained from the American Type Culture Collection (Rockville,
MD, USA). The cells were cultured routinely at 37°C in RPMI-
1640 medium supplemented with 10% fetal calf serum.

Gene expression vector and antibodies. The antisense HIF-1α
expression vector (aHIF-pcDNA3.1) containing a 320-bp antisense
cDNA fragment of HIF-1α (nucleotides 152–454; GenBank no.
AF003695) has been described previously.(20,21) The Ab used in
the present study include an anti-HIF-1α Ab (Boster Biological
Technology, Wuhan, China), anti-VEGF Ab (Laboratory Vision
Corporation, Fremont, CA, USA), anti-CD31 (MEC13.3) Ab
(Pharmingen, San Diego, CA, USA), anti-Ki-67 (clone B56) Ab
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and anti-
PCNA Ab (Zhongshan Golden Bridge Biotechnology, Beijing,
China).

Animal experimental protocols. All surgical procedures and
care administered to the animals were in accordance with
institutional guidelines. Tumors were established by subcutaneous
injection of 1 × 106 HepG2 tumor cells into the flanks of mice.
Tumor volumes were estimated according to the formula:

π/6 × a2 × b,

where a is the short axis and b the long axis. When tumors
reached approximately 100 mm3 (at approximately 3 weeks), the
mice were assigned randomly to four treatment groups to
receive pcDNA3.1, aHIF-pcDNA3.1, doxorubicin, or aHIF-
pcDNA3.1 + doxorubicin. To standardize the experiments, mice
in each group received both intratumoral and intraperitoneal
injections. In the pcDNA3.1 and aHIF-pcDNA3.1 groups,
mice received intraperitoneal injection of 200 μL PBS, and
intratumoral injection of 200 μg pcDNA3.1 or aHIF-pcDNA3.1
diluted in 100 μL FuGENE 6 transfection reagent (Roche,
Shanghai, China), respectively. In the doxorubicin group, mice
received intraperitoneal injection of 200 μL doxorubicin (diluted
in PBS) at a dose of 12.5 mg/kg and intratumoral injection of
200 μg pcDNA3.1 diluted in 100 μL FuGENE 6. In the aHIF-
pcDNA3.1 + doxorubicin group, mice received intraperitoneal
injection of 200 μL doxorubicin (diluted in PBS) at a dose of
12.5 mg/kg and intratumoral injection of 200 μg aHIF-pcDNA3.1
diluted in 100 μL FuGENE 6. All experiments included 12 mice
per treatment group. FuGENE 6 was shown to be an efficient
in vivo transfection reagent in our previous study.(19,22)

Immunohistochemistry. The procedure of immunohistochemistry
has been described in our previous report.(19) Briefly, tumor
sections were fixed, blocked, and incubated overnight with
primary antibodies. They were subsequently incubated with
appropriate secondary antibodies, and immunoreactivity developed
with 3,3-diaminobenzidine (DAB), followed by counterstaining.

Assessment of tumor vascularity. The methodology used to
determine tumor vascularity has been described previously.(19,23)

Briefly, tumor sections were immunostained with an anti-CD31
Ab, as described above. Stained vessels were counted in 10
blindly chosen random fields at ×400 magnification, and the
mean microvessel density was recorded.

Quantitation of the Ki-67 proliferation index. Tumor sections were
immunostained with an anti-Ki-67 Ab as above, and the Ki-67-
positive cells were counted in 10 randomly selected ×400
high-power fields by microscopy. The Ki-67 proliferation index
was calculated according to the following formula:

no. Ki-67-positive cells/total cell count × 100%.

Western blot analysis. The methodology to detect protein
expression in tumor homogenates has been described previously.(19)

Briefly, tumor tissues were minced and homogenized in protein
lysate buffer, and debris was removed by centrifugation. The
lysates were resolved on 12% polyacrylamide sodium dodecy-
lsulfate gels, and transferred electrophoretically to polyvinylidene
difluoride membranes. The membranes were blocked with 3%
bovine serum albumin (BSA), incubated with primary antibodies,

and subsequently with alkaline phosphatase-conjugated secondary
antibody. They were developed with 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium (Tiangen Biotech, Beijing,
China). Blots were stained with an antitubulin antibody to confirm
that each lane contained similar amounts of tumor homogenate.

In situ detection of apoptotic cells. The method of in situ de-
tection of apoptotic cells has been described previously.(24)

Briefly, serial 6-μm tumor sections were stained with the TUNEL
agent (Roche) and examined by fluorescence microscopy.
Adjacent sections were counterstained with hematoxylin. The
total number of apoptotic cells in 10 randomly selected fields
was counted. The apoptosis index was calculated as the
percentage of positive-staining cells, namely:

apoptosis index = no. apoptotic cells × 100/total no. nucleated
 cells.

In vitro assay. HepG2 cells were grown to 60–70% confluence
in 10-cm plastic dishes, and transfected with 4 μg (each dish)
aHIF-pcDNA3.1 or empty pcDNA3.1 plasmid using Lipof-
ectamine Plus (Life Technologies, Shanghai, China). CoCl2
was added to one dish at the concentration of 200 μmol/L 48 h
after transfection. Three hours later, the cells were harvested and
cell lysates were subjected to western blot analysis as described
previously(25) to confirm the downregulation of HIF-1α by aHIF-
pcDNA3.1. The cells in other dishes were harvested, counted,
reseeded in 200 μL RPMI-1640 in the presence or absence of
CoCl2 into 96-well plates (5 × 103 cells per well), and cultured
for a further 6 h. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (20 μL) was added to each well followed
by a 4-h incubation, and cells were processed to record the OD
value at 570 nm. The untreated cells were used as controls. The
proliferation index was calculated according to the formula:

proliferation index = experimental OD value/control OD 
value × 100%.

The experiments were repeated three times.
Statistical analysis. The growth patterns of tumors were com-

pared using the analysis of variance (ANOVA) test. Other results
were expressed as mean values ± SD, and Student’s t-test was
used to evaluate statistical significance. A P-value of less than
0.05 was used for statistical significance.

Results

Antisense HIF-1a gene transfer downregulates expression of HIF-1a
and VEGF. The initial goal was to investigate whether gene
transfer of antisense HIF-1α could downregulate expression of
HIF-1α and its downstream effector VEGF in HepG2 tumors.
HepG2 tumors of 100 mm3 in volume were injected with a
DNA–FuGENE 6 transfection vehicle containing 200 μg of
either empty pcDNA3.1 vector or aHIF-pcDNA3.1, and 4 days
later the tumors were excised. Gene transfer of aHIF-pcDNA3.1
led to downregulation of HIF-1α (Fig. 1a,b) and VEGF
(Fig. 1c,d) expression in tumor cells compared with pcDNA3.1-
injected tumors, as revealed by immunohistochemistry and
supported by western blot analysis (Fig. 1e).

Antisense HIF-1a gene therapy synergizes with doxorubicin to
suppress hepatomas. HepG2 tumors were established in nude
mice. Three weeks later, when the tumors reached approx-
imately 100 mm3, the mice were assigned randomly to four
treatment groups to receive pcDNA3.1, aHIF-pcDNA3.1,
doxorubicin, or aHIF-pcDNA3.1 + doxorubicin. Untreated mice
served as an additional control. As shown in Figure 2, tumors
treated with empty vector pcDNA3.1 grew remarkably fast,
reaching 2032 ± 312 mm3 in volume 6 weeks after implantation,
which was not significantly different from the growth of the
untreated tumors (2191 ± 245 mm3, P > 0.05). In contrast, the
tumors of mice treated with doxorubicin were significantly
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(P < 0.01) smaller than control tumors, reaching only
897 ± 178 mm3 in volume 6 weeks after implantation. Antisense
HIF-1 therapy also resulted in a significant (P < 0.05) reduction
in tumor volume (1107 ± 211 mm3) compared with control
tumors. The combination of aHIF-pcDNA3.1 and doxorubicin
further suppressed tumor growth such that tumors reached only
359 ± 134 mm3 in volume, which is significantly (P < 0.001)
smaller than control tumors, and significantly smaller than the
tumors treated with the aHIF-pcDNA3.1 and doxorubicin
monotherapies (both P < 0.05) (Fig. 2).

Antisense HIF-1a synergizes with doxorubicin to inhibit tumor
angiogenesis. Five mice were killed 2 weeks after the above
treatments, and tumors were sectioned and stained with an anti-
CD31 Ab to visualize microvessels. There were fewer microvessels
in tumors treated with aHIF-pcDNA3.1 (Fig. 3b) or doxorubicin
(Fig. 3c), compared with pcDNA3.1-treated tumors (Fig. 3a),
and there were even fewer microvessels in tumors treated with
the combination therapy with aHIF-pcDNA3.1 and doxorubicin
(Fig. 3d) compared with tumors treated with the monotherapies.
In addition, blood vessels present in tumors treated with aHIF-

Fig. 3. Antisense hypoxia inducible factor (HIF)-1α synergizes with
doxorubicin to inhibit tumor angiogenesis. Representative tumor sections
prepared 2 weeks after treatment from mice receiving (a) pcDNA3.1
(control), (b) aHIF-pcDNA3.1, (c) doxorubicin, or (d) aHIF-pcDNA3.1
+ doxorubicin treatment. Tumor sections were stained with an anti-CD31
antibody to view microvessels. (e) Tumor microvessels in sections were
counted in blindly chosen random fields to record microvessel density.
n, number of tumors assessed. *Significant difference in microvessel
density for tumors treated with doxorubicin, or aHIF-pcDNA3.1 versus
control; **highly significant difference for tumors treated with
doxorubicin + aHIF-pcDNA3.1 versus control; ‡significant difference for
the combination therapy versus aHIF-pcDNA3.1 or doxorubicin
monotherapy.

Fig. 1. Antisense hypoxia inducible factor (HIF)-1α gene transfer
downregulates expression of HIF-1α and vascular endothelial growth
factor (VEGF). Tumors of approximately 100 mm3 in volume were
injected with either (a,c) pcDNA3.1, or (b,d) aHIF-pcDNA3.1 plasmids.
Representative tumor sections prepared 4 days after gene transfer,
stained brown with antibodies against (a,b) HIF-1α and (c,d) VEGF
(×400 magnification). (e) Homogenates of tumors prepared 4 days after
intratumoral injection of the pcDNA3.1 or aHIF-pcDNA3.1 plasmids
were western blotted with antibodies against HIF-1α (upper panel),
VEGF (middle panel), and tubulin (lower panel), as indicated.

Fig. 2. Antisense hypoxia inducible factor (HIF)-1α gene therapy
synergizes with doxorubicin to suppress tumor growth. HepG2
hepatomas were established subcutaneously in the flanks of mice.
When the tumors reached approximately 100 mm3 in volume (arrow),
they were injected with the pcDNA3.1, and aHIF-pcDNA3.1 plasmids,
either alone or in combination with intraperitoneal injection of mice
with doxorubicin, as indicated. Untreated tumors served as controls.
The sizes (mm3) of tumors were monitored and recorded. *Significant
and †highly significant difference in tumor volumes compared with
control. ‡Significant difference compared with aHIF-pcDNA3.1 or
doxorubicin treatments.
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pcDNA3.1 monotherapy or the combination therapy were small
and poorly formed. Tumor microvessels in sections were
counted in blindly chosen random fields to record microvessel
density. Gene transfer of antisense HIF-1α resulted in a significant
36% (P < 0.01) reduction in tumor microvessel density compared
with the density of microvessels in control tumors. Doxorubicin
also reduced tumor microvessel density by 29% compared with
control tumors (P < 0.05). Furthermore, the combination therapy
with aHIF-pcDNA3.1 and doxorubicin very significantly
(P < 0.001) reduced microvessel density by 68%, compared
with treatment with the pcDNA3.1 control plasmid, and
significantly reduced microvessel density compared to the aHIF-
pcDNA3.1 or doxorubicin monotherapy groups (both P < 0.05).
Thus, antisense HIF-1α and doxorubicin demonstrate synergism
in inhibiting tumor angiogenesis (Fig. 3e).

Antisense HIF-1a synergizes with doxorubicin to inhibit cell
proliferation in situ. We have previously reported that doxorubicin
inhibits the proliferation of HepG2 cells in vitro.(19) Here we

have further demonstrated that doxorubicin inhibits the prolifer-
ation of HepG2 tumor cells in situ, and synergizes with antisense
HIF-1α in inhibiting cell proliferation. Tumor sections from the
above experiments were stained with an Ab that detects the cell
proliferation marker Ki-67. There were fewer Ki-67-positive
cells in tumors treated with aHIF-pcDNA3.1 (Fig. 4b) and
doxorubicin (Fig. 4c) compared with pcDNA3.1-treated tumors
(Fig. 4a) and there were even fewer Ki-67-positive cells in
tumors treated with combination therapy with aHIF-pcDNA3.1
and doxorubicin (Fig. 4d) compared with tumors treated with
the monotherapies. Ki-67-positive cells in sections were counted
to record the proliferation index. Gene transfer of antisense HIF-
1α resulted in a significant 31% (P < 0.01) reduction in the
proliferation index compared with transfer of the pcDNA3.1
control plasmid. Doxorubicin reduced the proliferation index by
42% compared with the control (P < 0.05). Combination therapy
with aHIF-pcDNA3.1 and doxorubicin very significantly
(P < 0.001) reduced the proliferation index by 71%, compared
with treatment with the pcDNA3.1 plasmid (Fig. 4e).

Antisense HIF-1a synergizes with doxorubicin to induce cell
apoptosis in situ. We have previously demonstrated that intr-
atumoral injection of antisense HIF-1α induces the apoptosis of
lymphoma cells in situ.(21) Doxorubicin has been shown to
induce tumor apoptosis.(26,27) Here we have demonstrated that
antisense HIF-1α synergizes with doxorubicin to induce the
apoptosis of HepG2 cells in situ. Tumor sections from the above
experiments were stained with the TUNEL agent and examined
by fluorescence microscopy. A small number of apoptotic cells
were detected in tumors injected with pcDNA3.1 (Fig. 4a),
whereas a greater number of apoptotic cells were detected in
tumors treated with either aHIF-pcDNA3.1 (Fig. 4b) or doxorubicin
(Fig. 4c). Tumors treated with the combination of aHIF-pcDNA3.1
and doxorubicin contained the greatest number of apoptotic
cells (Fig. 4d). The apoptotic cells in sections were counted to
record the apoptosis index. The apoptosis index for tumors
treated with either aHIF-pcDNA3.1 or doxorubicin was sign-
ificantly (both P < 0.05) higher than that of tumors treated with
pcDNA3.1 by 44 and 92%, respectively (Fig. 5e). Thus, despite
the finding that antisense HIF-1α was superior at inhibiting
tumor angiogenesis, doxorubicin was more effective at inducing
tumor apoptosis, but there was no significant difference in the
apoptosis index of tumors treated with the two therapies. The
apoptosis index for tumors treated with the combination of
aHIF-pcDNA3.1 and doxorubicin was very significantly higher
(by 143%, P < 0.001) than for tumors treated with the pcDNA3.1
control vector, and significantly higher (both P < 0.05) than the
apoptosis index of tumors treated with the aHIF-pcDNA3.1 and
doxorubicin monotherapies (Fig. 5e).

Antisense HIF-1a and doxorubicin downregulates gene expression.
The tumor tissues from the above experiments were collected
and subjected to western blot analysis to detect the expression
of HIF-1α, VEGF, and PCNA. As shown in Figure 6a,
doxorubicin treatment reduced the expression of VEGF, but not
HIF-1α, in accordance with our previous report.(19) Rather, the
expression of HIF-1α was slightly upregulated in tumors treated
with doxorubicin compared with controls, but the difference did
not reach significance after quantitative analysis (Fig. 6b). Gene
transfer of antisense HIF-1α downregulated the expression of
both VEGF and HIF-1α, as confirmed by quantitative analysis
of band densities in Figure 6b. The combination therapy with
doxorubicin and antisense HIF-1α further downregulated the
expression of VEGF but not HIF-1α, compared to antisense
HIF-1α monotherapy. Both doxorubicin and antisense HIF-1α
downregulated the tumoral expression of the cell proliferation
marker PCNA, and they synergized to further reduce the
expression of PCNA in HepG2 tumors (Fig. 6a,b).

Antisense HIF-1a downregulates HIF-1a expression and inhibits the
proliferation of HepG2 cells subjected to hypoxia. Transfection of

Fig. 4. Antisense hypoxia inducible factor (HIF)-1α synergizes with
doxorubicin to inhibit tumor cell proliferation. Representative tumor
sections prepared 2 weeks after treatment from mice receiving (a)
pcDNA3.1 (control), (b) aHIF-pcDNA3.1, (c) doxorubicin, or (d) aHIF-
pcDNA3.1 + doxorubicin treatment. Tumor sections were stained with
an anti-Ki-67 antibody to detect proliferating cells. (e) Cells expressing
Ki-67 were counted to calculate the proliferation index. n, number of
tumors assessed. *Significant difference in the proliferation index for
tumors treated with doxorubicin, or aHIF-pcDNA3.1 versus control; **highly
significant difference for tumors treated with doxorubicin + aHIF-
pcDNA3.1 versus control; ‡significant difference for the combination
therapy versus aHIF-pcDNA3.1 or doxorubicin monotherapy.
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HepG2 cells with aHIF-pcDNA3.1 led to the downregulation of
HIF-1α expression in HepG2 cells cultured in the presence of
CoCl2 to induce hypoxia, as revealed by western blot analysis
(Fig. 7a). As shown in Figure 7b, there was no significant
difference in the rate of proliferation of HepG2 cells transfected
with aHIF-pcDNA3.1 and pcDNA3.1, when the cells were
cultured under normoxic conditions. However, when the latter
cells were exposed to hypoxia induced by CoCl2, the cells
transfected with aHIF-pcDNA3.1 grew significantly more slowly
than those transfected with pcDNA3.1 (Fig. 7b).

Discussion

The present study has demonstrated that antisense HIF-1α
therapy synergizes with doxorubicin to suppress the growth of

Fig. 5. Antisense hypoxia inducible factor (HIF)-1α synergizes with
doxorubicin to induce cell apoptosis. Representative tumor sections prep-
ared 2 weeks after treatment from mice receiving (a) pcDNA3.1 (control),
(b) aHIF-pcDNA3.1, (c) doxorubicin, or (d) aHIF-pcDNA3.1 + doxorubicin
treatment. Tumor sections were stained with the terminal deoxynu-
cleotidyl transferase biotin-dUTP nick end labeling agent to view
apoptotic cells. (e) Cells stained by the TUNEL agent were counted
to calculate the apoptosis index. n, number of tumors assessed.
*Significant difference in the apoptosis index for tumors treated with
doxorubicin, or aHIF-pcDNA3.1 versus control; **highly significant
difference for tumors treated with doxorubicin + aHIF-pcDNA3.1 versus
control; and ‡significant difference for the combination therapy versus
aHIF-pcDNA3.1 or doxorubicin monotherapy.

Fig. 6. Antisense hypoxia inducible factor (HIF)-1α and doxorubicin
downregulate gene expression. (a) Homogenates of tumors from mice
treated with pcDNA3.1 (lane 1), doxorubicin (lane 2), aHIF-pcDNA3.1
(lane 3), or doxorubicin + aHIF-pcDNA3.1 (lane 4) were western blotted
with antibodies against HIF-1α, vascular endothelial growth factor (VEGF),
proliferating cell nuclear antigen (PCNA), and tubulin. The density of
each band was measured and compared to that of the internal
control tubulin. Significant difference in the band intensities of each
protein for *pcDNA3.1 versus doxorubicin or aHIF-pcDNA3.1; ‡doxorubicin
versus doxorubicin + aHIF-pcDNA3.1; and **aHIF-pcDNA3.1 versus
doxorubicin + aHIF-pcDNA3.1.

Fig. 7. Antisense hypoxia inducible factor (HIF)-1α gene transfection
downregulates HIF-1α expression and inhibits cell proliferation in vitro.
(a) Lysates of HepG2 cells transfected with aHIF-pcDNA3.1 (lane 2) and
pcDNA3.1 (lane 1) were western blotted with antibodies against HIF-1α
and tubulin. (b) HepG2 cells transfected with aHIF-pcDNA3.1 or
pcDNA3.1 were cultured in the absence or presence of CoCl2 to mimic
hypoxia. Untreated cells served as controls. Cell proliferation was
assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide method to calculate the proliferation index (% inhibition of
cell proliferation). *Significant difference in the proliferation index.
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subcutaneous human HCC tumors in mice. HCC is extremely
insensitive to chemotherapy. Even doxorubicin, the anticancer
drug most widely used in the clinic, displays only a 4–10.5%
patient response rate, and is associated with significant side
effects.(6) The hypoxic microenvironment inside solid tumors is
a major cause of tumor resistance to chemotherapy. HIF-1 is
central to the hypoxia response of tumors as it regulates a wide
range of hypoxia-related molecules.(10) In seeking potential
strategies to combat the resistance of HCC to doxorubicin, the
present study has shown that antisense HIF-1α exerts its
antitumor effect by downregulating the expression of HIF-1α,
VEGF, and PCNA, resulting in inhibition of tumor angiogenesis
and cell proliferation, and induction of cell apoptosis. Doxor-
ubicin also downregulated expression of VEGF, but had a
negligible effect on the expression of HIF-1α. In accordance
with this, a previous study reported that doxorubicin downregulates
VEGF expression in human ovarian cancer cells, and although it
inhibits hypoxic activation of HIF-1, it has no significant effect
on the expression levels of HIF-1α.(28) The slight increase in
HIF-1α expression in tumors treated with doxorubicin may be
caused by increased tumor hypoxia.(14) In the present study,
antisense HIF-1α and doxorubicin synergistically suppressed
tumor angiogenesis by downregulating VEGF. Thus, combin-
ation therapy with doxorubicin and antisense HIF-1α might be
advantageous, as antisense HIF-1α could be used to reduce the
dose of chemotherapeutic agents, thereby sparing the patient
from the side effects of cytotoxic drugs without necessarily
impairing antitumor efficacy.

It has been well documented that doxorubicin exerts its anti-
tumor activity by inhibiting the proliferation of HCC cells.(29,30)

Here we have shown that doxorubicin and antisense HIF-1α
synergize to inhibit the proliferation of HCC cells and downreg-
ulate the expression of PCNA, a key marker of cell proliferation.
Antisense HIF-1 gene transfection also inhibited the prolifera-
tion of HepG2 cells in vitro under hypoxic conditions. In
accordance with this, the expression of HIF-1α mRNA was
found to closely correlate with the expression of PCNA in pan-
creatic cancers,(31) and HIF-1α protein levels correlated with the

PCNA index in transitional-cell carcinomas of the upper urinary
tract.(32) Antisense HIF-1α may inhibit the proliferation of cells
in part by disturbing their energy metabolism, as HIF-1 controls
the expression of the two key glycolysis factors: glucose trans-
porter 1 and lactate dehydrogenase A.(33)

The present study has demonstrated that doxorubicin
enhances the apoptosis of HepG2 cells in vivo, in accordance
with several previous studies.(26,27) Antisense HIF-1α was shown
to induce the apoptosis of HepG2 cells in situ, and synergized
with doxorubicin to exert increased cell apoptosis. By downreg-
ulating VEGF and inhibiting tumor angiogenesis, antisense HIF-1α
may restrict the supply of tumor cell survival factors provided
either by endothelial cells or by the circulation, such as platelet-
derived growth factor, interleukin-6, and heparin-binding epithelial
growth factor.(34) The tumor cells deprived of nutrients and sur-
vival factors due to the loss of an adequate vasculature may then
subsequently undergo apoptosis. In contrast to most normal cells
where the mitochondria are the major ATP producers, cancer
cells rely on both mitochondria and glycolysis, and the latter
contributes nearly half of the ATP even in the presence of
oxygen,(35) and is the main energy-providing form under
hypoxia. HIF-1-regulated glucose metabolism is regarded as a
key factor in apoptosis resistance.(11) Disruption of HIF-1α has
been shown to impair DNA synthesis and aerobic glycolysis, and
inhibit the proliferation of human colon carcinoma HCT116
cells.(36)

In summary, antisense HIF-1α therapy has promising utility
in the treatment of HCC as it inhibits tumor angiogenesis, disturbs
the energy metabolism of cancer cells, induces tumor cell apo-
ptosis, and enhances the pro-apoptotic effects of doxorubicin.
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