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Hepatocyte growth facor activator (HGFA) is a serine protease that
converts hepatocyte growth factor (HGF) into its active form. Our
previous study demonstrated that tumor–stromal interaction under
hypoxia augments the aggressive invasive features of pancreatic
cancer line PK8 through activated HGF/c-Met signaling. The present
study investigated whether or not hypoxia increases HGFA expression
in PK8 cells and promotes the processing of HGF, and leads to c-Met
activation. Moreover, HGFA promoter assays were performed to
define whether hypoxia inducible factor-1 alpha (HIF-1a) directly
activates the HGFA promoter in a hypoxia-dependent fashion. As a
result, hypoxia induced the HGFA mRNA and protein expression
in PK8 and the elevation under hypoxia was inhibited by the
transfection of HIF-1a siRNA, thus indicating HIF-1a-dependent
induction of HGFA. The transfection of siRNA against HGFA to
PK8 cells suppressed the conversion to the active HGF, which is
secreted from fibroblast MRC5. Furthermore, the phosphorylation
of c-Met and cancer invasion of PK8 cells were decreased by the
transfection of HGFA siRNA under hypoxia. Using the luciferase
reporter system, HIF-1a was shown to transactivate the HGFA
promoter under hypoxia. These experiments demonstrated for the
first time that HGFA is a novel HIF-1 target gene. Under hypoxia,
HGFA might be overexpressed and secreted from pancreatic
cancer cells, which contributes to accelerate processing of HGF
from fibroblast, resulting in the activation of the c-Met pathway.
HGF/HGFA/c-Met recruited between cancer-stromal fibroblasts is
activated under hypoxic conditions and therefore might play a
central role in the aggressive invasion of pancreatic cancer. (Cancer
Sci 2008; 99: 1341–1347)

H epatocyte growth factor (HGF) is a multifunctional
cytokine produced from stromal cells, and it functions as

a mitogen, motogen, and morphogen, and in angiogenesis.(1–3)

The various effects of HGF are mediated through binding to
the specific receptor, c-Met receptor tyrosine kinase, which is
expressed on the cell surfaces of epithelial origin. HGF is
mainly produced in cells of mesenchymal origin and secreted
as a single-chain precursor form (pro-HGF). The proteolytic
conversion of pro-HGF to the two-chain heterodimeric active
form (mature HGF) is essential in its biological activity.(4) The
most potent enzyme involved in the activation of pro-HGF is
HGF activator (HGFA), a serine protease discovered in serum that
is related to coagulation factor XIIa.(5) The liver is the main
source of HGFA, and produces HGFA as an inactive form (pro-
HGFA), which is converted to the active form by thrombin.(6)

The extrahepatic expression of HGFA has also been reported,
and recent studies have demonstrated HGFA to be involved in
the activation of pro-HGF in several tumors.(7–10)

Hypoxia is a common feature of various solid tumors due to
inadequacies in their vasculature.(11) The hypoxic environment,

in which hypoxia-inducible factor-1 (HIF-1) plays a key role,
might be associated with both malignant progression and a poor
response to various treatments.(12,13) HIF-1 is a heterodimeric
basic helix-loop-helix PER/ARNT/SIM (HLH-PAS) transcription
factor that consists of HIF-1α and a constitutively expressed
aryl hydrocarbon receptor nuclear translocator known as HIF-1β.
Under normoxic conditions, HIF-1α is bound to the tumor
suppressor Von Hippel–Lindau protein. This protein complex
causes HIF-1α to be targeted by proteasomes, thus leading to
rapid protein degradation. In contrast, under hypoxic condition,
HIF-1α is stabilized and dimerized with HIF-1β, translocates to
the nucleus, and transactivates expressions of various genes.(14,15)

The hypoxia-responsive element (HRE) consists of a pair of
consecutive transcription factor binding sites, and at least one of
which contains the core sequence 5′-RCGTG-3′ and is recognized
by HIF-1.(16) At present, the expression of over 70 genes is known
to be HIF-1 regulated.(17)

Pancreatic cancer is one of the most lethal malignancies in
industrialized countries.(18) Most patients with pancreatic cancer
have a poor outcome due to difficulties in its early diagnosis,
and its highly invasive and metastatic features. Several studies
have revealed that tumor hypoxia exists within pancreatic cancer
tissue,(19) and HIF-1α overexpression has also been reported to
be significantly associated with a poor prognosis in pancreatic
cancer patients.(20) Pancreatic cancer is also characterized by
abundant stroma, thus indicating that tumor–stromal interactions
play an important role in the progression of this malignancy. We
have revealed that tumor–stromal cell interaction under hypoxia
increases the invasiveness of pancreatic cancer cells through the
HGF/c-Met pathway(21) and therefore negatively affects the
prognosis in patients with pancreatic cancer.(22) To date, no studies
have focused on whether or not the hypoxic environment plays
an essential role in the activation of HGF.

The present study investigated the regulation of HGFA gene
expression in pancreatic cancer cells under hypoxic condition to
determine whether or not the HGF processing by HGFA plays
an important role in possessing the highly invasive character of
this tumor that exists in a hypoxic microenvironment.

Materials and Methods

Cell culture and exposure to hypoxia. The human pancreatic
cancer cell lines PK8, PK1, and KP4 were purchased from the
Institute of Development, Aging, and Cancer, Tohoku University
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(Sendai, Japan). The MRC5 human fibroblast cell line was
purchased from the Riken Cell Bank (Ibaragi, Japan). The cells
were cultured in RPMI-1640 medium (Sigma, St. Louis, MO,
USA), supplemented with 10% heat-inactivated fetal bovine
serum (Sigma) and 100 μg/mL kanamycin (Meiji, Tokyo,
Japan), and incubated at 37°C in a humidified atmosphere
containing 20% O2 and 5% CO2 in air. When the culture of
pancreatic cancer cells reached semiconfluence, the medium
was removed and replaced by fresh medium with 1% fetal
bovine serum; half of the cells remained in the same conditions
(referred to as normoxia), while the remaining half was moved
to a hypoxic chamber (ASTEC, Fukuoka, Japan) containing
1% O2, 5% CO2, and 94% N2, and this hypoxia chamber was
maintained at 37°C (referred to as hypoxia). The serum-free
conditioned medium from MRC5 fibroblasts was collected
following 24 h cultivation under normoxia and was used in
experiments as a MRC5 conditioned medium (MRC5 CM).

Quantitative reverse transcription–polymerase chain reaction
(RT-PCR) assay. PK8, PK1, and KP4 cells were incubated under
normoxia and hypoxia up to 24 h and total RNA was isolated
from each cell line using an Isogen RNA extraction kit
(Nippongene, Toyama, Japan). The reverse transcriptase reaction
was carried out using the RNA LA PCR Kit (AMV) version 1.1
(Takara Biochemicals, Shiga, Japan), in which each 1 μg of
RNA from the three cell lines were converted into cDNA. To
quantitatively estimate the expression level of the HGFA mRNA
in PK8, PCR was performed on a Light-Cycler instrument
system (Roche, Mannheim, Germany) using the Light-Cycler-
FastStart DNA Master SYBR green I Kit (Roche) according to
the manufacturer’s instructions. After a denaturing step at 95°C
for 3 min, PCR amplification was performed with 50 cycles
of 15 s denaturing at 95°C, 5 s annealing at 60°C, and 10 s
extension at 72°C. Melting curves were obtained according to
the protocol under the following conditions: 0 s denaturation
period at 95°C, starting temperature at 65°C, ending temperature
at 95°C, and a rate of temperature increase of 0.1°C/s. The
sequences of the PCR primer pair were 5′-GAATCCCTCACC-
AGAGTCCA-3′ and 5′-AGCTGTCCCCGAT-GTAGATG-3′ for
HGFA and 5′-TTAAGGAGAAGCTGTGCTACG-3′ and 5′-
GTTGAAGGTAGTTTCGTGGAT-3′ for β-actin (as an internal
control). These experiments were carried out in triplicate and
the mean value was calculated. Finally, the quantitative value
was normalized based on the β-actin expression. Using two
other pancreatic cancer cell lines PK1 and KP4, HGFA expression
under hypoxic conditions was investigated with conventional
RT-PCR. The PCR conditions were as follows: initial denaturation
at 94°C for 2 min followed by 32 cycles of 94°C for 30 s, 55°C
for 30 s, and 72°C for 60 s. PCR for β-actin served as an
internal standard. The PCR product was separated on 1%
agarose gel, stained with ethidium bromide, and visualized
under UV illumination.

Western blot analysis and immunoprecipitation. PK8 cells cul-
tured under normoxia and hypoxia were lyzed in lysis buffer
composed of 150 mM NaCl, 50 mM Tris-HCl (pH 7.6), 0.5%
Triton X-100, and a protease inhibitor cocktail mix (Roche). The
aliquots of each cell extract containing 30 μg of protein were
separated by 4–12% sodium dodecyl sulfate/polyacrylamide
gel electrophoresis (SDS-PAGE) and the separated extracts were
electrophoretically transferred onto Hybond nitrocellulose–
enhanced chemiluminescence membranes (Amersham Pharmacia
Biotech, Buckinghamshire, UK) in a transfer buffer. The primary
antibodies used in the Western blot analysis were anti-HIF-1α
antibody (clone HI-67, 1:1000 dilution; Novus Biologicals,
Littleton, CO, USA), anti-HGFA antibody (clone AF1514,
1:500 dilution; R&D Systems, Oxford, UK), anti-HGF antibody
(clone BAF294, 1:500 dilution; R&D Systems), anti-c-Met
antibody (clone C-28 1:200 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and anti-β-actin antibody (clone AC-15,

1:10 000 dilution; Sigma). After incubation with the corresponding
secondary antibodies, the signals were finally developed using
an enhanced chemiluminescence detection kit (Amersham
Pharmacia Biotech).

For immunoprecipitation, the cell lysates were prepared in a
lysis buffer composed of 20 mM Tris-HCl (pH 7.4), 5 mM
EDTA, 10 mM Na4P2O7, 100 mM NaF, 2 mM Na3VO4, 1%
NP-40, and protease inhibitor cocktail mix (Roche). Immuno-
precipitation was performed using 500 μg of cell extracts
incubated with anti-c-Met polyclonal antibody (clone C-28;
Santa Cruz) with 20 μL of protein A–agarose beads (Sigma).
After the beads were washed and boiled at 95°C for elution, the
sample was subsequently subjected to a Western blot analysis
using anti-c-Met monoclonal antibody (clone B-2, 1:100 dilu-
tion; Santa Cruz) and anti-p-Tyr antibody (clone PY99, 1:1000
dilution; Santa Cruz).

Small interfering RNA (siRNA) treatment and transfection.
The sense and antisense siRNA oligonucleotides corresponding
to the following cDNA sequences were purchased from iGENE
(Ibaragi, Japan): CCAGCAGACUCAAAUACAAGAACCUAG
for HIF-1α, UGAUCCGGCUGAAGAAGA-AAGGGGAAG for
HGFA, and GAGAGCUGAUUUACGGAUGUAGAAGAG for
scrambled controls. The pancreatic cancer cells were transfected
with MicroPorator (Digital Bio Technology, Suwon, Korea)
according to the manufacturer’s instructions in the presence of
siRNA. A protein expression analysis, gene expression analysis,
immunoprecipitation, and in vitro invasion assay were all
performed 48 h after siRNA transfection.

In vitro invasion assay. The in vitro invasion activities were
examined as reported previously using a gel matrix (Matrigel;
Beckton Dickinson, Franklin Lakes, NJ, USA) in 24-well
plates.(23) Briefly, 6.5-mm diameter polycarbonate filters (8-μm
pore size) of the Falcon Transwell chemotaxis chambers
(Beckton Dickinson) were coated with 50 μL (0.25 mg/mL) of
Matrigel biomatrix in cold RPMI-1640 medium and dried
overnight. Suspensions of 5 × 105 transfected or untransfected
PK8 cells in 200 μL of complete RPMI-1640 medium were
placed in the upper compartments of the chamber, whereas the
lower compartments were filled with 800 μL conditioned medium
from MRC5 fibroblasts. These culture units were incubated for
24 h at 37°C under normoxia and hypoxia. Non-invasive cells
on the upper surface of the filters were then removed completely
with a cotton swab. Any viable invasive cells, which infiltrated
onto the lower surface of the filter, were fixed in 70% ethanol
and the nuclei were stained using hematoxylin. Next, the
number of invasive cells was counted. These experiments were
carried out in triplicate and independently repeated at least three
times.

HGF processing assay. HIF-1α, HGFA, and scrambled siRNA
were transfected into PK-8. The serum-free conditioned medium
from the PK8 cells (PK8 CM) was collected following the 24 h
cultivation under normoxia or hypoxia. The PK8 CM was mixed
with MRC5 CM and incubated at 37°C for 8 h. To detect pro- and
mature HGF expression in the mixed CM, protein A–agarose
beads along with antihuman HGF capture antibody (clone
24516; R&D Systems) was added to the mixed CM and
incubated overnight at 4°C. Next, the supernatants were discarded
by centrifugation at 740g and the beads were washed, followed
by boiling at 95°C for elution. Finally, the eluted samples
were subjected to a Western blot analysis using anti-HGF
antibody (Clone BAF294, 1:500 dilution; R&D Systems).

Construction of reporter plasmid. To generate plasmids P1 and
P2, the sequences of the human HGFA gene between –329 and
+38 (P1) or between –1908 and +258 (P2) relative to the
transcriptional start site were amplified by PCR from genomic
DNA, along with KOD-Plus-DNA polymerase (Toyobo, Osaka,
Japan) and oligonucleotides 5′-CGCCCGTAGTGGCTCTCATCA-
3′ and 5′-TCCAG-AGCGGCCAAGGCAGGT-3′ for P1, and
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5′-AAGTGCCCCAGGGTAAGGTCA-3′ and 5′-TGCGACAA-
GGTCAGTGCTCAC-3′ for P2. The PCR product was purified,
blunted, and connected upstream of luciferase in the pGL3-basic
vector (Promega, Madison, WI, USA). Direct sequencing
confirmed that there was no mutation in the insert. The empty
pGL3-basic vector without the insert was used as a control
(control plasmid).

The HIF-1α expression vector was kindly provided by Dr
Yoshiaki Fujii (Laboratory of Genomics and Proteomics, Faculty
of Pharmacy and Pharmaceutical Science, Fukuyama University,
Japan). As a control, an empty pcDNA3.1 vector (Promega) was
used.

Transient expression assay. Pancreatic cancer cells (1 × 105

cells/well) were transiently transfected by electroporation
with a MicroPorator (Digital Bio Technology) according to the
manufacturer’s instructions in the presence of P1 plasmid, P2
plasmid, Control plasmid, HIF-1α expression plasmid, or empty
pcDNA3.1 vector at 1 μg. The transfected cells were preincubated
in six-well culture dishes containing 2 mL of antibiotics-free
medium for 24 h, and then exposed to normoxia or hypoxia for
another 24 h after replacing by fresh medium with 1% fetal
bovine serum. After the incubation, the cells were washed in
phosphate-buffered saline (PBS), and lyzed by reporter lysis
buffer (Promega). The luciferase activities were measured
using the luciferase assay system (Promega) according to the
manufacturer’s instructions. Finally, luciferase activities were
normalized by β-galactosidase activity from a cotransfected
pSVβ-galactosidase vector (Promega) at 1 μg. These experiments
were examined in triplicate and repeated at least three times.

Statistical analysis. The values were expressed as the mean
± SD. Comparisons between the two groups were analyzed by
Student’s t-test and Fisher’s exact test. P-values less than 0.05
were considered to be statistically significant.

Results

Induction of the HGFA gene expression under hypoxia. In PK8
cells, quantitative RT-PCR revealed that the HGFA mRNA level
was up-regulated under hypoxia (1% O2) in a time-dependent
manner (Fig. 1a). The protein expression of the HGFA was also
elevated under hypoxia in comparison to normoxia (20% O2)
(Fig. 1b).

The elevated expression of the HGFA gene under hypoxia was
blocked by HIF-1a siRNA. In order to clarify whether or not the
HGFA induction under hypoxia was regulated by HIF-1α, the
knockdown effect of HIF-1α siRNA was examined in PK8 cells.
Figure 2a shows that HIF-1α was not expressed under normoxia
in PK8 cells. Under hypoxic condition, HIF-1α protein was
induced in PK8 cells, which transfected by siRNA (control). In
constast, the transfection of HIF-1α siRNA dramatically
decreased HIF-1α expression in a dose-dependent manner.
Figure 2b shows that the transfection of HIF-1α siRNA at

Fig. 1. (a) The levels of hepatocyte growth factor activator (HGFA)
mRNA in pancreatic cancer cells were quantitatively estimated under
hypoxia. H, hypoxia (1% O2); N, normoxia (20% O2). (b) The protein
expression of HGFA was analyzed by Western blotting. β-actin protein
levels were used as an internal marker. H, hypoxia; N, normoxia.

Fig. 2. (a) A Western blot analysis for hypoxia inducible factor-1
alpha (HIF-1α) in pancreatic cancer cells transfected with HIF-1α or
scrambled siRNA under normoxia or hypoxia. H, hypoxia; N, normoxia.
(b) The levels of HGFA mRNA were presented as the relative yield of
polymerase chain reactio (PCR) product from the target sequence in
comparison to that from the β-actin gene with HIF-1α or scrambled
siRNA under normoxia or hypoxia. N, normoxia; H, hypoxia. (c) The
protein expressions of HGFA in pancreatic cancer cells transfected with
HIF-1α or scrambled siRNA under normoxia or hypoxia were analyzed
by Western blotting. H, hypoxia; N, normoxia.
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50 nM diminished the elevated expression of the HGFA mRNA
level under hypoxia in comparison to the scrambled siRNA
(control). In addition, at the protein level, the hypoxic induction
of 96 kDa-sized HGFA protein was suppressed by HIF-1α
transfection in a dose-dependent manner (Fig. 2c).

HGF processing under hypoxia. To evaluate whether or not the
processing of HGF polypeptide was affected by the HGFA
expression in PK8, the MRC5 CM was incubated with PK8 CM
at 37°C and subjected to a Western blot analysis (Fig. 3). Pro-HGF
(94 kDa) was highly converted to the mature HGF (62 kDa) in
CM from PK8 exposed under hypoxia, in comparison to the CM
under normoxia. Furthermore, the acceleration of the HGF
processing under hypoxia was significantly inhibited when HIF-
1α or HGFA siRNA was transfected into the PK8 cells (Fig. 3).

Expression and phosphorylation of c-Met protein under
hypoxia. The next experiments investigated whether the activation
of c-Met, a cognate receptor for HGF, is influenced by knockdown
of HGFA as well as HIF-1α. Figure 4 showed c-Met, phos-
phorylated c-Met (p-Tyr), expressions in Western blot analysis
(Fig. 4a) and the expression level of these two proteins, which
were normalized by β-actin (Fig. 4b). Hypoxic stimulation
augmented the expression as well as the phosphorylation of
c-Met in PK8 cells (lane 2 in Fig. 4a,b). Elevated expression of
c-Met protein under hypoxia was decreased by the transfection
of HIF-1α siRNA in comparison to scrambled siRNA (control)
(lanes 3,4 in Fig. 4a,b). The transfection of HGFA siRNA had
little effect on the expression of c-Met protein. However, the
elevated phosphorylation of c-Met protein under hypoxia
decreased after the transfection of HGFA siRNA in comparison
to scrambled siRNA (control) (lanes 5,6 in Fig. 4a,b).

Invasive activity of PK8 cells under hypoxia was inhibited by
HIF-1a or HGFA siRNA. The invasive activity of PK8 cells
significantly increased under hypoxic conditions in comparison
to that in normoxia (lanes 1, 4, 7, and 10 in Fig. 5). The
transfection of HIF-1α siRNA did not affect the invasive activity
of PK8 cells under normoxia (lanes 2,3 in Fig. 5). In contrast,
transfection of HIF-1α siRNA resulted in the significant
suppression of the invasive activity of PK8 cells under hypoxia
in comparison to the cells transfected with scrambled siRNA
(control) (lanes 5,6 in Fig. 5). HGFA siRNA suppressed the
invasive activity of PK8 cells under normoxia; however, the
difference was not statistically significant (P = 0.102) (lanes 8,9
in Fig. 5). Moreover, the transfection of HGFA siRNA under
hypoxia also led to the significant inhibition of the invasion of
PK8 cells in comparison to the cells transfected with scrambled
siRNA (control) (lanes 11,12 in Fig. 5).

Fig. 5. The invasive ability of pancreatic cancer cells PK8, transfected
with hypoxia inducible factor-1 alpha (HIF-1α), hepatocyte growth
factor activator (HGFA), or scrambled siRNA, and then analyzed by an
in vitro invasion assay. Data are presented as mean ± SD of the triplicate
measurements. H, hypoxia; HPF, high power field; N, normoxia; NS, not
significant; *P < 0.05.

Fig. 3. Hepatocyte growth factor (HGF) processing in MRC5 conditioned
medium mixed with normoxic or hypoxic PK8 conditioned medium,
which were transfected with hypoxia inducible factor-1 alpha (HIF-1α),
hepatocyte growth factor activator (HGFA), or scrambled siRNA. CM,
conditioned medium; H, hypoxia; N, normoxia.

Fig. 4. (a) The expression and tyrosine phosphorylation of c-Met
protein in pancreatic cancer cells PK8, transfected with hypoxia
inducible factor-1 alpha (HIF-1α), hepatocyte growth factor activator
(HGFA), or scrambled siRNA, for comparison under normoxia and hypoxia.
The β-actin protein levels were used as an internal marker. CM,
conditioned medium; H, hypoxia; IB, immunoblotting; N, normoxia.
(b) Band intensities of c-Met or p-Tyr Met observed in (a) were
quantitatively assessed by LAS3000 and normalized by that of β-actin.
The expression level of c-Met and p-Tyr Met was demonstrated in the
histogram.
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Increased promoter activity of the HGFA gene under hypoxia.
To examine the promoter activity of HGFA, the 5′-flanking
region of the human HGFA gene was cloned and connected
upstream to the luciferase plasmid. Based on a homology
search, there are two putative HIF-1α binding sites (the core
consensus sequence is ‘ACGTG’). Two reporter plasmids were
constructed, where the P2 reporter plasmid has the two putative
HIF-1α binding sites (A, B), and the P1 reporter plasmid has
only one site (B; Fig. 6a). Hypoxic stimulation significantly
increased the relative luciferase activity in both P1 and P2
reporters to the same degree (Fig. 6b). In addition, the
cotransfection of the P1 plasmid along with the HIF-1α
expression plasmid resulted in the significant elevation of the
promoter activity from P1 in comparison to the empty pcDNA3.1
vector (Fig. 6c).

HGFA induction under hypoxia in other pancreatic cancer
cells. To investigate whether or not the increased HGFA expression
under hypoxia is observed in other pancreatic cancer cells,

RT-PCR analysis of HGFA was performed in PK1 and KP4 cells.
As shown in Figure 7, HGFA expression under hypoxia was
elevated with time dependency.

Discussion

Pancreatic cancer is a solid tumor in which the hypoxic
microenvironment plays a crucial role in tumor progression.(19)

In addition, the characteristic abundant stroma is reported to
contribute to the malignant behavior of this cancer.(22) Our previous
study revealed that the aggressively invasive features of pancreatic
cancer are caused by tumor–stromal interactions under hypoxia
through the binding of HGF (from MRC-5) to c-Met (on PK8),
thereby leading to the highly invasive character and the poor
outcome of this cancer.(21,22) The conversion from pro-HGF to
mature HGF is an essential step in such tumor tissue and HGF
possess multiple biological functions. To date, several proteinases
have been thought to be essential in the activation of HGF,
such as HGFA, factor XIIa, matriptase, and urokinase-type
plasminogen activator. Among these factors, HGFA is reported
to exhibit the most potent activity in the processing of pro-
HGF to mature HGF.(24,25) The present study hypothesized
that the hypoxic environment might affect HGFA expression in
pancreatic cancer cells and activate the HGF/c-Met pathway
through increased mature HGF production.

The initial experiments examined whether hypoxia affects
HGFA gene expression in the pancreatic cancer cell line PK8.
The HGFA mRNA and protein expression both significantly
increased under hypoxia, and the transfection of HIF-1α siRNA
suppressed elevated HGFA expression under hypoxia. These
findings indicated that increased HGFA expression under hypoxia
depended on HIF-1α expression. HGFA is activated by proteolysis,
leading to a 66 kDa long chain and 32 kDa light chain.(26) The
light chain at N terminus exhibits the enzymatic activity and the
long chain is further cleaved by proteases. The present study
revealed 96 kDa of pro-HGFA but not a 32 kDa light chain in
Western blot analysis. The goat polyclonal HGFA antibody used
in this study recognizes the epitope between 370 and 655 amino
acids at C terminal region of pro-HGFA. Thus the light chain at
32 kDa might not be detectable by a Western blot analysis. On
the other hand, matriptase, which is one of the activators of
HGF, has been also reported in the expression in several
tumors.(27,28) Ihara et al. showed that matriptase might contribute
to tumor progression by the remodeling of the extracellular
matrix.(29) However, current studies reveal no difference in its
expression between under normoxia and hypoxia (data not
shown).

In HGF processing, it has been revealed that the siRNA
against HIF-1α and HGFA repressed the conversion of pro-HGF
to mature HGF in PK8 cells under hypoxia (Fig. 3). These
results indicate that HGFA in PK8 cells is induced by HIF-1α
under hypoxia and the increased HGFA expression acceler-
ates the processing of HGF polypeptide. Our previous report

Fig. 6. (a) The luciferase (Luc) reporter plasmids harboring two (P2) or
one putative hypoxia inducible factor-1 alpha (HIF-1α) binding site (P1).
(b) PK8 cells were transfected with pGL3-basic vector alone (control), or
P1 or P2 plasmids under normoxia and hypoxia. Luciferase activities
were normalized to β-galactosidase activities and shown as mean ± SD
of the triplicate measurements. H, hypoxia; N, normoxia. (c) PK8 cells
were transfected by the P1 plasmid along with the HIF-1α expression
vector or pcDNA3.1 vector under normoxia and hypoxia. The each
value of luciferase activity was determined relative to the normoxic
controls without the HIF-1α expression vector and pcDNA3.1 vector,
which was set equal to 1. H, hypoxia; N, normoxia.

Fig. 7. Expression of hepatocyte growth factor activator (HGFA) mRNA
was estimated by reverse transcription–polymerase chain reaction using
pancreatic cancer cell lines PK-1 and KP-4 under hypoxic stimulation.
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demonstrated that hypoxic stimulation elevated not only c-Met,
but also matrix metalloproteinase-2 (MMP2), MMP7, and
MT1-MMP expression in PK8 cells, whereas the hypoxia
increased HGF secretion from MRC-5.(21) It was further revealed
that the MMP2 activity depended on HGF/c-Met signaling, because
the removal of HGF from MRC-5CM caused the reduction in
not only c-Met phosphorylation, but also the enzyme activity of
MMP2. These findings demonstrated that tumor–stromal cell
interaction under hypoxia increases the invasiveness of PK8
through HGF/c-Met signaling, which is connected to MMP

activation. In the present study, knockdown of HIF-1α expression
by siRNA transfection resulted in decrease of c-Met expression
and its phosphorylation (Fig. 4), thus indicating HIF-1α-
dependent induction of c-Met under hypoxia. Currently, one
recent report suggests that HIF-1α directly regulates c-Met
expression in trophoblasts, which supports the present data.(30)

Furthermore, the knockdown of HGFA in PK8 cells under
hypoxia caused the attenuation in c-Met phosphorylation, but
had no effect on the expression (Fig. 4). This result indicated
that the unsuccessful HGF processing, which originated from
the suppressed HGFA expression, lowered the activated c-Met.
As shown in Figure 5, HIF-1α knockdown significantly reduced
the invasiveness of PK8 cells under hypoxic conditions. This
suggests that c-Met as well as HGFA expression was reduced by
HIF-1α siRNA transfection, thus leading to both insufficient
processing of HGF and a decrease in the c-Met expression.
Through this mechanism, HIF-1α siRNA possibly suppressed
the invasion of PK-8 cells under hypoxia. However, the blockade
at the HGF processing by HGFA knockdown also inhibited the
invasion under hypoxia to the same degree in comparison to the
HIF-1α knockdown. This indicates that the blockade at the HGF
processing step by HGFA knockdown might therefore be capable
of completely inhibiting HGF/c-Met signaling.

Finally, this study investigated whether or not HIF-1α directly
acts on the HGFA promoter using a luciferase reporter system.
According to the homology search, there are 2 putative hypoxia
response elements (5′-RCGTG-3′) within 2000 bp upstream of
the transcription initiation site. A promoter reporter assay revealed
that the luciferase activity from P1 plasmid, which contains one
HRE (B), was approximately three-fold increased under hypoxia
in comparison to normoxia. The relative luciferase activity in
PK8 cells under normoxia as well as hypoxia was almost same
between P1 and P2 plasmids (Fig. 6). These results demon-
strated that the 5′-flanking region in the P1 plasmid in which
HRE (B) is included is essential to induce HGFA expression
under hypoxic stimulation. As shown in Figure 6c, the ectopic
HIF-1α expression in PK8 augmented the luciferase activity
under normoxia as well as hypoxia. This result further indicated
that HIF-1α directly acted on the promoter region, possibly
mediated through HRE (B) in the P1 plasmid. Although the
experiments did not demonstrate that HIF-1α binds to HRE (B),
they did show that HGFA is transcriptionally up-regulated by
HIF-1α in PK8 cells under hypoxic exposure. Hypoxic stimulation
elevated HGFA expression in other pancreatic cancer cell lines
PK1 and KP4 (Fig. 7). This result indicates that the HGFA
induction in hypoxia is a common event in human pancreatic
cancer cells, and is not restricted to PK8 cells.

In conclusion, the present study clearly showed that HGFA
expression is induced by HIF-1α under hypoxia in pancreatic
cancer cell PK-8 and thus plays an important role in the processing
of HGF, which is originally secreted from fibroblast MRC-5.
The hypoxic region exists in pancreatic cancer tissue. Under this
microenvironment, the three components of HGF, HGFA, and
c-Met might be activated through cancer fibroblast cell interaction
and strongly accelerate the invasion activity of this malignancy
(Fig. 8). Some drugs abrogating the HGF/HGFA/c–Met interaction
or targeting HIF-1α could be used to overcome pancreatic cancer
cells that are highly invasive in character.
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