Biologic significance of angiopoietin-2 expression
in human hepatocellular carcinoma
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Human hepatocellular carcinoma (HCC) is generally a highly vascular tumor, but the mechanisms of neo-
vascularization that permit rapid growth have not been defined. Angiopoietins (Ang) recently have been
identified as ligands for vascular endothelial-specific Tie2 receptor tyrosine kinase and may be important
growth factors in the generation of new blood vessels. We investigated Ang expression in 23 samples of
HCC and paired adjacent uninvolved liver samples to determine if these genes have a potential role in the
growth and spread of this disease. The full coding sequence of a variant angiopoietin-2 (Ang2) cDNA was
obtained from HCC specimens, and the biologic consequences of overexpression on tumor formation and
hemorrhage were determined in an animal model system. Angiopoietin-1 (Ang1) was equally expressed in
HCC and adjacent noncarcinomatous liver tissue. Surprisingly, Ang2 was found to be highly expressed
only in tumor tissue. In addition, Ang2 was expressed in 10 of 12 hypervascular HCC, but only in 2 of 11
hypovascular HCC. Ectopic expression of Ang2 in nonexpressing HCC cells promotes the rapid develop-
ment of human hepatomas and produces hemorrhage within tumors in nude mice. These results suggest
a role for Ang2 in the neovascularization of HCC. This enhanced gene expression may contribute to the

clinical hypervascular phenotype, as well as tumor formation and progression.

J. Clin. Invest. 103:341-345 (1999).

Introduction
The natural history of hepatocellular carcinoma (HCC)
is generally one of rapid progression, with increasing
pain, hepatomegaly, jaundice, weight loss, and ascites
formation as the predominant clinical features. The
cause of death may be catastrophic, with spontaneous
rupture of the tumor and massive intraperitoneal bleed-
ing due to the hypervascular characteristics of many
such tumors. However, the factors responsible for the
neovascularization process and subsequent growth and
spread of this disease have not been identified.
Neovascularization involves the sprouting of new
blood vessels from preexisting ones and is essential for
tumor development and progression (1). In this regard,
neovascularization will support tissue growth by pro-
viding oxygen and nutrients. Angiogenic factors are
required not only for the development of tumors but
also for expansion and metastatic spread of malignant
cells. Such events represent a complex process and
involve (a) degradation of the periendothelial matrix and
support cells around preexisting vessels, (b) migration of
endothelial cells toward the angiogenic stimuli, and (c)
proliferation and formation of new microvessels. Previ-
ous studies suggest that several growth factors and
cytokines specific for vascular endothelial cells are
required to induce migration and proliferation of these
cells both in vitro and in vivo (1, 2).

Recently, a novel family of angiogenic factors, designat-
ed as angiopoietins (Ang), has been identified by Yan-
copoulous and colleagues (3, 4). Ang family proteins have
been shown to function as ligands for the Tie2/Tek vas-
cular endothelial-specific receptor (5, 6). Because the Tie2
receptor regulates endothelial interactions with perien-
dothelial support cells and is required for vascular matu-
ration to occur (7-9), Ang may play an important role in
vascular morphogenesis and maintenance between the
endothelium and supporting tissues. HCC is a tumor fre-
quently associated with increased vascularity (10). Indeed,
spontaneous rupture of the tumor may be observed dur-
ing the clinical course of disease. In this study, we identi-
fied expression of a specific Ang family member that is
closely associated with hypervascular tumors. Further-
more, stable transfection of this gene into nonexpressing
HCC cells resulted in striking tumor development and
extensive hemorrhage when grown as solid tumors in
nude mice, leading to a high mortality rate in these ani-
mals. These studies suggest a novel role for this angiogenic
factor in the development of hypervascular HCC.

Methods

Patients. We studied 23 patients with resectable HCC. Tumor
size varied from 1.8 cm to 14.5 cm, and all individuals had a sin-
gle tumor. At the time of surgery, wide resection margins
allowed us to obtain enough tissues to compare gene expres-
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sion in tumor tissue versus the uninvolved normal hepatic
counterpart. There were 14 males and 9 females with HCC
tumors. Age varied from 47 to 77 years, with a mean age of 60
years. Of these 23 patients, 12 individuals had liver cirrhosis
and 9 others had chronic hepatitis without cirrhosis. The hep-
atitis B (HBV)- and hepatitis C (HCV)-associated viral etiology
of the HCC were as follows: HCV* HBV-: n = 15; HCV* HBV*: n
=2;HCV-HBV*":n =4;HCV- HBV:n = 2. Thus, 73.9% (17 cases)
were HCV-related (including both HBV* and HCV*) and 21.6%
(6 cases) were HBV-related (including both HBV* and HCV?).
The stated HCC vascularity was assessed by the intensity and
extent of vessel staining as determined by preoperative angiog-
raphy. Based on these criteria, tumors were subsequently broad-
ly divided into hypovascular and hypervascular groups.
Analysis of Ang genes in HCC tumors. Total RNA was extracted
using the acid guanidine phenol chloroform method followed
by DNase treatment and reverse transcriptase (RT) reaction as
described previously (11). To analyze expression of Ang family
genes, the consensus sequences (YTL/ILPE and QQNAVQN)
were used as reported by Maisonpierre et al. (4). In brief, RT-
PCR was performed for 25 cycles using the degenerated primers
S'-TAYACNHTNYTNCCNGA-3" and 5'-TTYTGNACNGCRT-
TYTGYTG-3' under the following conditions: denaturing at
94°C for 1 min, annealing at 55°C for 1 min, and polymeriza-
tion at 72°C for 1 min. The PCR products were extracted and
directly sequenced or subsequently cloned for sequence analy-
sis using a Cycle Sequencing kit (Applied Biochemical Inc, Fos-
ter City, California, USA). The RNA expression was analyzed by
RT-PCR using the following primers as described previously
(12): Angl: 5S'-AAATGGAAGGAAAACACAAGGAA-3' and 5'-
ATCTGCACAGTCTCTAAATGGT-3' (annealing at 51°C,
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Figure 1
Expression of Ang family genes in hypovascular and hypervascular HCC.

(a)

Degenerate PCR analysis using the Ang consensus sequences

(YTL/ILPE and QQNAVQN) revealed two distinct fragments in hypervas-
cular HCC (3T and 4T). The lower band was not present in hypovascular
HCC (7T and 2T) and adjacent noncarcinomatous liver tissue (7N, 2N,

3N,
The

and 4N). (b) Sequence analysis of the 239-bp and 230-bp fragments.
upper and lower bands were found to be identical to Ang1 and Ang2,

respectively. Ang, angiopoietin; HCC, hepatocellular carcinoma.
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product size = 266 bp); Ang2: 5'-GACGGCTGTGATGATA-
GAAATAGG-3' and 5'-GACTGTAGTTGGATGATGTGCTTG-
3' (annealing at 53°C, product size = 264 bp). As a control, we
performed RT-PCR of glyceraldehyde-3-phosphatase dehydro-
genase (GAPDH) as reported previously (11): 5'-GTCAACG-
GATTTGGT-CTGTATT-3', 5'-AGTCTTCTGGGTGGCAGT-
GAT-3' (product size = 560 bp). The primers
5'-AAGCTGCTGGTTTATTACTGAAGA-3' and S5'-GGAT-
GTTTAGAAATCTGCTGGTC-3' (annealing at 54°C) were
used for isolation of the full coding sequence of Ang2. All PCR
primers were selected to span the introns to detect specific
mRNA sequences.

Biologic effects of ectopic expression of Ang2 cDNA in HCC cells. The
HCC-derived Ang2 cDNA was subcloned into the pcDNA3 vec-
tor and subsequently transfected into a human HuH7 HCC cell
line as described (12). HuH7 cells express Angl mRNA but have
no detectable endogenous Ang2 mRNA expression (see Fig. 34).
The expression of Ang mRNA was analyzed by RNase protec-
tion assays performed using the RPA II kit (Ambion Inc.,
Austin, Texas, USA) according to the manufacturer’s proto-
col. In brief, a RT-PCR was performed to amplify Angl cDNA
using the specific primers (5'-CAGCGCCGAAGTCCA-
GAAAAC-3', 5'-CTTCAACATCTGGAACATGTG-3") or for
Ang2 using primers (5'-TAATAACTTACTGACTATGATG-3',
5'-CGTTAACATTCCCTAATTCTA-3'"). This fragment was sub-
cloned into the pcR2 vector to construct *?P-labeled antisense
cRNA probe. This reagent was used to protect a 204 bp for
Angl or a 152 bp for Ang2, respectively. Approximately 40 g
of total RNA was used for an overnight hybridization with the
labeled cRNA probes at 42°C and then subsequently treated
with RNase A and T1. The protected double-stranded RNA
fragments were then analyzed by electrophoresis. After selec-
tion of clones in the presence of 800 pg/ml of G418, RNA was
extracted and treated with DNase, and the expression levels of
Ang2 mRNA in each clone were determined by the RNase pro-
tection assays.

To investigate the tumorigenicity and biologic effects of Ang2
expression in HuH-7 cells, we injected nude mice (4-week-old
females) with 10 cells in 50 pl of PBS intraperitoneally near the
liver bed as described previously (13). Nude mice (N-20) were
observed every day and analyzed for histological examination of
tumor growth at 3 weeks after inoculation of cells or immedi-
ately after death of the animals. Tumor specimens were analyzed
for RNase protection assays to detect Ang mRNA or fixed with
10% neutral buffered formalin and embedded in paraffin. The
tissue blocks were cut to 5 pim, removed from the paraffin, then
stained with hematoxylin and eosin for histological analysis.
Four HuH?7 clones stable-expressing Ang2 were evaluated for
intraperitoneal tumor growth and hemorrhage using this bio-
logic assay system.

Results

Expression of Ang family genes was analyzed by RT-PCR
in HCC tumor-normal, liver-paired specimens with dif-
ferent vascularization patterns. Figure 14 shows that the
degenerate PCR amplified two cDNA fragments 239 bp
and 230 bp in length from human liver and tumor tissue.
The upper band (239 bp) was equally detected in all HCC
tumors and adjacent normal liver, whereas the lower band
(230 bp) represented a specific transcript found only in
HCC tumors. Sequence analysis identified the upper DNA
fragment as Angl and the lower as Ang2 (Fig. 1b). Angl
and Ang2 expression was then analyzed in 23 HCC
tumors by the specific RT-PCR. Preoperative angiography
had classified 12 tumors as hypervascular and the remain-
ing 11 tumors as hypovascular, as revealed by the vascular
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staining patterns. We found Angl expression in all HCC
tumors and adjacent uninvolved normal liver tissues;
there was no difference in the level of expression between
the tumor and normal liver in these paired samples by
semiquantitative PCR. In contrast, Ang2 expression was
identified in 10 hypervascular HCCs (83.3 %), but in only
2 hypovascular HCCs (18.2%) (P < 0.05, Fisher’s exact test).
More important, we found no detectable Ang2 mRNA by
RT-PCR analysis in the adjacent noncarcinomatous liver
tissue. The results suggest a close association between
Ang?2 expression and a hypervascular pattern in HCC.

The full coding sequence of Ang2 was obtained from
four HCC tumors. Subsequent sequence analysis
revealed that the Ang2 cDNAs derived from these
tumors were identical to the sequence determined by
Maisonpierre et al. (4), except that the HCC cDNA carries
ashort three-base deletion at nt position 802-804 in the
coding sequence. This mutation leads to the deletion of
asingle alanine residue at position 268 of the amino acid
sequence. The full cDNA sequence has been deposited
with GenBank (accession No. AB008789).

In this regard, the biologic effect of ectopic Ang2 expres-
sion in a human HuH7 HCC cell line that expresses Angl,
but no detectable Ang2 transcripts, was assessed (Fig. 2a).
Four-HuH7 independent clones (Ang2-V1, Ang2-V2,
Ang2-W1, and Ang2-W2) were isolated and analyzed for
gene expression (Fig. 2a). Analysis of growth curves of
transfected cells demonstrated that cell proliferation was
not affected by Ang2 expression (Fig. 2b). Next, to investi-
gate the phenotype of Ang2 transfectants in vivo, 10* cells
were injected intraperitoneally near the liver bed of each
animal as described (13). Surprisingly, all 20 nude mice
inoculated with HuH7-Ang2 clones died from extensive
intraperitoneal bleeding within three weeks, as demon-
strated in Fig. 3a. At the time of death, all 20 mice had
developed large tumors (Fig. 3b), and significant hemor-
rhage within the tumors and into the peritoneum was
observed (Fig. 3c). There was no hemorrhage or tumor
development in the adjacent murine liver (Fig. 3d). The
expression of the Ang2 gene was apparent in all tumors
derived from HuH7-Ang2 clones as determined by RNase
protection assays (Fig. 3e). In contrast to animals that
received HuH7-Ang2 clones, all 20 nude mice inoculated
with parental or mock DNA-transfected HuH7 cells sur-
vived, and no intraperitoneal tumor growth was observed
at three weeks (Fig. 4). These results suggested a patho-
genic role of Ang2 expression in the establishment and
growth of hypervascular HCC tumors.

Discussion

One of the most common and devastating malignant
tumors in the world is HCC. The major risk factors for
the development of HCC are now well recognized, and
some of the steps involved in the molecular pathogen-
esis of HCC have been elucidated in recent years. How-
ever, while important advances in understanding the
sequence of events involved in the pathogenesis of
other human cancers have been made, our under-
standing of how the multiple factors involved in hepat-
ic oncogenesis operate and interact at the molecular
level is far from complete (14). There is no information
on the factors that allow for rapid HCC growth, partic-
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Figure 2

Growth of HuH7 HCC cells transfected with an Ang2 cDNA. (a) Expres-
sion of Ang1 and Ang2 in Ang2-transfected HuH7 clones (V7, V2, W1,
and W2) compared with parental and mock-transfected HuH7 cells, as
demonstrated by the RNase protection assays. (b) Curves illustrating the
growth of HuH7 clones. Open circles: parental HuH7 cells; closed circles:
mock-transfected HuH7 cells; open squares: HuH7-Ang2-V1 cells; closed
squares: HuH7-Ang2-V2 cells; open triangles: HuH7-Ang2-W1 cells; closed
triangles: HuH7-Ang2-W2 cells.

ularly with respect to the neovascularization process.
Thus, we explored the potential role of the Ang family
of genes in the pathogenesis of these tumors.

Transcription of the Ang2 gene has been shown to be
quite restricted in adult tissues (3, 4). In contrast, Ang1
and Ang2 are widely expressed in many embryonic tis-
sues. It interesting that Angl expression persists wide-
ly in adult tissues, whereas Ang2 appears to be selec-
tively expressed only in the ovaries, uterus, and
placenta. These organs are known to have extensive
vascularization patterns under physiologic conditions,
and this finding suggests a possible association of
Ang2 expression with angiogenesis. Another clue for
the role of Ang in angiogenesis is provided by levels of
expression observed during ovulation (4). For example,
in early follicle development, when the vasculature is
quiescent, Angl, but not Ang2, has been found to be
expressed. In the late preovulatory follicles and pos-
tovulatory corpus luteum, where angiogenesis is quite
active, the Ang2 gene is upregulated in the context of
continuous expression of Angl. These findings strong-
ly suggest that expression of Ang2 may be required for
vascular remodeling during angiogenesis.
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Figure 3

Characteristic of tumor growth in nude mice after intraperitoneal inoculation with 10* Ang2-transfected HuH7 HCC cells. (a) Demonstration of the
intraperitoneal bleeding phenomenon observed in nude mice at 15 days after inoculation with HuH7-Ang2-V1 (left) or HuH7-Ang2-W1 (right) cells.
(b) Representative example of HCC tumor development in a nude mouse inoculated with HuH7-Ang2-V1 cells (hematoxylin and eosin staining). X40.
(¢) Hemorrhage was observed in these HCC tumors. x100. (d) Adjacent murine liver surrounding the HCC was free of hemorrhage and tumor and
is presented for comparison. (e) Expression of Ang1 (upper bands) and Ang2 (lower bands) in four tumors derived from the HuH7-Ang2 clones (V7, V2,

W1, and W2), as measured by the RNase protection assays.
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We found that the variant Ang2 cDNA cloned from
human HCC tumors has a coiled- coil (59-254 aa) and
fibrinogen-like (280-466 aa) domains, and these
regions are highly conserved among the Ang family of
proteins (data not shown). It is noteworthy that Davis
et al. (3) reported a similar variant of Angl, where a
three-base deletion resulted in the elimination of
glycine at position 269. Sequence alignments among
Ang family proteins reveal two nonconserved regions:
an NH,-terminal hydrophobic region showing typical
secretory signal sequence and a region spanning the
coiled-coil and fibrinogen-like domains. Cysteine
residues were also found to be highly conserved
between Angl and Ang2 proteins, except for one cys-
teine residue in the spacer region between the con-
served domains of Angl that was absent in the Ang2
protein (3, 4). Both the variable glycine 269 of Angl
and Ala 268 of Ang2 were located in the variable span-
ning region between the two conserved domains.
Therefore, there is little doubt that Ang2 is highly
expressed in hypervascular HCC, and further studies
are needed to determine if other Ang2 gene variants
are present in such tumors.

The in vivo biologic effects of enhanced Ang2 expression
in HCC tumors with respect to promoting angiogenesis
and hemorrhage has been demonstrated in this study
using an animal model system. Ang1 has been isolated
and shown to be a ligand for endothelial-specific Tie2
receptors and will induce autophosphorylation of this
receptor on the endothelial cells present in blood vessels.
However, Angl-induced phosphorylation of Tie2 does
not affect endothelial growth — at least in cell culture.
The possible function of Tie2 receptors after activation
has been recently elucidated by gene knockout experi-
ments in mice. Tie2 (9) or Angl (15) knockout mice

demonstrate similar immature vascularization patterns
as well as abatement of matrix contracts and support cells
with the vascular endothelium. It is important to note
that Ang2 was initially isolated as a homologue of Angl
and will bind to the Tie2 receptor with similar affinity (4).
However, Ang2 does not induce receptor phosphoryla-
tion. Rather, it competitively inhibits Angl function as
an activator of Tie2 kinase, indicating that Ang2 behaves
as an antagonist of Angl with respect to biologic effects
on the endothelial cell. Indeed, overexpression of Ang2 in
a transgenic mouse model revealed a loss of maturation
of the vascular system, which is the identical phenotype
observed with Tie2 or Angl knockout mice (4).

100
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Figure 4

Survival rates of nude mice after intraperitoneal inoculation with HuH7 HCC
clones. Open circles: parental HuH7 cells; closed circles: mock-transfected HuH7
cells; open squares: HuH7-Ang2-V1 cells; closed squares: HuH7-Ang2-V2 cells;

open triangles: HuH7-Ang2-W1 cells; closed triangles: HuH7-Ang2-W2 cells.
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Therefore, based on these observations, it has been sug-
gested that Ang] activates Tie2 receptors on endothelial
cells to promote recruitment and interaction with support
cells such as pericytes, smooth muscle cells, and myocar-
diocytes. In contrast, Ang2 expression reduces matrix con-
tacts and interactions of support cells with endothelial
cells, which are necessary for the neovascularization
process to occur (16). Our findings suggest that Ang2
expression may be essential for vascular remodeling in
HCC tumors to allow access and stimulation of vascular
responsiveness by additional angiogenic inducers as
hypothesized by Hanahan (17). Further study of signal-
transduction pathways in vascular endothelial cells
induced by Ang1 activation of the Tie2 receptor in the con-
text of Ang2 expression in HCC will be interesting (18-20).
Analysis of such angiogenic signals may provide insights
on how to prevent HCC neovascularization, as well as how
to inhibit tumor development and progression (21).
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