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Abstract. - BACKGROUND: Hypoxia plays a
crucial role in the development of solid tumors.
Hypoxia-inducible factor-1alpha (HIF-1alpha) is es-
sential for this process, and has been suggested
to be a target for cancer therapy. New therapeutic
approaches for pancreatic cancer are needed ow-
ing to the extremely poor prognosis, in large part
as a consequence of high rates of metastasis. The
mechanism remains to be explored.

AIM: To illustrate the role of hypoxia-inducible
factor-1alpha in pancreatic cancer metastasis and
the value of the molecule as a target for pancreat-
ic cancer therapy.

MATERIALS AND METHODS: To address this
shortcoming, we used both in vitro and in vivo
approaches to evaluate the overall effects of HIF-
1alpha on pancreatic cancer. We used a plasmid
encoding small interfering RNAs (SiRNAs) to si-
lence HIF-1alpha expression in the Panc-1 pan-
creatic cancer cell line, and used a series of as-
says to detect changes in gene expression at the
protein and mRNA levels, cell proliferation, cell
apoptosis, and the abilities of cells to migrate
under both hypoxia and normoxia conditions.

RESULTS: Both in vitro and in vivo analysis
suggested that hypoxia significantly promotes
cell proliferation and migration, resulting in
metastasis. Pancreatic cancer cells in which HIF-
1alpha expression was inhibited were less inva-
sive, with reduced resistance to hypoxia, im-
paired migration, and reduced capacity to cause
metastasis.

CONCLUSIONS: HIF-1alpha may be a domi-
nant factor driving the metastatic progression of
pancreatic cancer and can be a potent therapeu-
tic target for the disease.
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Abbreviations

HIF-1 = hypoxia-inducible factor-1

VEGF = vascular endothelial growth factor
PCNA = proliferating cell nuclear antigen
SiRNA = small interfering RNA

ATCC = American Type Cell Collection

DMEM = Dulbecco’s Modified Eagle’s Medium

EGFP = enhanced green fluorescent protein

MTT = 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide

DMSO = dimethy] sulfoxide

FITC = fluorescein isothiocyanate

SDS-PAGE = sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

HRP = horseradish peroxidase

HE = stain hematoxylin-eosin

PBS = propidium iodide phosphate buffered propidi-

um iodide saline
XIAP = X-linked inhibitor of apoptosis protein
HRE = hypoxia reactive element

Introduction

The behavior of tumor cells is determined
largely by their microenvironments, with hypoxia
being a dominant feature of the microenviron-
ment of solid tumor cells, especially in pancreat-
ic cancer'. During the past two decades, several
investigations have confirmed that hypoxia caus-
es genetic instability through the misregulation
of transcription factors, which in turn causes
aberrant gene expression®. Hypoxia drives clonal
selection of more invasive tumor cells, which al-
so proliferate more rapidly than less invasive
cells and are resistant to hypoxia®. Consequently,
hypoxia is suggested to be a major cause of the
poor prognosis of solid tumors, especially pan-
creatic cancer®.

Hypoxia-inducible factor-1 (HIF-1) plays a
key role in the response of cells to hypoxia’.
HIF-1 is a heterodimer that comprises o subunit
and ( subunit®. As a transcription factor, HIF-1c.
regulates a large number of genes that are in-
volved in tumorigenesis, metabolism, angiogene-
sis, oncogene expression metastasis, and so
forth”!°. Given its importance, HIF-1a is also
recognized widely as an attractive target for can-
cer therapies’. The effects of several clinically
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approved drugs, including rapamycin, trastuzum-
ab, imatinib, and geldanamycin, have been asso-
ciated with their abilities to inhibit HIF-1 activity
indirectly'!. Although these and other antineo-
plastic agents improve the prognosis of pancreat-
ic cancer, their long-term effectiveness remains
limited'?, which emphasizes the need for more
innovative therapeutic methods. In spite of the
importance of HIF-1a in the development of can-
cer, its particular roles in cancers of specific cell
or tissue types remain to be established.

Human pancreatic cancer is associated com-
monly with tumor hypoxia, with lesions that are
usually surrounded by a rim of cells characterized
by poor tissue oxygenation, reduced blood flow,
and low tissue pH'. As the central regulator of the
adaptive response to hypoxia, HIF-1 activates the
transcription of hypoxia inducible genes which
regulate diverse cellular functions including metab-
olism, angiogenesis and tumor invasion. In pancre-
atic cancer, HIF-1-regulated genes, such as VEGFE,
have been proved comprehensively to promote an-
giogenesis which is known as a vital process in
metastasis. Furthermore, it was found that overex-
pression of HIF-1aw SiRNA blocks EGF-induced
survivin gene up-regulation and increases apopto-
sis induced by the chemotherapy drug docetaxel.
Meanwhile, over expressing of HIF-1a gene acti-
vates survivin gene expression and reduces the
apoptotic response'®. Survivin is a multifunctional
protein whose involvement in AKT signaling path-
way and regulating mitosis, apoptosis, and cell
motility can provide proliferative and metastatic
advantages to tumor cells'®. Both migration and in-
vasion require signaling events within the cell and
with the extracellular matrix for navigation of tu-
mor cells within their microenvironment and to
distant sites. Recent studies have implicated the
important roles of survivin in metastasis. It cooper-
ated with XIAP to mediate cell invasion in breast
cancer and activated Akt signaling pathway and
upregulation of a integrin to enhance the migra-
tion of melanoma cells'.

The body of research mentioned above implies
the complicated multifaceted role of HIF-1a in
pancreatic cancer metastasis. To explore this
question further, in the present study we used
both in vitro and in vivo approaches to examine
the overall effects of HIF-1a on pancreatic can-
cer. Our findings will improve our understanding
of pancreatic cancer and might open the way for
promising new therapeutic strategies to improve
the very poor prognosis for this disease.

Materials and Methods

Plasmid Construction

Five SiRNAs that were designed to target HIF-1a
and one SiRNA designed to target a negative control
sequence were ligated into the pGenesil-1 plasmid
to produce the pGenesil-1-HIF-1a plasmid that car-
rying five sequences of the SiRNAs that targeted
HIF-1a and pGenesil-1-HK plasmid, respectively.
The constructs were generated by Genesil Biotech-
nology Co. (Wuhan, China). Expression of the SiR-
NAs was under the control of the hU6 promoter in
pGenesil-1 (Hu6/kan/neo/EGFP). The sequences
were listed Table 1. We used the Basic Local Align-
ment Search Tool (BLAST) to search the human
genome database with the SiIRNA sequences to
avoid nonspecific SIRNA-mediated silencing.

Cell Culture

The PANC-1 human pancreatic cancer cell
line was obtained from the American Type Cell
Collection (ATCC, Manassas, VA, USA). Cells
were cultured medium was prepared as in ATCC-
formulated Dulbecco’s Modified Eagle’s Medi-
um (DMEM), to which fetal bovine serum was
added at a final concentration of 10%. Cells were
transfected with either plasmid Genesil-1-HIF-
la (encoded five SiRNAs that targeted HIF-1a)
or plasmid Genesil-1-HK (encoded the negative
control SiRNA) using Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA, USA). The former cells

Table I. Five sequences of the SiRNAs that targeted HIF-1a and the negative control sequence (“1”).

Sense strand

Antisense strand

5’-AAC CGG TTG AAT CTT CAG ATA-3’
5’-AAC CTC AGT GTG GGT ATA AGA-3’
5’-AAG ACC GTA TGG AAG ACA TTA-3’
5’-AAG CCC TAA CGT GTT ATC TGT-3’
5’-AAG TCG GAC AGC CTC ACC AAA-3’
#5’-AAA GCT TCA TAA GGC GCA TGC -3’

5°-TAT CTG AAG ATT CAA CCG GTT-3’
5°-TCT TAT ACC CAC ACT GAG GCC-3’
5’-TAA TGT CTT CCA TAC GGT CTT-3’
5’-ACA GAT AAC ACG TTA GGG CGG-3’
5°-TTT GGT GAG GCT GTC CGA CTT-3’
#5’-GCA TGC GCC TTA TGA AGC TTT-3’
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were named pG?2 and the latter cells were named
pG1. Cells were cultured under conditions of ei-
ther humidified normoxia (5% CO, in air) or hy-
poxia (1% O,, 5% CO, and 94% N,) at 37°C.

Proliferation Assay

We used an MTT [3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide] dye reduc-
tion assay to analyze cell proliferation. Each well
in a 96-well plate was seeded with 1x10° cells/200
ul DMEM medium, and the plate incubated for 7
days under conditions of either humidified nor-
moxia or hypoxia at 37°C. We then added 20 pl of
MTT (5 mg/ml) to each well and incubated the
plate for an additional 4 h at 37°C before remov-
ing the medium and MTT. Dimethyl sulfoxide
(DMSO, 150 pl/well) was added and the plate in-
cubated for another 10 minutes. Absorbance at
490 nm was determined for the contents of each
well using a spectrophotometer (Cany Precision
Instruments Co., Ltd., Shanghai, China).

Flow Cytometry Assay

Pancreatic cancer cells were double-labeled
with both propidium iodide and fluorescein
isothiocyanate (FITC) using an Annexin V-FITC
reagent kit (Genemay Inc., Shenzhen, China) in
accordance with the manufacturer’s instructions.
In brief, we washed the cells twice with phos-
phate buffered saline (PBS) and modified the cell
concentration such that it fell within the range of
5%10° cells/ml and then suspended 8x10* cells in
250 pl of binding buffer (It is diluted 1:4 in
deionized water). We then added 5 pl of Annexin
V/FITC to 195 pl of the cell suspension and in-
cubated the mixture in the dark for 15 minutes at
room temperature after mixing. The cells were
then resuspended in 190 pl of binding buffer, and
a solution of 10 pug/ml propidium iodide was

Table II. Sequences of the PCR primers.

added to the cell suspension to give a final con-
centration of 1 pg/ml propidium iodide. Samples
were then analyzed using a flow cytometer
(FACSCanto II, Becton, Dickinson and Compa-
ny, Franklin Lakes, NJ, USA).

Migration Assay

The 24-well traditional transwell plates that were
used for the study were purchased from Corning
Company (Corning, New York, NY, USA). We
added 0.6 ml of DMEM medium without fetal
bovine serum to the bottom well and then 0.1 ml of
the same medium to the transwell insert. We then
added 0.1 ml of a suspension of pancreatic cancer
cells (2x10° cells/ml) prepared in fresh medium
without fetal bovine serum to each transwell insert
compartment, and incubated the samples at 37°C
for 1 hour. After removing the medium, we firstly
added 0.6 ml of medium containing 20% fetal
bovine serum (FBS) to the lower compartment, and
then added 0.1 ml of medium without FBS to the
inside compartment of each transwell insert before
incubating at 37°C for 12 hours. Cells that were
growing on the lower surface of the membrane
were stained with hematoxylin-eosin (HE) and
counted using a microscope.

Reverse Transcription-PCR

Total RNA was extracted from pancreatic cancer
cells using Trizol Reagent (Invitrogen, Carlsbad,
CA, USA) and used for reverse transcription poly-
merase chain reaction (RT-PCR) analysis in accor-
dance with a routine procedure. The level of mR-
NA was estimated by semi-quantitative RT-PCR
and reported as the ratio of the optical density of
the product of interest relative to the optical density
of the amplified product generated using oligonu-
cleotides specific for transcripts encoding -actin.
The PCR primers used were listed in Table II.

Moleculer bps of products Sequences

HIF-1a 324 Sense 5’-ACTTCTGGATGCTGGTGATT-3’
Antisense 5’-TCCTCGGCTAGTTAGGGTAC-3’

PCNA 470 Sense 5’-GAGTGGTCGTTGTCTTTC-3’
Antisense 5’-AACTTTCTCCTGGTTTGG-3’

Survivin 175 Sense 5’-CGGCTCCTCTACTGTTTAA-3’
Antisense 5’-CTGCCAGACGCTTCCTAT-3’

VEGF 421 Sense 5’-CCTTGCTGCTCTACCTCC-3’
Antisense 5’-AAATGCTTTCTCCGCTCT-3’

B-actin 301 Sense 5’-TGGACATCCGCAAAGAC-3’
Antisense 5’-AAAGGGTGTAACGCAACTA-3’
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Western Blot Analysis

Monoclonal antibodies against HIF-1a, sur-
vivin, VEGF, NMEI, angiopoietin-1, and PCNA
were purchased from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA, USA). Cells were treated
with RIPA lysis buffer. After the protein concen-
tration of the cellular extracts had been mea-
sured, the samples were combined with sample
buffer in a 1:2 ratio and heated to 100°C for 5
minutes. The protein samples were loaded onto
SDS-PAGE gels and resolved at 100 volts for ap-
proximately 100 minutes until the bromophenol
blue reached the end of the gel. The proteins
were blotted onto nitrocellulose hybridization
transfer membrane at 400 mA for 45 minutes.
The membranes were then placed in 1xPBS that
contained diluted primary antibody and incubat-
ed for 1 hour. The membranes were incubated for
1 hour in 1xPBS that contained the secondary
antibody diluted 1:10,000. Finally, the mem-
branes were visualized using the enhanced
chemiluminescence detection kit and the film
was developed.

Tumor Models in Nude Mice

We separated 48 BALB/C nude mice random-
ly into eight groups when they were 3-5 weeks
old and weighed 18-20 grams. We prepared four
groups of suspensions each of that contains
8x10° cells/ml and separately injected 0.1 ml of
the suspension of each group subcutaneously in
four groups of each nude mouse for the
xenogenous implant tumor model. In the remain-
ing four groups of nude mice, 0.1 ml of the sus-
pension of each group is separately injected into
the tail vein of each mouse for the metastatic
model. Four weeks later, subcutaneous tumors,
lungs and livers were fixed in 4% paraformalde-
hyde. Deparaffinized sections were stained using
HE stain by staff of the Pathology Department of
the Medical College at Huazhong Science and
Technology University. Microscopy was then
used to evaluate the histomorphology of the tu-
mor samples and extent of metastasis in the lung
and liver.

TUNEL Assay

Sections that had been used to study the
pathology were dewaxed and dehydrated. Before
the slices were digested, they were blocked in a
solution that contained 3% H,0, in methanol at
15°C for 30 minutes. Apoptosis was assayed us-
ing a TUNEL kit (Promega Biotech Co., Ltd.
Shanghai, China) in accordance with the manu-

facturer’s guidelines. Brown granular nuclear
staining was considered to indicate apoptosis and
the rate of apoptosis was calculated as (apoptotic
cell number/total cell number) x 100%.

Statistical Analysis

Statistical analysis was performed using the
Graphpad Prism 5 Demo (GraphPad Software,
Inc. La Jolla, CA, USA). Owing to the small
number of mice used, the data obtained using the
tumor models were analyzed with Fisher’s exact
test. All other data were analyzed using two-way
ANOVA. We considered p < 0.05 to indicate a
statistically significant difference.

Results

To determine the specific effects of HIF-1a on
pancreatic cancer progression and metastasis, a
plasmid (pGenesil-1-HIF-10) that encoded five
SiRNAs against HIF-1o was transfected into
pancreatic cancer cells to silence the expression
of HIF-1a and the cells were named pG2. Mean-
while, pancreatic cancer cells that have been
transfected with the negative control plasmid
pGenesil-1-HK were named pG1.

HIF-1c Silencing Causes Opposite Effects
on Gene Expression at the mRNA and
Protein Levels

To examine the consequences of pG2 cells,
we used both RT-PCR and western blotting to in-
vestigate the expression of HIF-1a and several
other proteins and mRNA transcripts. We ob-
served that levels of HIF-1a,, VEGE, PCNA, and
survivin were considerably lower in pG2 cells
than in pG1 cells. The differences in the levels of
expression relative to control pG1 cells were all
significant (p < 0.001, Figure 1). HIF-1o. medi-
ates tumor angiogenesis by upregulating the
genes that encodes VEGF through binding to the
Hypoxia Reactive Element (HRE) in the promot-
er of the VEGF gene during hypoxia. Consistent
with this, we demonstrated that the induction of
HIF-1oa under hypoxia coincided with increased
levels of VEGF expression in pG1 cells. In con-
trast, silencing of HIF-1a decreased levels of
VEGF in pG2 cells (p < 0.001, Figure 1).

HIF-1c. Inhibition Arrests Cell Proliferation
The significantly decreased levels of HIF-1a

and PCNA in pG2 cells (p < 0.001, Figure 1)

prompted us to evaluate the effects of HIF-1a on
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HIF-1alpha
NepGl  Nepiz  HbpGL H-pG2 Nephl H-pGL  M-pG2  HopG2

VEGF
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N-pGl  H-pGl  N-pGZ  H-pi2  F-pcl HpGl  Neph2  l-pG2

Figure 1. Expressions of HIF-1a, PCNA, and survivin by
RT-PCR (left) and western blot (right). HIF-1o. showed pos-
itive effect on VEGF, PCNA and survivin. When HIF-1o ex-
pression was silenced, no differential expression of each
molecule was found between the hypoxia and normoxia
groups (p = 0.0784-0.1862). Before HIF-1a was silenced,
hypoxia statistically enhanced HIF-1o expression (p =
0.0425). H denotes hypoxia and N denotes normoxia. pG2
denotes Panc-1 cells that were transfected with plasmid
Genesil-1- HIF-1a that encoded SiRNA targeting HIF-1o.
pG1 denotes Panc-1 cells that were transfected with nega-
tive control plasmid which named Genesil-1- HK.

the proliferation of pancreatic cancer cells. In vit-
ro analysis revealed trends of slow proliferation
of pG2 cells under both normoxia and hypoxia,
but there was no significance existed between
normoxia and hypoxia (p = 0.1034, Figure 2).
However, rates of growth of pG1 cells were sig-

089 -e hypoxia pG1-P
0.4 < normoxia pG1-P
w - hypoxia pG2-P
E 0.6 -= normoxia pG2-P
‘g 0.5
E 0.4

@ 3 “ -

Time (day)

Figure 2. Proliferating curves of Panc-1. No discrepancy
was found between two groups (hypoxia and normoxia) of
pG2 cells in MTT assay (p = 0.1034), whereas significant
differences were defined when comparing pGl cells and
pG2 cells (p < 0.001). Rate of growth of pG1 cells was also
statistically more rapid under hypoxia than under normoxia
(p < 0.001). The figure demonstrated stimulation effect of
HIF-1a on pancreatic cancer cells. H denotes hypoxia and
N denotes normoxia.
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nificantly greater than those of pG2 cells under
both normoxia and hypoxia (p < 0.001, Figure
2). Rate of growth of pG1 cells was also statisti-
cally more rapid under conditions of hypoxia
than normoxia (p < 0.001, Figure 2).

In vivo analysis indicated that pG2 cells cul-
tured under hypoxic conditions could not form tu-
mors after subcutaneous injection into nude mice.
Injection of pG2 cells cultured under normoxic
conditions resulted in a low rate of formation
(16.7% tumorigenicity) of very small, slow-grow-
ing subcutaneous tumors. Only one of the six ani-
mals that received these cells developed a macro-
scopic tumor, which took 24 days to form and was
only 0.3 cm in diameter 28 days after injection.

By contrast, pG1 cells were extremely tumori-
genic. When cultured under normoxic conditions,
the tumorigenicity was 66.7%; four of the six an-
imals injected with the cells developed subcuta-
neous tumors with an average diameter of 0.9
cm. The mean time at which tumor formation be-
came evident was 13 days after injection. When
pG1 cells were cultured under hypoxic condi-
tions, they showed strikingly enhanced tumori-
genicity, with tumors evident in all six of the ani-
mals injected with these cells (Table III). The
mean diameter of these tumors was 1.5 cm and
the mean time at tumor evident formation was
only 9 days. The statistical analysis of the data
displayed the significant difference between the
pG2 cells and hypoxic pGl cells (p = 0.0152).
Concurrently, there was no difference between
normoxic pG1 cells and other groups (p =
0.0606). Because of the small number of samples
in the experiment, the result needs further study.

Silencing of HIF-1a Enhances Apoptosis

Flow cytometry and TUNEL assay were used
to determine the effect of HIF-1a on the apoptosis
of pancreatic cancer cells. The rate of apoptosis of
pG1 cells under hypoxic conditions was signifi-
cantly lower than that under normoxic conditions
(p = 0.017), although the difference in rates of
mortality under the two conditions was not mean-
ingful (p = 0.375). Under either normoxic or hy-
poxic conditions, the rate of apoptosis of pG1 cells
was lower than that of pG2 cells (p < 0.001). The
rates of both apoptosis and mortality for pG2 cells
were higher under hypoxic conditions than under
normoxic conditions (p < 0.001). The discrepancy
in the rates of apoptosis between hypoxia and nor-
moxia was not significant (p = 0.682), whereas the
discrepancy between the rates of mortality was
significant (p = 0.0025).
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Table Ill. Results of xenogenous subcutaneously implant tumor models.

pG2* hypoxia

pG1t hypoxia

pG2 normoxia pG1 normoxia

Number of formed
Number of unformed
Mean time (days)
Mean diameter (cm)

~ -~ O

1 4
5 2
24 10.5
0.3 0.9

The statistical analysis of the data displayed the significant difference between the pG2 cells and hypoxic pG1 cells (p =
0.0152). Concurrently, there was no difference between normoxic pG1 cells and other groups (p = 0.0606). When HIF-1a. ex-
pression was inhibited (pG2 cells), there was less xenogenous tumor. To pG1 cells, hypoxia obviously stimulated cell prolifera-
tion and tumorigenicity. *pG2 denotes cells transfected with plasmid encoding siRNA (small interfering RNA) of HIF-1a (hy-
poxia inducible factor -1 alpha. )pG1 denotes cells transfected with plasmid encoding negative control siRNA duplex.

The rate of apoptosis was significantly higher
in subcutaneous tumors formed by pGl cells ex-
posed to hypoxia than in tumors formed by cells
cultured under normoxic conditions before injec-
tion (p = 0.0026). This result was inconsistent
with the results of the in vitro experiments. There
was extensive necrosis in tumors derived from
pGl cells exposed to hypoxic conditions (Figure
3B and C). The rates of apoptosis were very sim-

ilar in the single, very small, pG2 -derived tumor
and the tumors derived from pG1 cells exposed
to normoxia (p = 0.8813, Figure 3D and A).

Deficiency of HIF-1a Decreases Rates of
Cell Migration and Metastasis

Rates of cell migration were similar in pG2
cells that had been exposed to either hypoxic or
normoxic conditions (p = 0.3052, Figure 4C and

Figure 3. Tunnel assay in subcutaneous xenografts. A, Displayed the focal apoptosis in tumor of normoxia group of pG1 (H&E,
400x). B, C, Showed the diffuse apoptosis in tumors of hypoxia group of pG1 (H&E, 100x and 400x respectively). D, Showed the
apoptosis in tumor derived from pG2 cells and the apoptosis rate is similar to that in tumor derived from normoxia pG1 cells (p =
0.8813) (H&E 200x). In vitro, regardless of whether hypoxia or not, apoptotic rate of pG1 was lower than pG2 cells (p < 0.001).
However, the presented data indicated extensive apoptosis in hypoxia pG1 cell derived tumors in vivo (p = 0.0026). The puzzling re-

sult needs more research.

441



H. Wei, F. Li, P Fu, X. Liu

Figure 4. Cell migration ability by transwell method. The migrated amount of pG2 cells in hypoxia was similar to that in nor-
moxia (p = 0.3052). The quantity of migrated pG1 cells in hypoxia were statistically more than that in normoxia (p = 0.0014).
Either under normoxia or hypoxia, both of the migrated amount of pG1 cells were remarkably more than those of pG2 cells (p
< 0.001). Upper pictures (A and BJ showed pG1 cells. Lower pictures (C and D) showed pG2 cells. The left (A and CJ was
contributed to hypoxia group and the right /B and D) contributed to normoxia group (H&E, 400x).

D). In contrast, significantly more pG1 cells mi-
grated under hypoxic conditions than under nor-
moxic conditions (p = 0.0014, Figure 4A and
4B). Moreover, under both normoxic and hypox-
ic conditions, the number of pG1 cells that mi-
grated was significantly more than the number of
pG2 cells that migrated (p < 0.001). In vivo, the
cells were injected into the tail vein and the

matastases were invested. Liver metastases were
observed in only three of the six animals injected
with pG1 cells cultured under normoxic condi-
tions, and these lesions were both small and
sparse (3-6 lesions per animal). By contrast,
metastases were evident in all six of the animals
injected with pG1 cells incubated under hypoxic
conditions (Table IV), and the metastatic lesions

Table IV. Results of tail vein metastasis model.

pG2* hypoxia pG1t hypoxia pPG2 normoxia pG1 normoxia

Number of metastasis 0 6 0 3
Number of no metastasis 6 0 6 3
Number of lesions 0 10-20 0 3-6

Metastasis disappeared in group of pG2, whereas there was a great amount of metastasis in group of pG1 and more metastasis
was found in hypoxia than in normoxia. The statistical analysis of the data displayed the significant difference between the
pG2 cells and hypoxic pG1 cells (p = 0.0022). Meanwhile, there was no difference between normoxic pG1 cells and other
groups (p = 0.1818). The result of tail vein models was similar to that of subcutanous models. *pG2 denotes cells transfected
with plasmid encoding siRNA (small interfering RNA) of HIF-1a (hypoxia inducible factor -1 alpha). 'pG1 denotes cells
transfected with plasmid encoding negative control siRNA duplex.

442



Effects of the silencing of hypoxia-inducible Factor-1 alpha on metastasis of pancreatic cancer

were both larger and more numerous (10-20 le-
sions per animal). In animals injected with pG1l
cells that had been exposed to hypoxia, the entire
liver was macroscopically nodular, and the struc-
ture of the liver lobule and/or portal area was de-
stroyed by metastasis (Figure 5). Injection of
pG2 cells was not associated with metastasis in
either subcutaneous tumor models or tail vein
models. The statistical analysis of the data dis-
played the significant difference between the
pG2 cells and hypoxic pGl1 cells (p = 0.0022).
Meanwhile, there was no difference between nor-
moxic pGl cells and other groups (p = 0.1818).
The result of tail vein models was similar to that
of subcutanous models.

Discussion

The transcription factor HIF-1 regulates the
expression of many genes, including important
factors involved in tumorigenesis, such as regula-
tors of angiogenesis'é. Tumor metastasis is de-
pendent on cell proliferation, capillary tube for-
mation and migration. Owing to the various ef-
fects of VEGF in the progression of ischemic-
reperfusion injury and cancer, the gene that en-
codes VEGF is the most studied target of HIF-1.
VEGTF increases the density of capillary vessels
to improve tissue oxygenation, which makes it
crucial to tumor progression, and several studies

have confirmed a direct relationship between
HIF-1 and VEGF". Our in vitro data confirmed
that hypoxia leads to upregulation of the expres-
sion of HIF-1a and VEGF and it suggested that
hypoxia stimulates the expression of HIF-1 in
pancreatic cancer cells, which should in turn pro-
mote angiogenesis through the upregulation of
VEGF. When HIF-1 expression was silenced by
RNA interference, the VEGF expression was
downregulated and the migration ability was in-
hibited in the Transwell assay. As a consequence,
enhanced angiogenesis in tumors that resulted in
immature neovascularization'® would aggravate
hypoxia in the local tumor environment, which in
turn would enable tumor cells to promote their
own proliferation and metastasis.

HIF-1a was found to play a vital role in the
proliferation of pancreatic cancer cells. Although
the details of the underlying mechanisms in-
volved appear opaque, enhancement of an oxy-
gen-independent metabolic pathway is
involved". Given that cell proliferation requires
substantial synthesis of proteins, lipids, and nu-
cleic acids, signals that stimulate cell prolifera-
tion must also reorganize metabolic activities to
stimulate the proliferation of quiescent cells.
For example, increased rates of glycolysis drive
the generation of energy when the partial pres-
sure of oxygen decreases. Accordingly, the dra-
matic upregulation of glycolysis is an important
consequence of HIF-1 upregulation®'. It has been

Figure 5. In vivo tail vein metastasis assay. The metastasis rate of normoxia pG1 group was 50% (3/6) and they were all oc-
curred in liver. The metastatic lesions were small and exiguous (the number of liver metastatic lesions was 3-6 per mice) and
no metastasis was discovered in other organs. After exposed in hypoxia, the pG1 cells exhibited increased metastasis rate,
which was 100% (p = 0.0022, 6/6). The metastatic lesions were bigger and plentiful. The liver was macroscopically tubercu-
lous. The structure of liver lobule and/or portal area was destroyed diffusely microscopically (the black arrow points the de-
stroyed liver portal area). The left displays a normal liver and the right displays a metastatic liver (the white arrow points the
normal liver portal area) (H&E, 400x).
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reported that glioma cells are characterized by a
positive feedback loop that involves pyruvic acid,
lactic acid, and HIF-1 activation??. The analysis
that involved RT-PCR and western blotting indi-
cated that when HIF-1a expression was silenced,
expression of PCNA decreased and the promo-
tive effect of HIF-1a on cell proliferation disap-
peared.

In vitro, rates of growth of pGl1 cells were sta-
tistically more rapid under conditions of hypoxia
than normoxia. When HIF-1a expression was si-
lenced by SiRNA, pG2 cells became vulnerable
to hypoxia and grew slowly both under normoxia
and hypoxia. The results of our MTT assays sug-
gested that hypoxia and HIF-1a did indeed pro-
mote the proliferation of pancreatic cancer cells.
In vivo, HIF-1a silenced pG2 cells cannot form
tumor when they were cultured in hypoxia due to
the impaired resistance to hypoxia. Even under
normoxic treatment, the number of tumors de-
rived from pGl cells was more than pG2 cells.
These results suggested irreplaceable role of
HIF-1a on pancreatic cancer cell proliferation
both under hypoxia and normoxia, particularly
under hypoxia.

The regulation of apoptosis is another mecha-
nism adopted by HIF-1a to enable tumor cells to
adapt to hypoxic conditions®. Although activa-
tion of HIF-1 is usually an adaptive measure to
ensure cell survival, it is likely that the induction
of apoptosis by HIF-1 will differ among cardiac
myocyte** and similarly to hypoxia, cobalt trig-
gers the stabilization of HIF-1a, which is fol-
lowed by increased expression of the pro-apop-
totic factors Nip3 (nineteen KD interacting pro-
tein-3) and iNOS (inducible nitric oxide
sinthase)®. To investigate the role of HIF-1 in the
apoptosis of pancreatic cancer cells under hypox-
ic conditions, we cultured the pG1 and pG2 cells
under either hypoxic or normoxic conditions, and
then, propidium iodide and FITC were used to
double-label the cells to assess the frequency of
apoptosis. After HIF-1a expression was sup-
pressed in pG2 cells, the resistance to hypoxia
decreased and the extent of apoptosis increased.
Furthermore, these changes were accompanied
by a striking decrease in the expression of sur-
vivin, which is well-documented to be an anti-
apoptotic factor and has been proposed to have
unique therapeutic potential by virtue of its ca-
pacity for global inhibition of the development of
cancer®. Although HIF-1a has been suggested to
trigger apoptosis, it is regarded on the whole as a
key factor responsible for conferring resistance to
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apoptosis®’. Our in vitro data suggest that HIF-1a.
might cooperate with survivin to inhibit apopto-
sis under hypoxic conditions. Besides, the signif-
icantly increased mortality rate in hypoxia pG2
cells implied the apoptosis-independent mecha-
nism via HIF-1a.

HIF-1a-induced increased cell proliferation
and decreased cell apoptosis is the basis on
which cancer metastasis can develop. Eventually,
the cell migration capacity is the driving force to
initiate cancer metastasis. The results of the tran-
swell experiments indicated that the migration of
pG1 cells was significantly higher under hypoxia
than under normoxia, but there was no migration
difference between hypoxia and normoxia pG2
cells. The migration is enhanced in pG1 cells by
hypoxia and upregulated HIF-1a expression,
whereas it was weakened in pG2 cells by inhibit-
ed HIF-1a expression. Immature vessel architec-
ture and an enhanced migration under hypoxic
conditions both contribute to the extremely poor
prognosis that is usually associated with pancre-
atic cancer. In vivo data of tail vein metastasis
model indicated that hypoxia significantly im-
proved tumor metastasis of pancreatic cancer be-
fore HIF-1a silence, because the phenomenon
was only observed in nude mouse injected with
pG1 cells. What is more, there was no metastasis
in nude mouse injected with pG2 cells. It might
remind that inhibition of HIF-1oa did completely
eliminate metastasis and the molecule plays an
indispensable role in pancreatic cancer metasta-
sis. However, owing to the restricted number of
the experiment, it is unclear whether metastasis
was actually inhibited completely. This issue
needs to be investigated further with more exten-
sive approaches.

It should be emphasized that some of our
findings are far different from those reported
elsewhere. For instance, inhibition of HIF-1a
under hypoxic conditions has also been reported
to promote growth and metastases of subcuta-
neous tumors?®, In the present study, mi-
croscopy revealed that the subcutaneous tumors
obtained were characterized by a central necrot-
ic area encompassed by an extensive apoptotic
area, which was in turn circumscribed by a thin
margin of pancreatic cancer cells (Figure 3B).
The possibility that prolonged oxygen deficien-
cy might promote the accumulation of proapop-
totic molecules, such as Nip3, and drive cell
death® may account for this phenomenon, al-
though the signaling events responsible require
further investigation. Molecules, such as HIF-
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la, were supposed to be released from the dead
cells might act on the circumjacent cells of the
marginal zone to endow the tumor with the ca-
pability to grow rapidly.

Conclusions

In the study reported herein, we investigated
the specific effects of HIF-1a on proliferation,
apoptosis and metastasis of pancreatic cancer
cells. The eukaryotic expression vector, which
can steadily express HIF-1a. SiRNA, was used to
silence HIF-1a expression. Both in vitro and in
vivo, downregulation of HIF-1a in pG2 cells ap-
peared to evidently restrain cell proliferation, an-
giogenesis, and metastasis, but raise apoptosis in
hypoxic tissue. The results were dramatically re-
versed in pG1 cells yet. Our findings underscore
the likelihood that HIF-1a is a compelling target
for therapies to control pancreatic cancer metas-
tasis and treat the disease. It is likely that realiz-
ing this goal will require greater insight into the
roles of HIF-1a in regulating cellular behavior
under hypoxic conditions.

Acknowledgements

All authors are very grateful to the staff of the Patholo-
gy Department of the Medical College at Huazhong
Science and Technology University for their excellent
technical assistance. The Authors also acknowledge
Professor Chunyou Wang in Huazhong Science and
Technology University for his kind assistance with the
preparation of this manuscript.

References

1) Kasuva K, TsucHIDA A, NAGAKAWA Y, Suzuki M, ABE Y,
Itol T, SErizAwA H, NAGAO T, SHIMAZU M, Aoki T. Hy-
poxia-inducible factor-1o. expression and gemc-
itabine chemotherapy for pancreatic cancer. On-
col Rep 2011; 26: 1399-1406.

2) BINDRA RS, CrosBy ME, Grazer PM. Regulation of
DNA repair in hypoxic cancer cells. Cancer
Metast Rev 2007; 26: 249-260.

3) Semenza GL. Defining the role of hypoxia-inducible
factor 1 in cancer biology and therapeutics. Onco-
gene 2010; 29: 625-634.

4) HasHimMoTo O, SHIMizu K, SEMBA S, CHIBA S, Ku Y,
Yokozaki H, Hori Y. Hypoxia induces tumor ag-
gressiveness and the expansion of CD133-posi-

5)

6)

7)

9)

10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

20)

tive cells in a hypoxia-inducible factor-1a-
dependent manner in pancreatic cancer cells.
Pathobiology 2011; 78: 181-192.

SEMENZA GL. Hypoxia-inducible factor 1 (HIF-1)
pathway. Sci STKE 2007; 407: 8.

BERCHNER-PFANNSCHMIDT U, FReDE S, WotzLaw C,
FanDrey J. Imaging of the hypoxia-inducible factor
pathway: insights into oxygen sensing. Eur Respir
J 2008; 32: 210-217.

SEMENZA GL. Targeting HIF-1 for cancer therapy.
Nat Rev Cancer 2003; 3: 3721-3732.

Rekwirowicz H, MarszaLEk A. Hypoxia inducible fac-
tor 1, a new possible important factor in neopla-
sia. Pol J Pathol 2009; 60: 61-66.

QING G, SimoN MC. Hypoxia inducible factor-2a: A
critical mediator of aggressive tumor phenotypes.
Curr Opin Genet Dev 2009; 19: 60-66.

SEMENZA GL. Hypoxia inducible factor 1 and cancer
pathogenesis. IUBMB Life 2008; 60: 591-597.

Lee JW, BAE SH, JEonG JW, Kim SH, Kim KW/. Hypox-
ia inducible factor (HIF1) [alpha]: its protein stabil-
ity and biological functions. Exp Mol Med 2004;
36:1-12.

HipaLco M. Pancreatic cancer. N Engl J Med
2010; 362: 1605-1617.

MicHALski CW, ERKAN M, FRriess H, KLEerr J. Tumor
metabolism to blood flow ratio in pancreatic can-
cer: helpful in patient stratification? Future Oncol
2010; 6: 13-15.

PENG XH, KARNA P CAO Z, JIANG BH, ZHou M, YANG
L. Cross-talk between epidermal growth factor
and hypoxia-inducible factor-1alpha signal path-
ways increases resistance to apoptosis by up-
regulating survivin gene expression. J Biol Chem
2006, 281: 25903-25914.

Mckenzie JA, GrossmaN D. Role of the apoptotic
and mitotic regulator survivin in melanoma. Anti-
cancer Res 2012; 32: 397-404.

Mizuno T, NAGAO M, YAMADA Y, NARKIYO M, UENO
M, MivaaisHi M, TAIRA K, NAkasMA Y. Small interfer-
ing RNA expression vector targeting hypoxia-in-
ducible factor-1 alpha inhibits tumor growth in he-
patobiliary and pancreatic cancers. Cancer Gene
Ther 2006; 13: 131-140.

Rey S, SEMENzA GL. Hypoxia-inducible factor-1-
dependent mechanisms of vascularization and
vascular remodeling. Cardiovascular Res 2010;
86: 236-242.

SHEN F WALKER EJ, JIANG L, DeGgos V, Li J, SuN B,
Herivanto F YounG WL, Su H. Coexpression of an-
giopoietin-1 with VEGF increases the structural
integrity of the blood-brain barrier and reduces at-
rophy volume. J Cereb Blood Flow Metab. 2011,
31:2343-51.

SEMENZA GL. Hypoxia-inducible factor 1: regulator
of mitochondrial metabolism and mediator of is-
chemic preconditioning. Biochim Biophys Acta
2011; 1813: 1263-1268.

DEBERARDINIS RJ, Lum JJ, HATZIVASSILIOU G, THOMPSON
CB. The biology of cancer: Metabolic reprogram-

445



H. Wei, F Li, P Fu, X. Liu

21)

22)

23)

24)

ming fuels cell growth and proliferation. Cell
Metab 2008; 7: 11-20.

BARTRONS R, CArO J. Hypoxia, glucose metabolism
and the Warburg’s effect. J Bioenerg Biomembr
2007; 39: 223-229.

SEMENZA GL. Regulation of cancer cell metabolism
by hypoxia-inducible factor-1. Semin Cancer Biol
2009; 19: 12-16.

FuLba S, Desatin KM. HIF-1-regulated glucose me-
tabolism: a key to apoptosis resistance? Cell Cy-
cle 2007; 6: 790-792.

GRAHAM RM, FrAZIER DR THomPsON JW, Hauko S, Li
H, WASSERLAUF BJ, SPIGA M@, BisHOPRIC NH, \WEBSTER
KA. Aunique pathway of cardiac myocyte death
caused by hypoxia-acidosis. J Exp Biol 2004; 207:
3189-3200.

446

25)

26)

27)

28)

Karovic O, ToNnAzziNI |, REBoLA N, EDSTROM E, Lov-
DAHL C, FReEDHOLM BB, DARE E. Toxic effects of
cobalt in primary culture of mouse astrocytes.
Similarities with hypoxia and role of HIF-1alpha.
Biochem Pharmacol 2007; 73: 694-708.

ALTIERI DC. Survivin, cancer networks and path-
way-directed drug discovery. Nat Rev Cancer
2008; 8: 61-70.

Kitic M, Kasperczyk H, FuLbA S, DeeaTiIN KM. Role of
hypoxia inducible factor-1 alpha in modulation of
apoptosis resistance. Oncogene 2007; 26: 2027-
2038.

BACH A, BENDER-SIGEL J, SCHRENK D, FLuGeL D, Kietz
MANN T. The antioxidant quercetin inhibits cellular
proliferation via HIF-1-dependent induction of
p21WAF. Antioxid Redox Signal 2010; 13: 437-448.



