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Overexpression and correlation of HIF-2a, VEGFA
and EphA2 in residual hepatocellular carcinoma
following high-intensity focused ultrasound treatment:
Implications for tumor recurrence and progression
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Abstract. Rapid growth of residual tumors can occur as a result
of their recurrence and progression. The present study aimed
to investigate the expression of hypoxia inducible factor-2
subunit a (HIF-2a), vascular endothelial growth factor A
(VEGFA), erythropoietin-producing hepatocellular A2 (EphA2)
and angiogenesis in residual hepatocellular carcinoma (HCC),
following treatment with high-intensity focused ultrasound
(HIFU) ablation, in order to investigate the association between
protein expression and tumor recurrence and growth. Athymic
BALB/c (nu/nu) mice were subcutaneously inoculated with
the HCC cell line HepG2, in order to create xenograft tumors.
Approximately 30 days post-inoculation, eight mice were
treated with HIFU, whereas eight mice received no treatment
and acted as the control group. Residual tumor tissues were
obtained from the experimental groups after one month. Levels
of HIF-2a, VEGFA, EphA2 and cluster of differentiation 31
(CD31) expression was measured by immunohistochemical
staining. CD31-positive vascular endothelial cells were counted
to calculate microvascular density (MVD), and western blot
analysis was performed to determine levels of HIF-2a, VEGFA,
and EphA2 protein. It was found that the expression levels of
HIF-2a, VEGFA, EphA2, and MVD proteins in residual HCC
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tissues were significantly higher than in the control group
tissues (P<0.05). Tumor MVD was strongly correlated with
VEGFA (R=0.957, P<0.01) and EphA2 (R=0.993, P<0.01)
protein expression levels. Furthermore, there was a significant
positive correlation between HIF-2a and EphA2 expression
(R=0.991, P<0.01). The correlation between VEGFA and
EphA2 expression was also positive (R=0.985, P<0.01). These
data suggest that overexpression of HIF-2a,, VEGFA and EphA2
is related to angiogenesis in residual HCC following HIFU
ablation, potentially via their association with key mediators of
recurrence.

Introduction

Hepatocellular carcinoma (HCC) is the most prevalent type of
primary liver cancer, with a high occurrence rate in Asia and an
increasing incidence in Western countries (1). For patients with
HCC who have undergone surgical resection, the 5-year survival
rate is 40-70%, though for patients with early-stage HCC
who have undergone liver transplantation, this rate increases
marginally to 60-70% (2). However, the majority of patients are
diagnosed at an intermediate or advanced stage of the disease,
when few effective therapies are available (3). Due to recent
advances in technology, high-intensity focused ultrasound
(HIFU) ablation is now considered a key adjuvant treatment
for unresectable HCC, as it is an effective and safe method
of treatment (4). However, despite the use of thorough HIFU
ablation, residual tumors may still develop due to tumor recur-
rence (5). The molecular mechanisms leading to the recurrence
and development of residual tumors are not well understood.
However, studies have indicated that tumor angiogenesis serves
a potential role in the recurrence and growth of HCC; a process
tightly regulated by numerous angiogenic factors (6,7).
Hypoxia inducible factor-2 subunit a (HIF-2a) is a key
factor in angiogenesis, tumor growth and endothelial growth
during the remodeling process of tumorigenesis (8). In addition,
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vascular endothelial growth factor (VEGF) is a major factor
that contributes to angiogenesis and metastasis in numerous
types of tumor, such as HCC, gastric cancer and breast cancer,
and its overexpression is associated with tumor progression
and poor clinical outcomes (9). VEGFA is part of the VEGF
structural family of proteins, and is among the most potent
angiogenic factors expressed in different types of human cancer,
including HCC, breast cancer, clear cell renal carcinoma and
gastric cancer (10,11). Erythropoietin-producing hepatocellular
A2 (EphA2) is also implicated in HCC. It has been found that
EphA?2 expression is prominent in invasive hepatoma cells and
is significantly correlated with poor survival of HCC patients,
suggesting that EphA2 is a potential serum marker for the detec-
tion of HCC development and progression (12). Furthermore,
there is increasing evidence that high-levels of EphA2 may
promote angiogenesis, tumor growth and invasion (13,14).

The association between the expression of the factors
HIF-2a, VEGFA and EphA2, and angiogenesis in residual HCC
following HIFU ablation and in normal tumor tissue, remains
unknown. Therefore, the present study examined the levels
of HIF-2a, VEGFA and EphA2 expression in HCC with and
without HIFU to determine the potential correlation between
residual tumor angiogenesis and recurrence.

Materials and methods

HCC cell line and antibodies. Human HCC HepG2 cells
were purchased from the Cell Resource Center at the
Chinese Academy of Medical Sciences, Peking Union
Medical College (Beijing, China). Cells were cultured in
100-cm? plastic tissue flasks at 37°C in a humidified 5%
CO, atmosphere in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum
(Hyclone; GE Healthcare, Logan, UT, USA). Rabbit poly-
clonal anti-HIF-2a (cat. no. ab20654) and mouse monoclonal
anti-VEGFA (cat. no. ab105219) antibodies were obtained
from Abcam (Cambridge, UK), anti-Eph A2 (cat. no. BS§759)
and anti-cluster of differentiation 31 (CD31; cat. no. BS1574)
antibodies were obtained from BIOSS (Beijing, China)
and Bioworld Technology, Inc. (St. Louis Park, MN, USA),
respectively.

Animals and treatment protocol. A total of 16 athymic
BALB/c (nu/nu) 4-6 week old male nude mice (weight,
20+2 g) were purchased from the Animal Center of
Chongqing Medical University (Chongqing, China). Mice
were maintained under specific-pathogen-free conditions
and exposed to a 12-h light/dark cycle at a temperature of
25°C and 50% humidity. Water and food were autoclaved
and provided for mice ad libitum. HepG?2 cells (5x10° cells/
mouse) in 0.2 ml DMEM were subcutaneously injected into
the flanks of the mice. When the xenografted tumors reached
~1,000 mm?® in volume, tuweekmor-bearing mice were
randomly divided into a treatment and negative control group
(n=8 each). Each mouse in the treatment groups received
Seapostar HIFU therapy using a CZF Ultrasonic Therapeutic
Apparatus (Haifu Medical Technology Co., Ltd., Chongqing,
China), at 8.6 MHz, 5 W for 30 sec, until ~10% residual
tumor tissue remained (2-5 min), and were monitored with
computed tomography to identify clinical tumor recurrence
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following HIFU treatment. Experiments with mice were
conducted according to institutional guidelines (National
Institutes of Health Guidelines and legal requirements in
China) and approved by the Animal Care and Use Committee
of Chongqing Medical University.

Immunohistochemical analysis. Following one month of
growth, mice were anesthetized with sodium pentobarbital
(30 mg/kg; cat. no. P3761; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) and sacrificed via cervical dislocation,
and tumor tissues were harvested and fixed in 4% neutral-buff-
ered formalin. After 24 h, the samples were paraffin-embedded,
sliced into 4 ym sections, and stained with hematoxylin and
eosin. The sections were blocked with 2.5% hydrogen peroxide
in methanol at 37°C for 30 min and microwaved at 100°C for
3 min for heat-induced antigen retrieval and incubated in
2% bovine serum albumin (cat. no. SH30022.01B; Hyclone;
GE Healthcare) with the primary antibodies (anti-HIF-2a,
1:2,000; anti-VEGFA, 1:50; anti-EphA2, 1:100; and anti-CD31,
1:100) overnight at 4°C. Sections were then washed with PBS
and reacted with horseradish peroxidase (HRP)-conjugated
anti-immunoglobulin (Ig) G secondary antibody (1:50; cat.
no. A0208; Beyotime Institute of Biotechnology, Haimen,
China) at 37°C for 20 min. Following nucleic acid detection
with 3,3'-diaminobenzidine stain, sections were counter-
stained with hematoxylin. A light microscope was used to take
representative images of the tumor tissues.

Analysis of the immunostained tumors was performed
as described previously (15,16). Briefly, two independent
investigators scored the sections; the total immunostaining
score of each section was calculated by the percentage of
positive-stained tumor cells (0-5% staining, O points; 6-50%
staining, 2 points; >50% staining, 3 points) and the staining
intensity (weak intensity, 1 point; moderate intensity, 2 points;
strong intensity, 3 points). The specimens detected as grade
3 (moderate staining: 3-4 points) and 4 (strong staining:
5-6 points) were recorded as positive results in the statistical
analysis.

Microvascular density (MVD) was determined according
to the criteria introduced by Tian ef al (17). Briefly, the area
with the highest CD31-positive vessel density was screened at
x40 magnification, then counted at x200 in 10 random fields.
The mean number of micro-vessels in each field was regarded
as the level of MVD.

Western blot analysis. Tumor tissues were lysed using cell
lysis buffer containing protease inhibitors (Roche Applied
Science, Penzberg, Germany) and a protein extraction kit
(cat. no. P0027; Beyotime Institute of Biotechnology). Protein
concentration was determined using a Bradford assay kit (cat.
no.P0006; Beyotime Institute of Biotechnology) and equivalent
quantities of protein (35 pg) were loaded onto an SDS-PAGE
gel (6-8%), subjected to electrophoresis, and subsequently
transferred to a polyvinylidene fluoride membrane. The
blots were blocked with 5% non-fat dry milk at 37°C for 1 h
prior to incubation overnight at 4°C with primary antibodies
(anti-HIF-2a, 1:1,000; anti-VEGFA, 1:200; anti-EphA2,
1:100), and anti-f-actin antibody (cat. no. sc-47778; 1:800;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) as a positive
control. Blots were washed and treated at room temperature for
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Figure 1. Residual hepatic tumor tissue following high intensity focused ultrasound ablation. (A) The cut surface of the residual tumor tissue. (B) Residual
tumor tissue with hematoxylin and eosin staining, revealing (c) necrotic cells, (d) normal hepatoma cells, and (e) inflammatory cells, Magnification, x200.
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Figure 2. Immunohistochemical analysis of HIF-2a, VEGFA, EphA2 and CD31 expression. The staining indicates protein levels in tumor tissue of (A-D) the
control group vs. residual hepatic tumor tissue of (E-H) the experimental group one month after HIFU treatment. Magnification, x200. HIF-2a, hypoxia-induc-
ible factor-2a; VEGFA, vascular endothelial growth factor A; EphA2, ephrin A2 receptor; CD31, cluster of differentiation 31; HIFU, high intensity focused

ultrasound.

2 h with horseradish peroxidase-conjugated (HRP) anti-IgG
secondary antibody (1:5,000; Santa Cruz Biotechnology, Inc.)
and signals were detected using an enhanced chemilumines-
cence detection system (Quantity One software; version 4.62
Bio-Rad Laboratories GmbH, Munich, Germany). The reac-
tion was performed in triplicate.

Statistical analysis. Data were expressed as the mean + stan-
dard deviation and analyzed using Student's two-tailed unpaired
t-test. The correlations among HIF-2a, VEGFA, EphA2 and
MVD were determined using the Pearson correlation coef-
ficient. Statistical analyses were performed using SPSS 17.0
software (SPSS Inc., Chicago, IL, USA). P<0.05 was considered
to represent a statistically significant difference.

Results

Residual tumor tissue and pathological analysis. Following
HIFU ablation, the residual hepatic tumor tissue was obtained.
The tissue displayed a ‘fish-flesh’ cut surface and partial
central liquefactive necrosis (Fig 1A). Necrosis was consistent
with an infiltration of inflammatory cells in the surrounding
areas (Fig. 1B).

Expression of HIF-2a, VEGF, and EphA2 protein. One month
after tissue samples were harvested, the expression of HIF-2a.
(4-5 points), VEGFA (4-6 points) and EphA2 (3-6 points)
protein was more intense in the experimental than in the control
group (all 1-4 points; Fig. 2A-C). Positive expression of CD31
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Figure 3. Western blot analysis of HIF-2a, VEGFA, and EphA2 expression, 3-actin was used as internal control. Relative protein expression of (A) HIF-2a,
(B) VEGFA, and (C) EphA2 were quantified and normalized against f-actin. "t=7.32, P<0.01; “t=10.41, P<0.01; *t=16.67, P<0.01. HIF-2a., hypoxia-inducible
factor-2a; VEGFA, vascular endothelial growth factor A; EphA2, ephrin A2 receptor.
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Figure 4. Increased HIF-2a, EphA2 and VEGFA protein expression in
residual tumor tissue. Based on immunohistochemical detection, EphA2
expression was found to be significantly correlated with HIF-20 expression
and with VEGFA expression in residual hepatic tumor tissue. r=0.991,
P<0.01; r=0.985, P<0.01.

was mainly observed as brown/brownish-yellow granules in
the cytoplasm of vascular endothelial cells. The mean MVD
(35.8+5) in the experimental groups was significantly higher
than that in the control group 26.2+2; t=10.42, P<0.01; data
not shown. Western blot analysis confirmed that the protein
expression levels of HIF-2a, VEGFA and EphA?2 were signifi-
cantly increased in the residual hepatic tumor tissues (t=7.32,
P<0.01; t=10.41, P<0.01; t=16.67, P<0.01, respectively; Fig. 3).

Relationship between CD31, HIF-2a, VEGFA and EphA2
expression. There was a significant positive correlation
between MVD and VEGFA expression (r=0.957, P<0.01),
and between MVD and EphA2 expression (r=0.993, P<0.01),
in the residual hepatic tumor tissues. There was also a
significant positive correlation between HIF-2a and EphA2
expression (r=0.991, P<0.01), and between VEGFA and
EphA?2 expression (r=0.985, P<0.01; Fig. 4).

Discussion

HIFU ablation is becoming established as a non-invasive, safe
and effective technique of treating unresectable HCC (18).

However, in numerous clinical centers it has been observed that
radical HIFU ablation can lead to the development of residual
tumors, due to tumor recurrence and rapid tumor progression.
Previous research has demonstrated that insufficient HIFU
ablation promotes angiogenesis in residual carcinoma tissue
over time (16). Furthermore, numerous studies have shown
that active tumor angiogenesis is associated with the recur-
rence, invasion and metastasis of HCC (19-21). However, the
molecular mechanisms leading to angiogenesis and residual
tumor recurrence remain unclear.

HIF is a heterodimeric protein composed of a- and
[-subunits, which together bind to hypoxia-response elements
in the promoters of target genes. HIF is considered to be a
key driver of cellular adaption to hypoxia, as well as a
fundamental molecular link between hypoxia and angio-
genesis in tumorigenic tissues (22,23). Ubiquitous HIF-1a
and hepatocyte-specific HIF-2a are part of the HIF family,
which collectively regulates a range of genes encoding
proteins involved in angiogenesis, glycolysis, cell growth
and metastasis (24). HIF-2a is known to promote angiogen-
esis and vascular function, and in the liver it is the primary
regulatory factor of erythropoietin production and angiogenic
gene expression (25,26). In residual hepatic carcinoma, it has
been indicated that HIF-2a protein expression is markedly
increased, with this increase being significantly correlated
with VEGFA expression (27).

Increased levels of VEGF are associated with the recur-
rence and progression of HCC. VEGFA is among the most
potent angiogenic factors expressed in various human
cancers, including HCC (28). VEGFA is a hexose-modified
multifunctional protein that acts specifically on vascular
endothelial cells, whereby it induces micro-angiogenesis. In
tumorigenic tissues, this activity results in tumor invasion,
metastasis and recurrence (6). It has been indicated that
HIF-2a may regulate VEGFA expression at numerous levels,
namely by enhancing the transcriptional activity and mRNA
stability of the growth factor (29). In the present study,
VEGFA expression was significantly higher relative to the
control group, indicating that HIF-2a may be an upstream
regulator of VEGF expression. As it is established that



HIF-2a is upregulated under hypoxic conditions, including
within tumor tissue (30), this indicates that HIF-2a may be
an upstream regulator. These results are consistent with past
reports that have detected significant regulation of VEGFA
expression by HIF-2a (29,31). In the present study, the corre-
lation between HIF-2a and VEGFA expression was found to
be negative, possibly due to an insufficient quantity and/or
quality of samples.

The ephrin (Eph) receptors are the largest known family
of tyrosine kinases and are divided into two subclasses: Eph-A
and Eph-B (32). EphA2 belongs to the EphA subclass, and is
expressed at a minimal level in epithelial cells (33). There is
evidence that high levels of EphA2 promote various aspects
of the malignant phenotype, including cell growth, angiogen-
esis, migration, invasion and survival of cancer cells (34,35).
A previous study reported that there is a correlation between
EphA2 and high levels of angiogenesis markers, in particular,
VEGF expression and MVD counts, in HCC tumorigen-
esis (36,37). Furthermore, EphA2 overexpression is involved
in vascular mimicry (VM), as it promotes the formation of
vasculogenic-like networks in vitro, which in turn affects
tumor cell plasticity (38,39). It has been indicated that part of
the red blood cell compartment is able to trans-differentiate
into endothelial cells, thereby acquiring a number of endothe-
lial cell functions, along with VM capability, possibly through
the EphA2/phosphoinositide 3-kinase pathway (40). Thus,
EphAZ2 is considered to play a major role in the recurrence
and development of cancer, via neovascularization prior to
tumorigenesis. The present study revealed that expression of
EphA2 was significantly higher in residual tumor tissue. An
increase in VEGFA expression appeared to be significantly
correlated with increased levels of EphA2 and MVD, indi-
cating that VEGFA may be an upstream regulator of EphA2
expression. In addition, it was found that matrix metal-
loproteinase-2 (MMP2) and MMP9Y, which act as effector
molecules and are induced by EphA2, are also controlled by
VEGF (41). Furthermore, a significant correlation between
HIF-2a and EphA2 expression was observed in the present
study. However, the mechanism by which EphA2 is induced
by VEGFA or HIF-2a remains unclear and warrants further
study.

MVD is a representative index of tumor angiogenesis (42)
and is related to the oxygen availability within tumors, along
with the invasion, metastasis and proliferation of tumor cells.
In the present study, the level of MVD in residual tumors
was significantly higher than that seen in the control group.
There was also a significant positive correlation between the
MVD Ilevel and the expression levels of VEGFA and EphA2,
which is in accordance with previous reports (43,44). These
results indicate that overexpression of VEGFA and EphA2
may induce residual tumor angiogenesis, although the corre-
sponding mechanism warrants further study.

In conclusion, the levels of HIF-2a, VEGFA and EphA2
protein expression were significantly increased to similar
quantities in residual hepatic tumor tissue following HIFU
ablation, relative to control group tissues that received no HIFU
treatment. In tissues harvested after one month, the expression
patterns of VEGF-A, EphA2 and MVD were also similar, and
there was a significant positive correlation between MVD and
the expression of HIF-2a, VEGFA and EphA2. These results
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indicate that overexpression of HIF-2a, VEGFA and EphA2
are potential risk factors that may induce tumor angiogenesis
and recurrence. Furthermore, the present study indicates
potential in the use of HIF-2a-suppressive agents alone or
in conjunction with other anti-angiogenic cancer therapies,
may be developed to prevent residual tumor angiogenesis and
recurrence following HIFU ablation in patients with HCC.
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