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The hypoxic microenvironment inside solid tumors, including
hepatocellular carcinoma (HCC), is a major cause of tumor resis-
tance to chemotherapy. The recently identified hypoxia-inducible
factor (HIF)-2 executes the hypoxia response. Its expression feature
and transcriptional targets indicate a possible dominance of HIF-2
in regulating genes in HCC. The aim of the present study was to
determine whether transfection of siRNA targeting HIF-2a could
enhance the efficacy of doxorubicin, the most commonly used
drug in the treatment of HCC. Transfection of HIF-2 siRNA into
human HCC cells downregulated the expression of HIF-2a, vascular
endothelial growth factor (VEGF), transforming growth factor
(TGF)-a, and cyclin D1, but had little effect on the expression of
HIF-1a, fms-related tyrosine kinase-1 (Flt-1), the glucose trans-
porter (GLUT)-1, and lactate dehydrogenase A (LDHA). Doxorubicin
itself only downregulated VEGF expression. Furthermore, HIF-2
siRNA inhibited proliferation, induced cell cycle arrest at the G0 ⁄ G1

phase, and acted synergistically with doxorubicin to inhibit the
growth of human HCC cells in vitro. Transfection of HIF-2 siRNA
also downregulated tumoral expression of HIF-2a, VEGF, TGF-a,
and cyclin D1 in vivo, and acted synergistically with doxorubicin to
suppress the growth of HepG2 tumors established in immunodefi-
cient mice by inhibiting cell proliferation, tumor angiogenesis and
microvessel perfusion. The results of the present study suggest
that targeting HIF-2a with siRNA warrants investigation as a
potential strategy to enhance the efficacy of doxorubicin in
the treatment of HCC. (Cancer Sci 2012; 103: 528–534)

L iver cancer is the second most frequent cause of cancer
deaths in men worldwide, with hepatocellular carcinoma

(HCC) accounting for 70–85% of the total liver cancer
burden.(1) A recent investigation has shown that none of the
currently available adjuvant therapies is particularly effective in
treating HCC after surgery,(2) indicating that current modalities
are largely inadequate. Sorafenib is a unique first-line drug
recommended for HCC patients who are resistant to other thera-
pies,(3) but it has not been widely accepted because its cost is
prohibitive, particularly in Asia and sub-Saharan Africa, which
have the highest incidence of HCC.(1) Doxorubicin is the most
commonly used traditional chemotherapeutic drug for the treat-
ment of HCC, especially via transcatheter arterial chemoemboli-
zation (TACE).(3) Unfortunately, in a clinical trial in a large
number of HCC patients, systemic administration of doxorubicin
resulted in a very low response rate (4%).(4) Therefore, new
strategies to enhance the efficacy of doxorubicin for the treat-
ment of HCC are required.

The frequently observed hypoxic microenvironment inside
solid tumors orchestrates a wide spectrum of molecular path-
ways that frustrate therapy, and is a major cause of tumor
resistance to radiotherapy and chemotherapy.(5) The hypoxic
response is governed by hypoxia-inducible factors (HIFs), each
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of which is a heterodimer composed of an a- and b-subunit.(6)

The first of these factors identified, namely HIF-1, controls the
expression of hundreds of genes,(5,7) including vascular endothe-
lial growth factor (VEGF),(8) glycolytic enzymes, and glucose
transporters (GLUTs).(9) It has been shown that HIF-1-deficient
hepatoma cells(10) are more susceptible to radiotherapy and that
inhibition of HIF-1a reduces the migration and invasion of HCC
Hep3B cells.(11) In addition, antisense HIF-1a therapy enhances
the efficacy of doxorubicin in the treatment of HCC.(12)

A new, recently identified member of the HIF family is HIF-
2, which has been implicated in executing the hypoxia
response.(13,14) Both HIF-1a and HIF-2a are able to complex
with HIF-1b to form a heterodimer and are degraded in an oxy-
gen-dependent manner through the von Hippel-Lindau protein
(pVHL) pathway.(15) Like HIF-1, HIF-2 is a transcription factor
that binds hypoxia-response elements (HREs) in the promoters
of targeted genes.(15) Although HIF-1a is expressed ubiqui-
tously, HIF-2a is only expressed by certain types of cells,
including hepatocytes(16–18) and certain tumors.(19) Although
HIF-1 and HIF-2 share several common targets, such as VEGF,
they regulate distinct transcriptional targets. For example, HIF-
1, but not HIF-2, is responsible for the regulation of genes
encoding glycolytic enzymes,(20) whereas the erythropoietin in
livers is preferentially regulated by HIF-2.(21) The expression of
angiogenic genes in hepatocytes is predominantly regulated by
HIF-2,(22) suggesting possible HIF-2 dominance in regulating
angiogenesis in HCC. Indeed, inactivation of HIF-2a suppressed
the development of von Hippel-Lindau (VHL)-associated liver
hemangiomas(22) and downregulating HIF-2 improved tumor
response to sunitinib in colon cancer.(23) Together, these results
indicate that HIF-2a may be a potential target in the treatment
of HCC. Therefore, the aim of the present study was to investi-
gate whether downregulating HIF-2a by siRNA could enhance
the efficacy of doxorubicin to combat HCC.

Materials and Methods

Mice, cell line and antibodies. Male nude BALB ⁄ c mice (H-
2b), 6–8 weeks old, were obtained from the Animal Research
Center, The First Affiliated Hospital of Harbin Medical Univer-
sity, Harbin, China. Human HCC HepG2 and Hep3B cells were
obtained from the American Type Culture Collection (Rockville,
MD, USA). Cells were cultured at 37�C in DMEM (Gibco BRL,
Grand Island, NY, USA) supplemented with 10% FCS. The Abs
used in the present study were: anti-HIF-1a and anti-HIF-2a
(Boster Biological Technology, Wuhan, China); anti-VEGF
(Lab Vision, Fremont, CA, USA); anti-fms-related tyrosine
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kinase-1 (Flt-1) and anti-CD31 (Pharmingen, San Diego, CA,
USA); and anti-Ki-67, anti-GLUT1, anti-lactate dehydrogenase
A (LDHA), anti-cyclin D1 and anti-transforming growth factor
(TGF)-a (Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Doxorubicin was purchased from Pharmacia (Milan, Italy).

Transfection of siRNAs. A double-stranded siRNA (HIF-2
siRNA; sense 5¢-GGUUUUGUUGCUAGCCCUU-3¢ and anti-
sense 5¢-AAGGGCUAGCAACAAAACC-3¢; nucleotides [nt]
4246–4264 of HIF-2a [NM_001430.4]) with two introduced
thymidine residues at the 3¢ end was designed.(24) In addition,
double-stranded RNAs for TGF-a (sense 5¢-CAUUUUAAUG-
ACUGCCCAGA-3¢ and antisense 5¢-UCUGGGCAGUCAUUA-
AAAUG-3¢; nt 375–394 of cyclin D1 [NM_003236]) and cyclin
D1 (sense 5¢-CAAGCUCAAGUGGAACCUG-3¢ and antisense
5¢-CAGGUUCCACUUGAGCUUG-3¢; nt 791–809 of cyclin D1
[NM053056.1]) were designed.(25,26) A non-specific siRNA
(sense 5¢-UUCUCCGAACGUGUCACGU-3¢ and antisense
5¢-ACGUGACACGUUCGGAGAA-3¢) served as the control.
The siRNAs were produced by GenePharma (Shanghai, China).
Cells were grown to 60–70% confluence and incubated with
siRNAs (final concentration 0.1 lM) using Lipofectamine 2000
(Invitrogen, Beijing, China) in a serum-free medium without
antibiotic supplements for 24 h before being subjected to the
assays detailed below.

Quantitative RT-PCR analysis. Total RNA was extracted from
cells and cDNA was synthesized by RT-PCR using a cDNA syn-
thesis kit (Invitrogen). The reaction mixtures for quantitative
RT-PCR were prepared according to the manual supplied by
Shanghai GenePharma and were analyzed using an MX3000P
real-time PCR system (Stratagene, La Jolla, CA, USA). Experi-
ments were performed in triplicate and the results were calcu-
lated using the DDCt method. The primers used for PCR are
given in Table 1.

In vitro cell proliferation and cell cycle assays. Cell viability
was measured with a CCK-8 kit (Dojindo Laboratories, Kuma-
noto, Japan), whereas the percentage of cells at the G0 ⁄ G1, S,
and G2 ⁄ M phases was determined using a cell cycle detection
kit (BD Biosciences, Beijing, China), as described previ-
ously.(27) Experiments were repeated three times.

Animal experimental protocols. All surgical procedures and
care administered to the animals were in accordance with insti-
tutional ethics guidelines. The subcutaneous HepG2 tumor
model has been described previously.(12,27) Briefly, when tumors
reached approximately 100 mm3, mice were assigned to one of
groups (10 mice in each group): a control group, a doxorubicin-
treated group, a group treated with HIF-2 siRNA, and a group
treated with HIF-2 siRNA + doxorubicin. Mice in each group
Table 1. Genes examined, primers used for RT-PCR, and PCR products

Gene GenBank accession no.

HIF-1a NM_181054.2 Forward:

Reverse: C

HIF-2a NM_001430.4 Forward:

Reverse: C

VEGF AF022375 Forward:

Reverse: A

Flt-1 NM_001160031 Forward:

Reverse: A

GLUT1 K03195 Forward:

Reverse: G

LDHA X02152 Forward:

Reverse: A

Cyclin D1 NM_053056 Forward:

Reverse: G

TGF-a NM_003236 Forward:

Reverse: A
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received twice weekly intratumoral and i.p. injections of agents.
Doxorubicin was dissolved in 200 lL PBS and was injected at a
dose of 12.5 mg ⁄ kg, i.p.(12,27) Equal volumes of 20 nM siRNA
and Lipofectamine 2000 were mixed, and this solution was fur-
ther mixed with an equal volume of serum-free medium, with
50 lL of the siRNA transfection solution containing 250 pmol
siRNA injected into tumors.(28) Mice in the control group were
injected with PBS and control siRNA; mice in the doxorubicin
group were injected with doxorubicin and control siRNA; mice
in the HIF-2 siRNA group were injected with PBS and HIF-2
siRNA; and mice in the HIF-2 siRNA + doxorubicin group
were injected with doxorubicin and HIF-2 siRNA. Two mice
from each group were selected at random and killed 4 days after
treatment started. The tumors in these mice were excised for
analysis. The remaining eight mice in each group were moni-
tored for a further 17 days and then killed. Three mice per group
were used for to analyze tumor microvessel perfusion, whereas
tumors from the remaining five mice were used to assess cell
proliferation and tumor vascularity.

Immunohistochemistry, assessment of tumor vascularity,
quantification of Ki-67 proliferation index and western blot
analysis. All these methods have been described in detail else-
where.(12,27,28)

Tumor microvessel perfusion. Mice bearing tumors were
injected with 40 mg ⁄ kg, i.v., Hoechst 33342 (Sigma-Aldrich,
Beijing, China) 2 min before they were killed. The tumors were
excised, five frozen sections (10 lm) from each tumor were pre-
pared, and five randomly selected fields from each section were
examined under a fluorescence microscope (thus 20 fields were
examined in total for each tumor). Images were capture and quan-
tified using Adobe Photoshop CS4 (Adobe, San José, CA, USA).
The relative perfusion area (%) was calculated as follows:

Relative perfusion area (%) = (Sum of perfusion areas ⁄ 20
field areas) · 100.

Statistical analysis. Data are expressed as the mean ± SD.
Comparisons were made using one-way analysis of variance
(ANOVA) followed by Dunnet’s t-test. P < 0.05 was considered
significant.

Results

Regulation by HIF-2 siRNA of the expression of genes involved
in angiogenesis and cell growth. Incubation of HepG2 cells
with CoCl2 (200 lM) for 24 h resulted in significantly higher
levels of HIF-2a and HIF-1a (by 15- and 50-fold, respectively)
compared with control (Fig. 1A). This is explained by the rapid
degradation of HIF-a subunits under conditions of normoxia.(15)
Primers PCR products

ATCCATGTGACCATGAGGAAATG 126 bp (nt 814–939)

TCGGCTAGTTAGGGTACACTT

GTGCCATGACAAACATCTTCCAG 107 bp (nt 2204–2310

TCGGGCTCTGTCTTCTTGCT

GTCCCAGGCTGCACCCATG 158 bp (nt 522–679)

GGAAGCTCATCTCTCCTA

GTGCGCGCTGCTCAGCTG 160 bp (nt 318–477)

GGCAAAGACCATTTATG

GAGTTCTACAACCAGACATGG 167 bp (nt 302–468)

CATTGAATTCCGCCGGCCA

GCTGGTCATTATCACGGCTG 128 bp (nt 361–488)

GCAACTTGCAGTTCGGGCTG

GCGCGCCCTCGGTGTCCTA 159 bp (nt 322–480)

CGACAGGAAGCGGTCCAGG

GCTGCGTGCCAGGCCTTGGAG 163 bp (nt 257–419)

CATGCTGGCTTGTCCTCCTG
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(A)

(B)

(C) (D)

Fig. 1. Downregulating gene expression by HIF-2 siRNA in HepG2
cells in vitro. (A) Cells were incubated in the presence or absence of
CoCl2 for 24 h and the expression of hypoxia-inducible factor (HIF)-1a
and HIF-2a was determined by western blot analysis and normalized
against that of b-actin. (B–D) Control or HIF-2 siRNA-transfected cells
were incubated for 24 h in the presence of CoCl2 and harvested for
mRNA analysis by quantitative RT-PCR (B) or protein expression by
western blot analysis (C). (D) The density of each band in (C) was
measured and normalized against that of b-actin. Data are the
mean ± SD. **P < 0.001 compared with control. VEGF, vascular
endothelial growth factor; Flt-1, fms-related tyrosine kinase-1; GLUT1,
glucose transporter 1; LDHA, lactate dehydrogenase A; TGF-a,
transforming growth factor-a.

(A)

(B)

(C)

Fig. 2. Cell proliferation in vitro. (A) HepG2 cells transfected with
control or HIF-2 siRNA were cultured in the absence (normoxia) or
presence (hypoxia) of CoCl2 for 48 h. (B,C) Untransfected HepG2 (B) or
Hep3B (C) cells or cells transfected with control or HIF-2 siRNA were
incubated with doxorubicin in the presence of CoCl2 for 48 h. Data are
the mean ± SD. *P < 0.05, **P < 0.001 compared with control siRNA.
In addition, siRNA-transfected HepG2 cells were cultured in
fresh medium containing 200 lM CoCl2 for 24 h. Transfection
of HIF-2 siRNA downregulated the mRNA expression of HIF-
2a, VEGF, TGF-a, and cyclin D1, but had little effect on the
expression of HIF-1a, Flt-1, GLUT1 and LDHA mRNA
(Fig. 1B). Protein expression patterns, as determined using wes-
tern blot analysis, were similar to the mRNA expression patterns
(Fig. 1C,D).

Synergistic effect of HIF-2 siRNA and doxorubicin to inhibit
HCC cell growth in vitro. There were no significant differences
in the proliferation index of HepG2 cells transfected with either
HIF-2 or control siRNA when cells were cultured under norm-
oxic conditions (Fig. 2A). However, under hypoxic conditions
induced by CoCl2, HIF-2 siRNA-transfected cells grew signifi-
cantly more slowly than those transfected with control siRNA
(Fig. 2A). Therefore, subsequent in vitro experiments were per-
formed under hypoxic conditions. Under hypoxia, doxorubicin
inhibited cell proliferation in a dose-dependent manner and
530
significantly reduced the proliferation index of HIF-2 siRNA-
transfected cells compared with control siRNA-transfected or
untransfected cells (Fig. 2B). To investigate whether the effects
of HIF-2 siRNA and doxorubicin were synergistic, we calcu-
lated values for the coefficient of drug interaction (CDI).(29,30)

All CDI values for various concentrations of doxorubicin were
<1 (Fig. 2B), indicating a synergistic effect between HIF-2 siR-
NA and doxorubicin in inhibiting cell proliferation. The optimal
synergistic concentration of doxorubicin was 80 ng ⁄ mL, which
resulted in a CDI value of 0.72. This concentration of doxorubi-
cin was used in subsequent experiments with HepG2 cells. The
effects of HIF-2 siRNA and doxorubicin were also evaluated in
Hep3B cells, which exhibited a similar pattern of protein expres-
sion after HIF-2 siRNA transfection (data not shown) as did
HepG2 cells. Although Hep3B cells were not as sensitive as
HepG2 cells to doxorubicin, the effects of HIF-2 siRNA plus
doxorubicin on cell proliferation (Fig. 2C) were similar in
Hep3B cells as seen in HepG2 cells. There were no significant
differences in the proliferation index between control siRNA-
transfected and untransfected cells treated with doxorubicin;
thus, data for the treatment of cells with control siRNA transfec-
tion + doxorubicin are not described below.

Following HIF-2 siRNA transfection, there was a significant
increase in the percentage of HepG2 cells arrested at the G0 ⁄ G1

phase compared with transfection of control siRNA (Fig. 3A).
Doxorubicin significantly increased the percentage of HepG2
doi: 10.1111/j.1349-7006.2011.02177.x
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(A)

(B)

(C)

Fig. 3. Cell cycle arrest in vitro. (A) Control or HIF-2 siRNA-
transfected HepG2 cells were cultured in the presence of CoCl2 for
48 h. (B,C) Untransfected HepG2 (B) or Hep3B (C) cells or cells
transfected with control or HIF-2 siRNA were incubated with 80 or
500 ng ⁄ mL doxorubicin (Dox), respectively, in the presence of CoCl2
for 48 h. Data are the mean ± SD. *P < 0.05, **P < 0.001 compared
with untreated cells; †P < 0.05 compared with Dox-treated cells;
‡P < 0.05 compared with HIF-2 siRNA-treated cells.

§ §

(A) (B)

(C) (D)

Fig. 4. Gene expression and effects of downregulating downstream gene
(Dox; lane 2), HIF-2 siRNA (lane 3) or HIF-2 siRNA + Dox (lane 4; from Fig
band in (A) was measured and normalized against that of b-actin. Data
cells; †P < 0.05 compared with Dox-treated cells; ‡P < 0.05 compared wit
factor (TGF)-a siRNA or Cyclin D1 siRNA-transfected HepG2 cells were cu
Cyclin D1 was determined by western blot analysis (C), with band density
cycle distribution (E) were measured. Data are the mean ± SD. §P < 0.001

He et al.
cells arrested at G2 ⁄ M phase (Fig. 3B). However, the combina-
tion of HIF-2 siRNA plus doxorubicin increased the percentage
of HepG2 cells arrested at both the G0 ⁄ G1 and G2 ⁄ M phases
compared with that of untreated cells (Fig. 3B). The effects of
HIF-2 siRNA and doxorubicin on cell cycle arrest were similar
in Hep3B cells (Fig. 3C).

Regulation of gene expression by HIF-2 siRNA and
doxorubicin. Transfection of HIF-2 siRNA significantly
reduced the expression of HIF-2a, TGF-a and cyclin D1 in
HepG2 cells, whereas doxorubicin had little effect (Fig. 4A,B).
Both HIF-2 siRNA and doxorubicin significantly downregulated
the expression of VEGF, and their combination further reduced
its expression (Fig. 4A,B). Furthermore, transfection of TGF-a
and cyclin D1 siRNAs significantly downregulated the expres-
sion of their respective genes (Fig. 4C) and inhibited cell prolif-
eration (Fig. 4D). Transfection of TGF-a siRNA decreased the
percentage of cells in the S phase, whereas cyclin D1 siRNA
induced cell arrest at the G0 ⁄ G1 phase (Fig. 4E).

Inhibition of tumor growth by downregulation of gene
expression in vivo. As shown in Figure 5(A), tumors in the con-
trol group grew remarkably fast, reaching 2247.8 ± 158.7 mm3

in only 3 weeks. In contrast, tumors treated with HIF-2 siRNA
and doxorubicin were significantly smaller than the tumors
in the control group, reaching only 1648.8 ± 139.1 and
1059.9 ± 153.5 mm3, respectively (both P < 0.01). The combi-
nation of HIF-2 siRNA and doxorubicin further suppressed
tumor growth such that tumors in these mice reached only
659.8 ± 167.8 mm3, significantly smaller than tumors in both
the control group (P < 0.001) and in the groups treated with
HIF-2 siRNA or doxorubicin alone (both P < 0.05). The CDI
was 0.81, indicating that HIF-2 siRNA and doxorubicin had
significant synergistic effects in suppressing tumor growth.

Consistent with the results obtained in vitro, injection of
HIF-2 siRNA significantly downregulated the expression of
HIF-2a, VEGF, TGF-a and cyclin D1, whereas doxorubicin
only downregulated the expression of VEGF (Fig. 5B–D). Com-
bination treatment with HIF-2 siRNA plus doxorubicin further
downregulated the expression of VEGF, resulting in signifi-
§ §

(E)

s. (A) Untreated HepG2 cells (lane 1) or cells treated with doxorubicin
. 3B) were subjected to western blot analysis. (B) The density of each
are the mean ± SD. *P < 0.05, **P < 0.001 compared with untreated

h HIF-2 siRNA-treated cells. (C–E) Control siRNA, transforming growth
ltured in the presence of CoCl2 for 48 h; the expression of TGF-a and

normalized against that of b-actin, and cell proliferation (D) and cell
compared with control.
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(A)

(B)

(C) (D)

Fig. 5. Tumor growth and gene expression in vivo.
(A) Tumor size in the control, doxorubicin- (Dox),
HIF-2 siRNA- and HIF-2 siRNA + Dox-treated groups
for n mice in each group at the different time
points. (B) Representative sections of tumors
injected with control siRNA or HIF-2 siRNA and
stained brown with Abs against hypoxia-inducible
factor (HIF)-2a, vascular endothelial growth factor
(VEGF), transforming growth factor (TGF)-a, or
cyclin D1 (original magnification ·400). (C) Tumor
homogenates from the control (lane 1), HIF-2 siRNA
(lane 2), doxorubicin (lane 3) and HIF-2
siRNA + doxorubicin (lane 4) groups were subjected
to western blot analysis to determine the
expression of HIF-2a, VEGF, TGF-a and cyclin D1. (D)
The density of each band was normalized against
that of b-actin. Data are the mean ± SD. *P < 0.05,
**P < 0.001 compared with untreated cells;
†P < 0.05 compared with Dox-treated cells;
‡P < 0.05 compared with HIF-2 siRNA-treated cells.
cantly lower levels of VEGF expression than seen following
treatment with HIF-2 siRNA or doxorubicin alone (Fig. 5C,D).

Inhibition of cell proliferation in situ. Both HIF-2 siRNA-
and doxorubicin-treated tumors had fewer Ki-67-positive cells
than did the controls, and HIF-2 siRNA + doxorubicin-treated
tumors had even fewer Ki-67-positive cells than tumors treated
with HIF-2 siRNA or doxorubicin alone (Fig. 6A). Tumors trea-
ted with HIF-2 siRNA or doxorubicin had a significantly lower
proliferation index that the control group (by 23% and 42%,
respectively; P < 0.05; Fig. 6B). Tumors treated with HIF-2
siRNA + doxorubicin had a significantly lower proliferation
index than the control group and than the groups treated with
HIF-2 siRNA or doxorubicin alone (by 71% [P < 0.001), 63%
and 51% [both P < 0.01], respectively; Fig. 6B).

Inhibition of tumoral angiogenesis and microvessel
perfusion. Both HIF-2 siRNA- and doxorubicin-treated tumors
had fewer microvessels than did the control group, and HIF-2
siRNA + doxorubicin-treated tumors had even fewer microves-
sels than tumors treated with HIF-2 siRNA or doxorubicin alone
(Fig. 6A). Treatment with HIF-2 siRNA or doxorubicin resulted
in a significant reduction in microvessel density compared with
the control group (by 39% [P < 0.01] and 25% [P < 0.05],
respectively; Fig. 6C). Furthermore, tumors treated with HIF-2
siRNA + doxorubicin exhibited a highly significant reduction in
microvessel density compared with the control group (by 64%;
P < 0.001), as well as a significant reduction in microvessel
532
density compared with groups treated with HIF-2 siRNA or
doxorubicin alone (both P < 0.05; Fig. 6C).

Microvessel perfusion areas were evaluated in tumors stained
with Hoechst 33342 (Fig. 6A,D). In tumors treated with HIF-2
siRNA or doxorubicin, a significant reduction in microvessel per-
fusion areas was observed compared with the control group (by
38% and 28%, respectively; both P < 0.05). Combination treat-
ment with HIF-2 siRNA + doxorubicin resulted in significant
reductions in the microvessel perfusion areas compared with both
the control group (by 56%; P < 0.001) and the doxorubicin-trea-
ted group (by 38%; P < 0.05). However, there was no significant
difference in microvessel perfusion areas between the HIF-2
siRNA + doxorubicin- and HIF-2 siRNA-treated groups (Fig. 6D).

Discussion

The hypoxic microenvironment inside solid tumors is a major
cause of tumor resistance to chemotherapy.(5) Because it regu-
lates a wide range of hypoxia-related molecules, HIF-1 has been
regarded as central to the hypoxia response.(7) The recently
identified HIF-2 has emerged as another attractive target for
combating the resistance of HCC to chemotherapy because it is
specifically expressed in certain cell types, including hepato-
cytes, and has distinct transcriptional targets in certain organs,
including the liver.(21,22) It has been shown that HIF-2 is
commonly overexpressed in human HCC specimens,(19,31) and
doi: 10.1111/j.1349-7006.2011.02177.x
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(B) (C) (D)
Fig. 6. Tumoral cell proliferation, angiogenesis
and microvessel perfusion. (A) Representative
tumor sections prepared 3 weeks after treatment
(from Fig. 5) and stained with an anti-Ki-67 Ab
(upper panel) or an anti-CD31 Ab (middle panel),
or prepared from mice preinjected with Hoechst
33342 (represented by light-colored regions). The
proliferation index (B), microvessel density (C), and
microvessel perfusion area (D) were determined for
each group. Dox, doxorubicin. Data are the
mean ± SD, with the number of samples indicated
by the numbers at the bottom of each column.
*P < 0.05, **P < 0.001 compared with untreated
cells; †P < 0.05 compared with Dox-treated cells;
‡P < 0.05 compared with HIF-2 siRNA-treated cells.
that its expression is correlated with clinicopathological features
and poor clinical outcome.(5,19,31) In the present study, we have
demonstrated that HIF-2 siRNA exerts its antitumor effect by
downregulating the expression of HIF-2a, VEGF, TGF-a, and
cyclin D1, resulting in inhibition of cell proliferation, tumor
angiogenesis, and microvessel perfusion. These effects work
synergistically with those of doxorubicin to suppress tumor
growth. Doxorubicin also downregulated expression of VEGF,
but had negligible effects on the expression of HIF-2a, TGF-a,
and cyclin D1. The anti-angiogenic activity of HIF-2 siRNA is
supported by a study showing that HIF-2a promotes vascular
function and angiogenesis.(32)

It is well documented that doxorubicin exerts its antitumor
activity by inhibiting the proliferation of HCC cells.(33,34) In the
present study we showed that HIF-2 siRNA synergizes with
doxorubicin to inhibit the proliferation of HCC cells. One of the
mechanisms that may account for this is the ability of HIF-2
siRNA to downregulate the expression of TGF-a, which is
among one of the predominant targets of HIF-2a.(14,35) Overex-
pression of TGF-a is especially common in human liver can-
cer(36,37) and activation of the TGF-a pathway promotes HCC
formation.(38) Furthermore, TGF-a treatment increases the pro-
liferation of HepG2 cells in vitro.(39) In accord, the present study
has shown that downregulating TGF-a by siRNA inhibits the
proliferation of HepG2 cells.

Cyclin D1 plays an important role during the G1 phase of the
cell cycle and is essential for the G1 ⁄ S transition.(40) Cyclin D1 is
overexpressed in HCC tissues(41) and is specifically regulated by
HIF-2a.(14) In the present study we have shown that downregulat-
ing cyclin D1 by targeting its upstream regulator HIF-2a or
directly with an siRNA induces the arrest of HCC cells at the
G0 ⁄ G1 phase. Conversely, doxorubicin-induced DNA damage is
predominantly cell cycle dependent and results in G2 ⁄ M phase
He et al.
arrest.(42,43) In accordance with our previous report,(28) in the pres-
ent study we showed that doxorubicin induced cell cycle arrest at
the G2 ⁄ M phase in HCC cells. Furthermore, combining HIF-2
siRNA plus doxorubicin resulted in cell cycle arrest at both the
G0 ⁄ G1 and G2 ⁄ M phases, contributing to the inhibition of cell pro-
liferation.

Although not investigated herein, enhanced cell apoptosis
may also contribute to the inhibition of tumor growth. Many
studies have shown that doxorubicin induces the apoptosis of
HCC cells, including our own study.(12) By inhibiting tumoral
angiogenesis, HIF-2 siRNA and doxorubicin restrict the supply
of tumor cell survival factors, including VEGF,(44) and without
persistent angiogenesis tumor cells will undergo apoptosis.(45)

Conversely, glycolysis contributes nearly half the ATP for can-
cer cells in the presence of oxygen(46) and is the main energy-
providing form under conditions of hypoxia. It has been shown
that HIF-1 controls the expression of key glycolysis factors(47)

and HIF-1-regulated glucose metabolism is regarded as a key
factor in apoptosis resistance.(8) Disruption of HIF-1a impaired
aerobic glycolysis in human colon carcinoma HCT116 cells(48)

and downregulated the expression of GLUT1 and LDHA in
HepG2 cells.(12) However, HIF-2 siRNA did not downregulate
LDHA and GLUT1, indicating that HIF-2 does not regulate
these two factors in HCC cells. It has been reported that HIF-1,
but not HIF-2, is responsible for the regulation of genes encod-
ing glycolytic enzymes.(20) Given the distinct transcriptional tar-
gets of HIF-1 and HIF-2, the results imply that downregulating
both these HIFs may further block hypoxic pathways and result
in better therapeutic outcomes when combined with doxorubi-
cin. This hypothesis is supported by one report, in which simul-
taneous inhibition of HIF-1 and HIF-2 improved the response of
colon cancer cells to sunitinib.(23)
Cancer Sci | March 2012 | vol. 103 | no. 3 | 533
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