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Dual mechanism of vascular endothelial growth
factor upregulation by hypoxia in human
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Abstract

Backgroundlaims—Vascular endothelial
growth factor (VEGF) plays a key role in
regulation of tumour associated angiogen-
esis. In the current study we analysed
expression of VEGF and its receptors in
human hepatocellular carcinoma (HCC)
and investigated the molecular mecha-
nisms of VEGF regulation by hypoxia.
Methods—VEGF, kinase domain region
(KDR)/fetal liver kinase 1 (flk-1), and fit-1
expression were examined by immunohis-
tochemistry and in situ hybridisation in 15
human HCC tissues. Expression of VEGF
and regulation by hypoxia were assessed
in three human HCC cell lines using a
quantitative competitive reverse
transcription-polymerase chain reaction,
ELISA, and a series of 5' deletion reporter
gene constructs of the human VEGF
promoter in transient transfection assays.
Results—We observed over expression of
VEGF mRNA and protein in HCC com-
pared with cirrhosis or normal liver.
Expression of VEGF in tumour cells was
strongly increased in areas directly adja-
cent to necrotic/hypoxic regions. Both
VEGEF receptors were detected in vascular
endothelia of HCC while only KDR/flk-1
receptors were detected in endothelial
cells of cirrhotic livers. Expression of
VEGF was observed in all human HCC
cell lines examined. Hypoxia (1% oxygen)
resulted in profound upregulation of
VEGF mRNA and protein levels. Further-
more, hypoxia treatment resulted in a
doubling of VEGF mRNA stability. Dele-
tion analysis of the human VEGF 5' flank-
ing region —2018 and +50 demonstrated
induction of VEGF promoter activity
under hypoxic conditions which was sig-
nificantly decreased following deletion of
the region —1286 and —789 suggesting a
substantial contribution of the —975 puta-
tive hypoxia inducible factor 1 binding site
to hypoxia mediated transcriptional acti-
vation of the VEGF gene.
Conclusion—These data suggest hypoxia
as a central stimulus of angiogenesis in
human HCC through upregulation of
VEGTF gene expression by at least two dis-
tinct molecular mechanisms: activation of
VEGF gene transcription and an increase
in VEGF mRNA stability.

(Gur 2001;48:87-96)
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Over the past few years experimental evidence
has accumulated which indicates that growth
of solid tumours and tumour metastasis are
critically dependent on  angiogenesis."*
Tumour cells induce formation of new blood
vessels to supply the tumour mass with blood
borne nutrients by a process termed “ang-
iogenic switch” which is characterised by over
expression of proangiogenic factors paralleled
by decreased expression of antiangiogenic fac-
tors.” * Among these factors, vascular endothe-
lial growth factor (VEGF), also known as
vascular permeability factor, has been identi-
fied as one of the most potent inducers of
tumour associated angiogenesis.”” VEGF is a
secreted heparin binding homodimeric glyco-
protein with a molecular weight of approxi-
mately 45 kDa.”® There are five different
molecular species resulting from alternative
splicing of the VEGF gene which, according to
their number of amino acids, have been termed
VEGF,,, VEGF,,.,, VEGF,,,, VEGF,, and
VEGF,,.’ ' VEGF,,, is the predominant iso-
form secreted by a variety of normal and trans-
formed cells whereas VEGF,, is rarely ex-
pressed’ and VEGF, ,; expression appears to be
restricted to the reproductive organs.'' All iso-
forms differ in efficiency of secretion and affin-
ity for heparin but exert similar biological
effects such as stimulation of mitogenesis,
migration of vascular endothelial cells, and an
increase in vascular permeability.”

The biological effects of VEGF are mediated
by at least two tyrosine kinase receptors, kinase
domain region (KDR) and fms-like tyrosine
kinase 1 (flt-1) which bind VEGF with high
affinity.” "* Both receptors show an amino acid
sequence homology of approximately 44%.
The murine homologue of KDR is known as
fetal liver kinase 1 (flk-1) and shares 85%
sequence identity with human KDR.” Both
receptors are predominantly expressed in
vascular endothelial cells.’* " Binding of VEGF
to its receptors causes receptor dimerisation
and activation of the intrinsic kinase followed
by autophosphorylation of the receptor and
subsequent signal transduction. There are sig-
nificant differences with respect to biological
relevance between KDR/flk-1 and fit-1. KDR/

Abbreviations used in this paper: HCC,
hepatocellular carcinoma; Flk-1, fetal liver kinase 1;
flt-1, fms-like tyrosine kinase 1; HIF-1, hypoxia
inducible factor 1; KDR, kinase domain region;
VEGTF, vascular endothelial growth factor; DMEM,
Dulbecco’s modified Eagle medium; FCS, fetal calf
serum; PBS, phosphate buffered saline; RT, reverse
transcription; PCR, polymerase chain reaction; DRB,
5,6-dichloro-1-B-,-ribofuranosylbenzimidazole.
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flk-1 but not flt-1 can mediate the mitogenic
and chemotactic effects of VEGF and activate
signalling pathways such as the mitogen
activated protain kinases in endothelial
cells.” !

The importance of VEGF and its receptors
for tumour angiogenesis is supported by
several lines of evidence: (i) expression of
VEGF and its receptors is elevated in several
human tumours compared with normal tis-
sues, which often correlates with higher micro-
vessel density and a poor prognosis,”? and (ii)
inactivation of VEGF by neutralising antibod-
ies®® * or retrovirus driven expression of a
dominant negative mutant of the VEGF recep-
tor flk-1 in tumour endothelia results in
dramatic inhibitory effects on tumour angio-
genesis and tumour growth in vivo.”® %

Human hepatocellular carcinoma (HCC) is
one of the most common neoplasms world-
wide, with an estimated incidence of approxi-
mately one million new cases annually.” Prog-
nosis of advanced HCC remains poor despite
improvements in diagnostic modalities over the
past years.” The fate of HCC patients is criti-
cally affected by multilocular development of
the tumour and the presence of distant metas-
tases. HCC is generally well known to be
extensively vascularised and the occurrence of
primary intrahepatic and lung metastases
suggests its mainly haematogenous dissemina-
tion. Therefore, it is possible that angiogenesis
plays a pivotal role during hepatocellular
carcinogenesis.” >* However, little is known of
the expression pattern of the VEGF/VEGF
receptor system and the physiologically rel-
evant factors controlling VEGF gene expres-
sion in human HCC. Hence in this study we
examined expression of VEGF and its recep-
tors in human HCC and investigated the
molecular mechanisms of hypoxia mediated
VEGF expression in hepatocellular tumour
cells.

Materials and methods

MATERIALS

The following were purchased: Dulbecco’s
modified Eagle medium (DMEM), RPMI
1640 medium (Gibco, Berlin, Germany);
UltraCulture medium (BioWhittaker, Verviers,
Belgium); fetal calf serum (FCS) (Biochrom,
Berlin, Germany); DNA molecular size mark-
ers, oligo(dT) primers, Moloney murine leu-
kaemia virus (M-MLV), and restriction en-
zymes (Bethesda Research Laboratories
(BRL), Bethesda, Maryland, USA); Thermus
aquaticus DNA polymerase (Pharmacia, Upp-
sala, Sweden); colorimetric Bradford protein
assay (Bio Rad Laboratories, Hercules, Califor-
nia, USA); polyclonal rabbit anti-VEGF anti-
body, polyclonal rabbit anti-KDR/flk-1 anti-
body, and polyclonal anti-flt-1 antibody (Santa
Cruz Biotechnology, Santa Cruz, California,
USA); monoclonal mouse anti-CD31 (di-
anova, Hamburg, Germany); and RNAzol B
(Wak-Chemie Medical, Bad Soden, Germany);
all other chemicals and reagents were pur-
chased from Sigma Chemical Co. (Deisen-
hofen, Germany). Human HCC cell lines
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HuH?7, SkHepG1, and HepG2 were obtained
from the American Type Tissue Culture
Collection (ATCC).

IMMUNOHISTOCHEMICAL ANALYSIS

Immunohistochemical analysis of surgically
resected formalin fixed, paraffin embedded tis-
sue samples was carried out using the alkaline
phosphatase/antialkaline phosphatase method
after pressure cooker antigen retrieval. New
fuchsin was used as a developer and sections
were counterstained with haemalum. A rabbit
polyclonal antibody at a 1:200 dilution was
used for VEGF, a rabbit polyclonal antibody at
a 1:100 dilution for KDR/flk-1, a rabbit
polyclonal antibody at a 1:200 dilution for
flt-1, and a mouse monoclonal antibody at a
1:100 dilution for CD31. Two independent
approaches were used to confirm the specificity
of the observed immunohistochemical signal:
(i) serial dilution of the primary antibody until
the signal disappeared; and (ii) preimmune
rabbit IgG as first antibody which failed to
reveal relevant staining. Slides were analysed
independently by two observers.

IN SITU HYBRIDISATION
Sense and antisense ”S-cRNA probes were
prepared from human ¢cDNAs subcloned into
pBluescript KS vectors: a 517 bp fragment of
VEGF,,, cDNA was subcloned into an Smal
site; a 1080 bp fragment of flt-1 cDNA was
subcloned into Sall and Notl sites; and a 1400
bp fragment of KDR was subcloned into a
BamlIII site. VEGF sense probes were gener-
ated by T7 polymerase following digestion with
EcoRI, and antisense probes were obtained by
T3 polymerase after BamHI digestion. Sense
and antisense KDR cRNA probes were ob-
tained from Xba I and EcoRI restricted
templates using T3 and T7 polymerases,
respectively. Sense and antisense flt-1 cRNA
probes were obtained from Sall and Not I
restricted templates. In vitro transcribed
cRNAs were labelled with [*SJUTP (1250
Ci/mmol; New England Nuclear, Boston,
Massachusetts, USA). Specific activity rou-
tinely obtained was 1.2x10° to 1.4x10° cpm/ug
as measured by liquid scintillation counting.
Prehybridisation, hybridisation, washing pro-
cedures, and RNase digestion of mismatched
sequences as well as autoradiography were per-
formed as described previously.” In brief, sec-
tions were treated with 0.2 M HCI, digested
with pronase, and fixed in 4%
paraformaldehyde/phosphate buffered saline
(PBS). Slides were acetylated, rinsed again in
PBS, dehydrated in graded ethanols, and air
dried prior to hybridisation. Hybridisation was
performed for 18 hours at 52°C using 5%10°
cpm of [*°S] labelled RNA probe. Slides were
washed for five hours at 54°C in modified
hybridisation buffer and subjected to a brief
RNase A digestion. Following further washing
steps, slides were dehydrated in graded eth-
anols, air dried, and dipped in Amersham LM1
emulsion (Amersham, Braunschweig, Ger-
many). After exposure for 14-21 days at 4°C,
slides were developed in Kodak D19 developer
(Kodak, Hemel Hampstead, UK) for three
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minutes, rinsed in 1% acetic acid, and fixed in
Kodak fixer for three minutes. After extensive
washing, slides were finally counterstained in
haematoxylin-eosin and mounted in Corbitt
balsam.

CELL CULTURE

All HCC cell lines were grown as subconfluent
monolayer cultures either in DMEM supple-
mented with 10% FCS (v/v; HepG-2,
SkHepG1) or in RPMI 1640 supplemented
with 20% (v/v; HuH7) FCS, penicillin (100
wml), and streptomycin (100 pg/ml). Cells
were kept under 95% air and 5% CO, at 37°C.

MEASUREMENT OF VEGF IN CELL CULTURES

For generation of conditioned media, 5x10*
HuH7, SkHepG1l, and HepG2 cells were
plated in 12 well plates in growth medium
overnight. After washing with PBS, cells were
switched to serum free UltraCulture medium.
Conditioned medium was collected after 16
hours of normoxic or hypoxic incubation, cen-
trifuged to remove floating cells, and stored
frozen at —20°C. Cells were lysed by lysis
buffer (2 mM EDTA, 20 mM Tris (pH 7.8),
150 mM NaCl,, 50 mM f-glycerol phosphate,
0.5% NP40, 1% glycerine, 1 mM sodium
orthovanadate, 1 mM dithiothreitol, 5 pg/ml
aprotinin, 10 mM sodium fluoride, 2 pM
leupeptin, and 2 mM phenylmethyl sulphonyl
fluoride). Extracts were centrifuged at 15 000
rpm for 15 minutes, and protein concentration
in each supernatant was determined by colori-
metric Bradford protein assay. VEGF concen-
trations were assessed by a commercial human
VEGTF specific ELISA (Quantikine, R&D Sys-
tems) following the manufacturer’s instruc-
tions, and normalised to protein content.

TRANSIENT TRANSFECTION EXPERIMENTS

HepG2 cells were transfected with 1.5 pg of
VEGF-luciferase reporter constructs containing
different lengths of the 5' flanking region of the
human VEGF gene promoter coupled to the
promoterless luciferase reporter vector pAH
1409 (the various luciferase constructs are
shown schematically in fig 7) and 1.5 ug of the
[-galactosidase expression vector -Gal. Tran-
sient transfection assays were performed using
the calcium phosphate-DNA precipitation
method with the calcium phosphate mammalian
cell transfection kit (5 Prime— 3 Prime, Inc.,
Boulder, USA) following the manufacturer’s
instructions. In brief, 2x10° cells were plated in
six well dishes for 24 hours. Prior to transfection,
cells were changed to fresh culture medium and
incubated with calcium phosphate-DNA pre-
cipitate for six hours. After washing with PBS,
cells were switched to UltraCulture medium and
allowed to recover for 24 hours in a 5%
CO0,-95% air incubator at 37°C. Cells were then
switched to fresh UltraCulture medium and one
of the two triplicate dishes from each transfec-
tion was transferred to a modular incubator
(Nuaire IR Auoflow; Zapf, Sarsteedt, Germany)
which was flushed with 1% O,-5% CO,-94% N,
and incubated for 16 hours. Cell extracts were
prepared using reporter lysis buffer (Promega)
and measured for luciferase and -galactosidase
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activity. f-Galactosidase activity was determined
by hydrolysis of o-nitrophenyl-f-,—
galactopyranoside (Promega) using 50 pl of cell
extract at 37°C for two hours, as measured by
A,s. Luciferase activity was determined using
50 pl of cell extract. The reaction was initiated
by injection of 100 pl of luciferase assay
substrate (Promega). Light production was
measured for 15 seconds using a Lumat LB
9501 (EG&G Berthold, Bad Wildbad, Ger-
many), and results were expressed as relative
light units. Relative luciferase activity was calcu-
lated as Luc (relative light units per 50 pl cell
extract)/B-Gal (A, per 50 ul cell extract per two
hours).

REVERSE TRANSCRIPTASE

Total RNA was isolated using the RNAzol kit
following the manufacturer’s instructions. Re-
verse transcription (RT) of RNA from hepato-
cellular tumour cell lines was performed using
2 ug of total RNA, 25 ng of oligo(dT) primer,
1 mM dithiothreitol, 6 mM Mg*, 500 uM of
each deoxynucleoside triphosphate, 20 units of
RNAsin, and 5 units of Moloney murine
leukaemia virus reverse transcriptase.

POLYMERASE CHAIN REACTION (PCR) FOR VEGF
SPLICE FORMS

Each RT product (5 pl) was amplified
by polymerase chain reaction (PCR). For
amplification of VEGF a sense primer
(5'-CGAAGTGGTGAAGTTCATGGATG-3")
and an antisense primer (5'-TTCTGTATC
AGTCTTTCCTGGT-3") were generated ac-
cording to published sequences.” These prim-
ers recognise all known VEGF splice variants.
cDNAs were amplified by 1 unit of 7ag-DNA-
Polymerase in a 20 pl reaction mixture
containing 10 mM Tris HCI (pH 8.3), 50 mM
KCl, 1.5 mM MgCl, 200 pM of each
deoxynucleoside triphosphate, and 40 pM of
each primer. Amplification conditions for 40
cycles were as follows: denaturation at 94°C for
one minute, annealing at 60°C for one minute,
extension at 72°C for one minute, and finally a
10 minute extension at 72°C. For each experi-
mental condition, one RNA aliquot was ampli-
fied without having been subjected to the RT
reaction. Each PCR reaction product (5 pl) was
run on a 1% agarose gel and visualised using
ethidium bromide.

PCR FOR VEGF| g5 AND B-ACTIN

For amplification of B-actin and VEGF,,
primer sequences were chosen using the
commercial PcGene software package (Intelli-
gentics, Geneva, Switzerland) on published
cDNA sequences retrieved via the internet
from the GeneBank database. The acceptable
primer length was 20-24 bp and primers con-
tained comparable GC contents, usually in the
range 45-60%. The resulting PCR products
were chosen to span at least two exons and the
antisense primer had to be within the first 1000
bp upstream of the polyadenylation site.
Selected primer sequences are given in table 1.
cDNAs were amplified by 1 unit of 7ag-DNA-
Polymerase in a 50 pl reaction mixture
containing 10 mM Tris HCI (pH 8.3), 50 mM
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Table 1  Primer sequences used for quantitative competitive reverse
transcription-polymerase chain reaction (RT-PCR)

Gene Location

B-actin Sense: TTCCTGGGCATGGAGTCCTGTGG 837 to 859
Antisense: CGCCTAGAAGCATTTGCGGTGG 1151 to 1172
Mimic: TACCCTGGCATTGCCGACAGG 957 to 977

VEGF, Sense: GCAAGACAAGAAAATCCCTGTGGG 465 to 488
Antisense: TTCTGTCGATGGTGATGGTGTGG 735 to 757
Mimic: ATCCGCAGACGTGTAAATGTTCC 525 to 548

KCl, 1.5 mM MgCl,, 0.2 mM of each
deoxynucleoside triphosphate, and 40 pM of
each primer. Amplification conditions for 30
cycles were as follows: denaturation at 94°C for
40 seconds, annealing at 63°C for one minute,
extension at 72°C for one minute, and finally a
seven minute extension at 72°C. PCR reactions
were carried out in a total volume of 50 pl for
30 cycles. One quarter of the PCR reaction
products were run on a 2% agarose gel and
visualised using ethidium bromide.

QUANTITATIVE COMPETITIVE RT-PCR
Quantitative competitive RT-PCR is based on
coamplification of a known amount of an arti-
ficial DNA (so called competitor) with differ-
ent amounts of cDNA. If the amplification
efficiencies of the competitor and the original
PCR template are equal, it is possible to deter-
mine the cDNA concentration of a specific
PCR template by measuring the ratio of
competitor and wild-type PCR products.
Competitors were constructed using a “semi
nested” PCR technique as previously de-
scribed.’® Wild-type PCR products were ream-
plified using combined (so called mimic) sense
primers, which bind 80-120 bp downstream of
the original sense primer but contain the origi-
nal sense primer sequence at their 5' ends (used
primer sequences are given in table 1). This
results in 10-29% shorter amplicons than the
wild-type PCR products that contain the same
primer binding sequences at their ends. These
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competitor constructs were purified by agarose
gel electrophoresis followed by gel extraction
using the commercial Qiaquick gel extraction
kit (Qiagen, Santa Clarita, USA). Concentra-
tions of the competitors were measured by
densitometry of the ethidium bromide stained
agarose gels. Equal amplification efficiencies
for each competitor and the corresponding
wild-type PCR product were verified by ream-
plification of different diluted mixtures of both
PCR products. Only competitor constructs
showing equal wild-type/competitor ratios be-
fore and after reamplification were used further
for competitive PCR. For quantitative PCR,
five serial 1:3 dilutions of cDNA derived from
one RT were coamplified with fixed amounts of
one of the different competitors. The optimal
amount for each competitor construct was
established in initial pilot experiments. After
amplification, wild-type and competitor PCR
products were separated in 2% agarose gels
and stained with ethidium bromide. Digital
images of the stained gel were taken using the
Quick-Store-plus-ii system (MS Laborgerite,
Heidelberg, Germany) with an integrated UV
light tray and CCD camera. Densitometry of
PCR products was performed using the Scion-
Image software package (Scion Corporation,
Frederick, Maryland, USA). The logarithm of
the density ratios (wild-type/competitor) was
plotted against the logarithm of cDNA dilu-
tion. At the competition equivalence point (log
(density ratio)=0), the initial target cDNA is
diluted to the concentration (w/v) of competi-
tor added. This allows calculation of the molar
concentration of the target wild-type PCR
product in cDNA. Expression of the VEGF
sequence was normalised to expression of the
B-actin message in the same cDNA sample.

T . FnT

Figure 1 Expression of vascular endothelial growth factor (VEGE) in human hepatocellular carcinoma (HCC).
Immunostaining with polyclonal VEGF antibody (A, C) and in situ hybridisation with *S labelled antisense cRNA for
VEGF (B, D). VEGF was expressed by HCC cells (A, B) and epithelial cells of bile ducts (C, D). Exposure time for
autoradiography was 14 days. The arrow indicates necrosis. Original magnification: A, C, and D x40; B x20.
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Table 2 Expression of vascular endothelial growth factor (VEGE) and its receptors kinase
domain region (KDR)/ fetal liver kinase 1( flk-1) and fms-like tyrosine kinase 1 (Flt-1)
in human hepatocellular carcinomas assayed by in situ hybridisation

VEGF KDR/flk-1 Flt-1
Cirrhosis Tumour Cirrhosis Tumour Cirrhosis Tumour
Sample (11/15) (13/15) (6/15) (13/15) (0/15) (8/15)
1 + + + + - +
2 + + - - - -
3 + + - + - +
4 - + - + - +
5 + + + + - +
6 - + - + - +
7 + + + + - -
8 + + - + - -
9 + + - - - -
10 + + - + - +
11 + + + + - -
12 + + + + - +
13 + + + + - -
14 - - - + - -
15 - - - + - 8

+, positive hybridisation signal; —, negative hybridisation signal.

MEASUREMENT OF VEGF mRNA HALF LIFE
The half life of VEGF ,; mRNA was deter-
mined after treating HepG2 cells with 150 uM
5,6-dichloro-1-B-,-ribofuranosylbenzimidazole
(DRB). HepG2 cells were grown in 100 mm
dishes under normoxic (21% O,) or hypoxic
(1% O,) conditions in serum free UltraCulture
medium for 16 hours prior to addition of DRB
to block transcription. Immediately after addi-
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tion of DRB, cells were returned to the same
culture conditions (normoxia or hypoxia) and
harvested for RNA after 0,0.5, 1,2, 3,4,and 6
hours. Total RNA was isolated using the
RNazol kit following the manufacturer’s in-
structions. The amount of VEGF ,; mRNA
was determined using RT competitive PCR as
described above. The experiment was repeated
three times. The half life of VEGF,,; mRNA
was calculated by drawing the best fit linear
curve on a log linear plot of VEGF mRNA (%
of normoxic controls) versus time.

STATISTICAL ANALYSIS
Statistical differences were evaluated by one
way analysis of variance (ANOVA). Statistical
analyses were performed using GraphPad
statistical software (San Diego, California,
USA). Differences were considered statistically
different if p<0.05.

Results

EXPRESSION OF VEGF IN HUMAN HCC AND LIVER
CIRRHOSIS

By using a »’S labelled cRNA probe encoding
for human VEGF,,,, we analysed 15 surgically
resected human HCCs that contained adjacent
cirrhotic liver tissue as well as two normal
human liver specimens. We observed a strong

P Y TN » -

Figure 2 Expression of vascular endothelial growth factor (VEGE) receptors kinase domain region (KDR) [fetal liver
kinase 1 (flk-1) and fms-like tyrosine kinase 1 (fli-1) in human hepatocellular carcinoma (HCC). Immunostaining with
anti-CD31 antibody (A) and anti-flt-1 (B). In situ hybridisation with ™S labelled antisense cRNA for flt-1 (C) and
KDR/fik-1 (E) or sense probes, respectively (D, F). Flt-1 (B, C) and KDR/flk-1 (E) expression was observed exclusively
in endothelial cells of HCC tissue. Hybridisation with sense cRNASs for fli-1 (D) and KDR/flk-1 (F) did not reveal any
significant hybridisation signal. Exposure time for autoradiography was 14 days. Original magnification: A, B, E, and F

x40; C and D *x20.
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Figure 3 Expression of vascular endothelial growth factor
(VEGE) in human hepatocellular carcinoma (HCC) cell
lines. (A) Analysis of VEGF mRNA transcripts by reverse
transcription-polymerase chain reaction (RT-PCR) using
primers specific for all known isoforms. The size of the
indicated bands of 403 and 535 bp was determined by a
100 bp ladder and correspond to VEGF,,, and VEGF,,
respectively. RT—, PCR without reverse transcription. (B)
Expression of VEGF protein: a VEGF specific ELISA was
used to determine VEGF concentrations in supernatants
and cell extracts of the indicated cell lines and normalised ro
protein content. Mean (SEM) of three experiments, each
performed in triplicate.

hybridisation signal for VEGF in 13 of 15 car-
cinomas (87%). VEGF mRNA was located
over tumour cells throughout the tumour but
specific enhancement of the hybridisation
signal was observed in the areas directly
adjacent to necrotic foci (fig 1B). VEGF
hybridisation signals were also present in hepa-
tocytes of cirrhotic liverin 11 of 15 (73%) cases
and in normal liver (data not shown) but
VEGF mRNA expression was considerably less
intense compared with HCC specimens. Addi-
tionally, we observed specific VEGF mRNA
expression in epithelial cells of bile ducts (fig
1D). Results of in situ hybridisation are
summarised in table 2. A similar expression
pattern for VEGF protein was observed after
immunostaining with a polyclonal antibody
specific for human VEGF (fig 1A, C). To con-
firm the specificity of the VEGF expression
pattern observed by in situ hybridisation we
analysed a sense cRNA in parallel, which did
not reveal any significant hybridisation signal
(data not shown).

EXPRESSION OF VEGF RECEPTORS IN HUMAN HCC
AND CIRRHOTIC LIVER

Using a monoclonal antibody against the
endothelial cell specific antigen CD31, we
detected a considerable number of blood
vessels surrounding tumour cells (fig 2A). In

www. gutinl.com
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situ hybridisation using ’S labelled cRNA
probes specific for human KDR/flk-1 and flt-1
revealed that both VEGF receptors were
expressed in tumour endothelial cells. KDR/
flk-1 mRNA was detected in 13 of 15 (85%)
and flt-1 in eight of 15 (53%) HCCs (fig 2C,
2E). In contrast, hybridisation signals for
KDR/flk-1 were detected in only six of 15 cir-
rhotic tissue specimens and no hybridisation
signal was detected in liver cirrhosis after
hybridisation with the human flt-1 antisense
probe (data not shown). To confirm the
specificity of the hybridisation signal, tissue
sections were processed with a sense cRNA in
parallel, which did not reveal any significant
hybridisation (fig 2D, F). Results of in situ
hybridisation data are summarised in table 2.
Immunostaining with polyclonal antibodies
specific for human KDR/flk-1 and fit-1 con-
firmed the expression pattern observed using
in situ hybridisation.

EXPRESSION OF VEGF IN HUMAN HCC CELL LINES
Pronounced upregulation of VEGF in HCC
tumour cells directly surrounding the presum-
ably hypoxic necrotic areas suggests hypoxia as
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Figure 4 Hypoxia mediated induction of vascular
endothelial growth factor (VEGE) protein in human
hepatocellular carcinoma (HCC) cell lines. VEGF specific
ELISA was used to determine VEGF concentrations in
supernatants (A) and cell extracts (B) of the indicated cell
lines incubated either under normoxic (21% O, ) or
hypoxic (1% O, ) conditions for 16 hours and normalised
to protein content. Mean (SEM) of three experiments, each
performed in triplicate.
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Figure 5 Effects of hypoxia on vascular endothelial
growth factor (VEGE) mRNA expression in hepatocellular
carcinoma (HCC) cell lines. VEGF mRNA expression was
measured by quantitative competitive reverse
transcription-polymerase chain reaction (RT-PCR). Total
RNA was isolated from cells incubated for 16 hours under
normoxic or hypoxic conditions and subjected to RT. A
constant amount of competitor and threefold serial dilutions
of cDNAs were used as templates for PCR using VEGF
or f-actin specific primers. (A) Representative image of
ethidium bromide stained gels for HepG2 cells. (B)
Quantitative analysis. VEGF,; expression was calculated
as the molar ratio of VEGF to f-actin copies. Mean
(SEM) values of three independent experiments determined
as fold induction by hypoxia.

an important inducer of VEGF expression in
human HCC in vivo. To further study hypoxia
mediated regulation of VEGF gene expression
we first analysed expression of VEGF in three
human HCC cell lines in vitro. RT-PCR analy-
sis using oligonucleotide primers designed to
amplify all five known splice variants of VEGF
revealed that two VEGF mRNA splice forms
were expressed in all cell lines. The amplified
bands of 403 and 535 bp corresponded to
mRNAs for VEGF ,, and VEGF,, respectively
(fig 3A). In contrast, no PCR amplicons corre-
sponding to VEGF,,;, VEGF,,, or VEGF,,
mRNA transcripts were detected. Using a
human VEGF specific ELISA, which recog-
nises the VEGF, and VEGF,, splicing
variants, we also detected VEGF in superna-
tants and cell extracts of all three tested cell
lines. As VEGF is constitutively secreted,
VEGF abundance was higher in supernatants
compared with cell extracts. VEGF concentra-
tions obtained from three independent experi-
ments were as follows: 2.9 (0.03) ng/mg
protein in HuH7; 1.7 (0.06) in SkHepG1; and
3.2 (0.07) in HepG?2 (fig 3B).
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HYPOXIA INDUCES VEGF EXPRESSION IN HUMAN
HCC CELL LINES

To investigate if hypoxia induces changes in
VEGF protein levels, HCC cells were incu-
bated under normoxic (21% O,) or hypoxic
(1% O,) conditions for 16 hours and VEGF
concentrations in supernatants and cell ex-
tracts were measured using ELISA. In response
to hypoxia, the level of secreted as well as cellu-
lar VEGF consistently increased in all cell
lines. However, the extent of induction varied
from approximately twofold in HuH7 and
SkHepGl1 cells to 4-10-fold in HepG2 cells
(fig 4A, 4B).

MOLECULAR MECHANISM OF HYPOXIA INDUCED
VEGF EXPRESSION

To further characterise the underlying mecha-
nisms for VEGF induction by hypoxia, we next
investigated hypoxia mediated induction of
VEGF mRNA concentrations using competi-
tive quantitative RT-PCR. Total RNA was iso-
lated from cells after normoxic or hypoxic
incubation for 16 hours and subjected to
quantitative competitive RI-PCR as described
above. As shown in fig 5, VEGF mRNA
expression was increased under hypoxic condi-
tions in all cell lines. In agreement with VEGF
protein determinations (fig 4), the most
pronounced response to hypoxia was observed
in HepG?2 cells. The fold inductions of VEGF
mRNA determined from three independent
experiments were as follows: 6.7 (1.5) in
HuH?7; 9.8 (2.3) in SkHepG1; and 45.5 (12.1)
in HepG2 (fig 5B).

STABILISATION OF VEGF mRNA BY HYPOXIA IN HCC
CELLS

To identify mechanisms responsible for the
observed induction of VEGF mRNA steady
state concentrations, we next investigated the
effects of hypoxia on VEGF mRNA stability.
For this purpose we used HepG2 cells as a rep-
resentative cell system. Cells were cultured
under normoxic or hypoxic conditions for 16
hours prior to addition of 150 uM DRB to
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Figure 6 Hypoxia increased vascular endothelial growth
factor (VEGE) mRNA half life in HepG?2 cells. Cells were
incubated for 16 hours under normoxic or hypoxic
conditions and subsequently incubated with 150 uM DRB
to block transcription. Cells were harvested for RNA after
0, 30, 60, 120, 180, 240, and 360 minutes. VEGF mRNA
was then determined by quantitative competitive reverse
transcription-polymerase chain reaction as described in
materials and methods. Mean (SEM) values of three
independent experiments.
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block transcription. Cells were then harvested
for RNA at 0, 0.5, 1, 2, 3, 4, and 6 hours.
Quantification of VEGF ;; mRNA half life was
then determined by quantitative competitive
RT-PCR. Exposing HepG2 cells to 16 hours of
hypoxia resulted in an increase in VEGF
mRNA stability. VEGF mRNA half life was
calculated to be 120 minutes under normoxic
conditions which increased to 220 minutes
under hypoxic conditions (fig 6).

VEGF 5' FLANKING SEQUENCES MEDIATE
TRANSCRIPTIONAL RESPONSE TO HYPOXIA
Although hypoxia significantly stabilised
VEGF mRNA, this mechanism cannot fully
account for the extent of the observed
induction of VEGF mRNA concentration
(approximately 46-fold higher than under nor-
moxic conditions). Therefore, we next exam-
ined if hypoxia might also regulate VEGF gene
transcription. For this purpose we tested a
series of 5' deletion constructs of a human
VEGF promoter reporter construct for their
responsiveness to hypoxia. The constructs,
which ranged in their 5' ends from —2018 to
—52, were transiently transfected into HepG2
cells. The results shown in fig 7 demonstrate
that the pLuc 2068 and the pLuc 1340
reporter constructs mediated a significant 9.4-
fold (1.8) and 11.3-fold (2.98) increase in luci-
ferase activity in cells exposed to 1% O,
compared with normoxic control cells
(p<0.001; n=4). The ability to respond to
hypoxia decreased significantly as further 5'
flanking sequences were deleted. The most
impressive reduction was associated with dele-
tion of nucleotide sequences between —1286
and —789. The sequences located between
—789 and —52 mediated an approximately
2-3-fold increase in luciferase activity on
hypoxia which did not reach statistical signifi-
cance compared with normoxic controls.
These results demonstrate that VEGF 5' flank-
ing sequences mediate transcriptional re-
sponses to hypoxia in HepG?2 cells and indicate

A B Fold induction by hypoxia
00 25 50 75 10.0 125 15.0
T

[J Normoxia
M Hypoxia

Figure 7 Effects of hypoxia on vascular endothelial growth factor (VEGFE) gene
transcription. (A) Schematic diagram of the VEGF promoter-Luc reporter constructs. The
nucleotide sequence —2018 to +50 bp of the human VEGF gene promoter was cloned in
front of a luciferase gene, and serial 5' deletion constructs were generated between positions
—2018 and =52 bp. The transcription start is indicated by an arrow. Potential consensus
binding sites for HIF-1 are indicated (®). (B) Hypoxia mediated transactivation in
HepG?2 cells. HepG?2 cells were transiently cotransfected with VEGF-Luc and f-gal
plasmids and incubated for 16 hours with 21% O, or 1% O,. Luciferase activity was
determined and normalised for transfection efficiency. Mean (SEM) values of four
independent experiments, each performed in triplicate, and determined as fold induction by
hypoxia. *Significantly different from control (p<0.001).
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a critical role of the —975 putative hypoxia
inducible factor 1 (HIF-1) binding site for
these effects.

Discussion

Induction of angiogenesis is a critical event
during malignant transformation and contrib-
utes significantly to invasive local growth
behaviour and metastatic potential. Human
HCC is a highly vascularised tumour indicat-
ing that angiogenesis plays an important role in
its tumour biology. In particular, VEGF and its
receptors have been implicated in induction of
tumour associated angiogenesis in HCC.
Several earlier studies have demonstrated
increased expression of VEGF in human HCC
tissues,’'* > although little is currently known
of the molecular mechanisms responsible for
VEGF upregulation. Furthermore, expression
of the biological target structures (for example,
the VEGF receptor) in normal and malignant
transformed human liver has not been investi-
gated. Hence we aimed to evaluate the expres-
sion pattern of VEGF receptors in HCC tissues
and the molecular events underlying VEGF
upregulation.

Using immunohistochemistry and in situ
hybridisation we found that a high percentage
of human HCC samples expressed significant
amounts of KDR/flk-1 (87%) and fit-1 (53%)
in endothelial cells. In contrast, we observed
positive signals for KDR/flk-1 in endothelial
cells of cirrhotic liver in only six of 15 (40%)
tissue specimens and no expression of flt-1 was
detected in cirrhotic liver. This implicates de
novo expression of both VEGF receptors in
HCC compared with non-transformed liver.
Therefore, concurrent upregulation of VEGF
and its receptors observed in the current study
appears to be a critical event in induction of
angiogenesis on malignant transformation in
human liver. This is supported by recent
observations derived from an experimental
murine model of HCC. According to that
study, tumour growth induced by VEGF over
expression was almost completely abolished by
a specific KDR/flk-1 neutralising antibody.’®
Clarification of the mechanisms underlying
VEGF/VEGTF receptor upregulation in vivo is
therefore of great interest to improve our
understanding of the pathophysiology involved
in HCC associated angiogenesis.

In agreement with previous studies,” ™ *" we
demonstrated strong expression of VEGF in a
large percentage of human HCC samples
accompanied by a considerable number of
blood vessels surrounding the tumour cells.
Using immunohistochemistry and in situ
hybridisation, we detected VEGF expression in
tumour cells as well as in non-tumoral hepato-
cytes. However, VEGF expression was much
stronger in tumour cells compared with
hepatocytes in normal or cirrhotic liver.
Interestingly, we also detected VEGF mRNA
and protein expression in epithelial cells of bile
ducts in all examined cases. The biological sig-
nificance of VEGF in normal liver is poorly
understood although VEGF expression in liver
cirrhosis has been suggested to result from
proinflammatory cytokines released by infil-
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trating lymphocytes. This hypothesis is sup-
ported by in vitro studies showing that tumour
necrosis factor o and interleukin 1f can
increase VEGF secretion®”. Furthermore,
VEGTF expression is known to be induced by
insulin-like growth factor II** which is highly
expressed in cirrhotic liver and HCC tissues.*
Despite these observations, the molecular basis
of VEGF over expression in HCC remains
incompletely understood. In situ hybridisation
analysis in the current study revealed a hetero-
geneous pattern of VEGF mRNA transcripts
over HCC tumour cells with pronounced
expression observed in tumour cells immedi-
ately adjacent and surrounding necrotic (pre-
sumably hypoxic) regions, suggesting that
hypoxia may trigger angiogenesis via induction
of perinecrotic VEGF expression (compare
fig 1). Regions of low oxygen (hypoxia) and
necrosis are common features of solid tumours
and a marked elevation in VEGF expression in
tumour cells around necrotic areas has been
suggested in some neoplasms.” » **

Based on our observation that hypoxia may
play a central role in VEGF upregulation in
HCC, we analysed hypoxia regulated VEGF
gene expression in human HCC cell lines in
more detail.

Using RT-PCR and VEGTF specific ELISA,
we found that all three cell lines expressed
VEGF mRNA and protein. In agreement with
previous studies, we observed that VEGF,,,
and VEGF,,, were the predominantly ex-
pressed VEGF isoforms in human HCC
cells.” ** These two isoforms share a common
signal peptide which results in cellular secre-
tion and detection in culture supernatants.
Consequently, we first examined the effect of
hypoxia on secreted and cellular VEGF
protein. Incubation of human HCC cell lines
under hypoxic conditions resulted in a pro-
nounced increase in VEGF protein concentra-
tion in all three cell lines. The mechanisms by
which oxygen tension controls VEGF expres-
sion is not fully understood. Several lines of
evidence indicate that enhanced VEGF expres-
sion in response to hypoxia is due to transcrip-
tional activation” ** as well as mRNA
stabilisation.*”*® In addition, an internal ribo-
some entry site ensures efficient translation of
VEGF mRNA, even under hypoxic condi-
tions.”" To further characterise the underlying
mechanisms responsible for VEGF stimulation
by hypoxia, we investigated the effects on
VEGF mRNA expression. We observed a sub-
stantial increase in VEGF mRNA concentra-
tions suggesting that hypoxia mediated upregu-
lation of VEGF occurs mainly at the
pretranslational level. To further elucidate the
molecular mechanisms responsible for hypoxia
mediated induction of VEGF gene expression
in HCC cells, we performed mRNA half life
experiments and tested a series of 5' deletion
constructs of human VEGF promoter reporter
constructs for their ability to mediate transcrip-
tional responses to hypoxia. We observed that
at least two distinct molecular mechanisms
contribute to the observed increase in VEGF
mRNA concentration in HepG2 cells under
hypoxic conditions. Stabilisation of VEGF
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mRNA after 16 hours of hypoxic treatment was
found to contribute to hypoxia induced VEGF
mRNA expression, demonstrating a nearly
doubling of VEGF mRNA stability in HepG2
cells. Induction of hypoxia mediated VEGF
mRNA stabilisation observed for HCC tumour
cells was similar to that previously observed for
human glioblastoma,” human melanoma,*
and for rat phaeochromocytoma (PC12).”°
Stabilisation of VEGF mRNA is thought to be
mediated, at least in part, by hypoxia aug-
mented binding of proteins to its 3' untrans-
lated region. Recently, a single 125 bp AU rich
element in the 3' untranslated region of human
VEGF mRNA has been identified that forms
hypoxia inducible RNA binding complexes
with a series of hypoxia induced proteins in
human melanoma cells.”’ Whether these
mechanisms are also operative in HCC is cur-
rently under investigation.

Stabilisation of VEGF mRNA by hypoxia
could not fully account for the extent of the
observed induction of VEGF mRNA concen-
trations. To investigate if transcriptional
mechanisms are involved in hypoxia mediated
upregulation of VEGF mRNA steady state
concentrations, we tested the 5” flanking region
of the human VEGF gene for hypoxia respon-
sive elements by transient transfection with a
series of deletion constructs. The highest
responsiveness to hypoxia was observed with
reporter plasmids containing the VEGF pro-
moter regions —2018 to +50 and —1286 to
+50. Hypoxia mediated induction of luciferase
activity was approximately 10-fold and was sig-
nificantly reduced to threefold by deletion of
the sequences between —1286 and —789. An
additional but less marked loss of induction
occurred with deletion of the promoter region
—85 to —52. Transcriptional upregulation of
VEGF in response to hypoxia appears to be
mediated mainly by the hypoxia regulated
transcription factor HIF-1 which accumulates
under hypoxic conditions and activates VEGF
gene transcription through binding to specific
promoter sequences.” ** > Significant reduc-
tion of luciferase activity after deletion of the
sequence between —1286 and —789 indicates a
substantial contribution of the —975 putative
HIF-1 binding site to transcriptional activation
of the VEGF gene under hypoxic conditions.
Nucleotide sequences located between —789
and +50 still appeared somewhat responsive to
hypoxia but these increases failed to reach sta-
tistical significance compared with normoxic
controls.

In summary, concurrent upregulation of
VEGF and its receptors suggests that VEGF
may play an important role in tumour associ-
ated angiogenesis in HCC. Furthermore,
hypoxia seems to be an important driving force
for angiogenesis during tumour progression in
human HCC through upregulation of VEGF
gene expression by at least two distinct
molecular mechanisms: activation of VEGF
gene transcription and an increase in VEGF
mRNA stability.

This work was supported by a grant from Deutsche Forschungs-
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