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Excess glucose induces hypoxia-inducible
factor-1a in pancreatic cancer cells and stimulates
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Pancreatic cancer patients frequently show hyperglycemia, but it is uncertain whether hyperglycemia stimulates
pancreatic cancer cells. We have investigated whether excess glucose induces hypoxia-inducible factor-1a (HIF-1cx)
and stimulates glucose metabolism and cell migration in pancreatic cancer cells. We studied wild-type (wt) MiaPaCa2
pancreatic cancer cells and a MiaPaCa2 subline (namely si-MiaPaCa2) that had HIF-1a-specific small interfering RNA. Wt-
MiaPaCa2 cells are known to be HIF-1a-positive in hypoxia and HIF-1a-negative in normoxia, whereas si-MiaPaCaz2 cells
are devoid of HIF-1a in both normoxia and hypoxia. We incubated these cells with different amounts of glucose and
determined HIF-1l« mRNA and protein by real-time polymerase chain reaction and western blotting. We determined
glucose consumption, lactate production and intracellular hexokinase-Il and ATP to assess glucose metabolisms and
determined pyruvate dehydrogenase kinase-1, reactive oxygen species and fumarate to assess mitochondrial activities.
Further, we studied cell migration using a Boyden chamber. Excess glucose (16.7-22.2 mM) increased HIF-1a in hypoxic
wt-MiaPaCa2 cells. HIF-1a expression increased ATP contents and inhibited mitochondrial activities. Extracellular glucose
and hypoxia stimulated glucose metabolisms independent of HIF-1a. Excess glucose stimulated the migration of wt-
and si-MiaPaCaz2 cells in both normoxia and hypoxia. Thus, glucose stimulated cell migration independent of HIF-1c.
Nevertheless, hypoxic wt-MiaPaCa2 cells showed greater migrating ability than their si-MiaPaCa2 counterparts. We
conclude that (1) excess glucose increases HIF-1a and ATP in hypoxic wt-MiaPaCa2 cells, (2) extracellular glucose and
hypoxia regulate glucose metabolisms independent of HIF-1a and (3) glucose stimulates cell migration by mechanisms

that are both dependent on HIF-1a and independent of it.

Introduction

Hypoxia-inducible factor-1 (HIF-1) is a heterodimeric (at/f3)
transcription factor.! In normoxia, HIF-1a is hydroxylated at two
prolyl residues and degraded in proteosomes.? Thus, mammalian
cells normally contain HIF-1$3 but not HIF-lat. When cells are
subjected to hypoxia, HIF-1a is saved and forms HIF-1 together
with HIF-1B. HIF-1 upregulates its target genes whose products
include glucose transporters, glycolytic enzymes (e.g., hexoki-
nase),’ and the enzymes that inhibit oxidative phosphorylation
(OXPHOS) in the mitochondria (e.g., pyruvate dehydrogenase
kinase-1, PDK-1).*> Thus, when normal cells are subjected to
hypoxia, they switch their primary pathway of energy produc-
tion from OXPHOS to glycolysis. In addition, the OXPHOS-to-
glycolysis switch is also seen in cancer cells. The phenomenon in
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cancer cells was first described by Otto Warburg and is known as
the Warburg effect.® Mechanisms underlying the Warburg effect
are unclear and may involve cancer-induced HIF-1a.”
Intra-tumoral hypoxia is common in malignant tumors.®
When cancer cells are exposed to hypoxia, HIF-la stability is
increased, so that HIF-1a is accumulated and HIF-1 target genes
are upregulated.” Two intracellular signaling cascades regulate
HIF-la expression, one involving phosphatidylinositol 3-kinase
(PI-3K) and the other involving mitogen-activated protein
kinase." In cancer cells, these cascades may be deregulated so that
HIF-la production is increased. When HIF-la-production rate
surpasses HIF-la-degradation rate, HIF-1a is accumulated.'
Reactive oxygen species (ROS) are primarily produced in the
mitochondria during OXPHOS and are also produced in the
cytosol.!! Normal amounts of ROS are a physiological regulator,
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Figure 1. Wt-MiaPaCa2 (A) and si-MiaPaCa2 (B) pancreatic cancer

cells were incubated with different amounts of glucose in normoxia or
hypoxia for 4 h. HIF-la. mRNA contents were determined by real-time
polymerase chain reaction. n = 9. *p < 0.05, **p < 0.01 and ***p < 0.001.

but excessive ROS subject cells to stresses. Cancer cells usually
require increased amounts of ROS for their biology.”? However,
the amounts of ROS may be regulated by cancer-induced HIF-1at.

Increased extracellular glucose in diabetes regulates HIF-1a
expression in benign cells."*!* Pancreatic cancer is frequently
associated with diabetes,” so hyperglycemia in pancreatic can-
cer patients may stimulate HIF-la in pancreatic cancer cells.
We undertook the present study to test this hypothesis, primar-
ily using wild-type (wt) MiaPaCa2 pancreatic cancer cells and
a MiaPaCa2 subline (namely si-MiaPaCa2) that had HIF-la-
specific small interfering RNA. WeMiaPaCa2 cells are known
to be HIF-la-positive in hypoxia and HIF-la-negative in nor-
moxia. As a result of RNA interference (RNAI), HIF-la protein
is not detectable by western blotting in si-MiaPaCa2 cells even
after the cells are incubated in hypoxic conditions.'®

Results
HIF-1a expression in studied cells. HIF-la is a master regu-

lator of cancer-cell aggressiveness. We hypothesized that hyper-
glycemia in pancreatic cancer patients may stimulate HIF-1a in
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Figure 2. (A and B) Wt-MiaPaCa2 (A), si-MiaPaCa2 (A), BxPC-3 (B)

and Panc-1 (B) pancreatic cancer cells were incubated with different
amounts of glucose in hypoxia or normoxia for 6 h. HIF-1a was deter-
mined by western blotting, using GAPDH, Topo1 and B-actin as loading
controls. When necessary, hypoxic wt-MiaPaCa2 cells were used as a
positive control (PC). (C) Wt-MiaPaCa2 cells were incubated in hypoxia
for 6 h, using media with 5.6, 16.7 and 22.2 mM glucose. Then, the cells
were incubated in normoxia for 0, 5 or 10 min using the same media.

Afterwards, HIF-1a was determined by western blotting.

pancreatic cancer cells and increase cancer-cell aggressiveness. To
test this hypothesis, we determined the effect of excess glucose
on HIF-la expression in pancreatic cancer cells in vitro. Excess
glucose increased HIF-la mRNA in both normoxic and hypoxic
wt-MiaPaCa2 cells (Fig. 1A). In normoxia, HIF-la. mRNA
contents in si-MiaPaCa2 cells with 5.6 mM glucose equaled
to ~40% of control value seen in wt-MiaPaCa2 cells (Fig. 1B).
Increased extracellular glucose did not increase HIF-la mRNA
in si-MiaPaCa2 cells (Fig. 1B). In hypoxic wt-MiaPaCa2 cells,
HIF-1la protein was expressed in the presence of 5.6 mM glucose.
The HIF-la protein expression appeared to be increased when
extracellular glucose was increased to a range of hyperglycemia
(Fig. 2A). We digitalized HIF-1at expression from 12 western
blotting assays and compared the results, using data from hypoxic
wt-MiaPaCa2 cells with 5.6 mM glucose as a baseline (100%).
HIF-la protein was increased insignificantly (120 + 11%, p >
0.05) when hypoxic wt-MiaPaCa2 cells were incubated with 11.1
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Figure 3. (A) HIF-1¢, PI-3K and HK-Il were determined by western blot-
ting in wt-MiaPaCaz2 cells after 0-6 h hypoxic incubation. Topo1 and
B-actin were used as loading controls. (B) Wt-MiaPaCa2 cells were incu-
bated in hypoxia for 6 h, using culture media that contained 16.7 mM
glucose in the absence or presence of LY294002 (LY, 25 wM). HIF-1ae was
determined by western blotting. (C) Wt-MiaPaCaz2 cells underwent 6 h
hypoxic incubation with different amounts of glucose. The p85 subunit
of PI-3K was determined by western blotting. (D) Wt-MiaPaCa2 cells
were incubated with different amounts of glucose in hypoxia or nor-
moxia. Phospho-Akt was determined by western blotting, using GAPDH
as a loading control.

mM glucose. However, HIF-la protein was increased signifi-
cantly when extracellular glucose concentration was increased to
16.7 mM (202 + 27%, p < 0.01) and 22.2 mM (210 = 34%, p <
0.01). The levels of HIF-1a expression induced by 16.7 mM and
22.2 mM glucose were also higher than those seen in hypoxic wt-
MiaPaCa2 cells with 11.1 mM glucose (p < 0.01). In normoxia,
HIF-la protein was not detectable in wt-MiaPaCa2 (Fig. 2A)
and si-MiaPaCa2 cells (data not shown). HIF-la remained
undetectable after si-MiaPaCa2 cells were incubated in hypoxia
for 6 h (Fig. 2A).

To investigate whether extracellular glucose increased HIF-1a
expression in other pancreatic cancer cells, we determined HIF-1a
protein in BxPc-3 and Panc-1 cells after they were cultured in
hypoxia for 6 h. Excess glucose (16.7 mM) stimulated HIF-1a
in both cell lines (Fig. 2B). To investigate whether excess glu-
cose inhibited HIF-la degradation, we incubated wt-MiaPaCa2
cells in hypoxia for 6 h using culture media with 5.6, 16.7 and
22.2 mM glucose. Then, the cells were incubated in normoxia
for 0, 5 or 10 min using the same media. Back in normoxia, wt-
MiaPaCa2 cells with the different amounts of glucose showed
similar rates of HIF-la degradation (Fig. 2C). Thus, extracel-
lular glucose did not regulate HIF-1la degradation in normoxic
wt-MiaPaCa2 cells.
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Figure 4. Wt-MiaPaCa2 (wt) and si-MiaPaCaz2 (si) cells were incubated
with different amounts of glucose for 6 h in normoxia or hypoxia. HK-II
was determined by western blotting, using 3-actin as a loading control.

PI-3K and Akt regulate growth factor-induced HIF-1at expres-
sion.'” Whether they also regulated glucose-induced HIF-la
expression was unclear. We performed a set of experiments to
address this question (Fig. 3). First of all, we studied PI-3K,
HIF-la and hexokinase-II (HK-II) expression in wt-MiaPaCa2
cells after 3 or 6 h hypoxic incubation, using normoxic wt-Mia-
PaCa2 cells as controls. Hypoxia induced HIF-1a expression in a
time-dependent manner in association with an increase in PI-3K
and HK-IT expression (Fig. 3A). When hypoxic wt-MiaPaCa2
cells were incubated with LY294002, the PI-3K inhibitor attenu-
ated glucose-induced HIF-low expression (Fig. 3B). Further,
extracellular glucose stimulated PI-3K expression in hypoxic wt-
MiaPaCa?2 cells (Fig. 3C). We digitalized PI-3K-expression data
from 8 experiments, using data from cells with 5.6 mM glucose
as controls. PI-3K expression in hypoxic wt-MiaPaCa2 cells with
16.7 and 22.2 mM glucose equaled to 151 + 7% (p < 0.001) and
163 + 9% (p < 0.001) of the control value. Akt is downstream of
PI-3K in the intracellular signaling for HIF-1a expression. In the
present experiments, we found that increased glucose augmented
phospho-Akt (p-Akt) in both hypoxia and normoxia (Fig. 3D).

Glucose metabolisms and ATP contents in different
MiaPaCa2 cells. We exposed wt- and si-MiaPaCa2 cells to dif-
ferent amounts of glucose in hypoxia or normoxia and examined
their glucose metabolisms and ATP contents. When data from
the different cells were compared with each other, we were able to
see whether hypoxia, glucose and HIF-1a cooperated with each
other to regulate glucose metabolisms and energy homeostasis.

Hexokinase (e.g., HK-II) phosphorylates glucose to pro-
duce glucose-6-phosphate. This product subsequently goes
through glycolysis, OXPHOS or pentose phosphate pathways.'”'®
Intermediate metabolites from these pathways may also serve
as substrates in anabolic metabolisms."?° Thus, hexokinase is
involved in almost all glucose metabolisms. In the present study,
increased extracellular glucose stimulated HK-II expression in
all three cell types examined, namely normoxic wt-MiaPaCa2
(HIF-la-negative), hypoxic wtMiaPaCa2 (HIF-la-positive)
and hypoxic si-MiaPaCa2 (devoid of HIF-1a as a result of RNA1)
(Fig. 4). These suggest that glucose induced HK-II expression
independent of hypoxia and HIF-la.. In hypoxia, extracellular
glucose induced greater HK-II expression in wt-MiaPaCa2 cells
than in si-MiaPaCa2 cells (Fig. 4). So, glucose also induced HK-I1
expression by a mechanism that was dependent on HIF-1a.

To assess glucose consumption and glycolysis, we incubated
wt- and si-MiaPaCa2 cells in normoxia and hypoxia separately.
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Figure 5. Normoxic wt- and si-MiaPaCa2 cells (norm-wt&si), hypoxic
wt-MiaPaCaz2 cells (hypo-wt) and hypoxic si-MiaPaCa2 cells (hypo-si)
were incubated for 6 h in KH buffers with different amounts of glucose.
Glucose and lactate were determined in removed buffers.

(A) Glucose consumption (hmol/ug of protein) denotes the differences
between glucose concentrations in fresh buffers and those in used
buffers. (B) Lactate production (nmol/jg of protein) denotes lactate
concentrations in used buffers. (C) Glycolysis-induced glucose
consumption was calculated using the formula: lactate production +
glucose consumption + 2 x 100. (D) Intracellular ATP was determined,
using data from normoxic cells with 2.8 mM glucose as a baseline
(100%). Data in panels (A-C) are derived from = 13 experiments

and those in panel (D) from 9 experiments. *p < 0.05, **p < 0.01 and
***p < 0.001. Capital letters in panels (B and C) indicate significant
differences between the values of indicated hypoxic cells and those

of the normoxic cells that were treated with the same glucose
concentrations; (A) (p < 0.05), (B) (p < 0.01) and (C) (p < 0.001).

Krebs-Henseleit (KH) buffers with different amounts of glucose
were used as culturing media. After incubation, we determined
glucose and lactate in removed media. First of all, we found that
data from normoxic wt- and si-MiaPaCa2 cells were essentially
identical to each other, which was consistent with the finding that
both wt- and si-MiaPaCa2 cells were devoid of HIF-1a protein
in normoxia. Thus, data from normoxic wt- and si-MiaPaCa2
cells were shown in the same groups in Figure 5 (the left panels).
In normoxia, MiaPaCa2 cells with 16.7 mM glucose had greater
glucose consumption than those with 2.8-11.1 mM glucose
(Fig. 5A). Similarly, hypoxic wt- and si-MiaPaCa2 cells with
16.7 mM glucose had greater glucose consumption than those
with 2.8 mM glucose (Fig. 5A). When glucose consumption was
compared in different MiaPaCa2 cells that were treated with
the same glucose concentrations, no significant differences were
found (Fig. 5A). These results suggest that extracellular glucose
increased glucose consumption independent of hypoxia and
HIF-1a.

Lactate accumulation in culture media was an index of glycol-
ysis levels in studied cells. When this parameter was examined,
tendencies were seen for increased extracellular glucose to stimu-
late glycolysis (Fig. 5B). However, the tendencies were not sig-
nificant statistically. When lactate accumulation was compared
in different types of MiaPaCa2 cells, hypoxic wt-MiaPaCa2 and
si-MiaPaCa2 cells showed greater values than normoxic cells
(Fig. 5B). Of note, the hypoxia-induced glycolysis was seen in
both wt- and si-MiaPaCa2 cells in all glucose concentrations.
Thus, the hypoxia-induced glycolysis was independent of both
extracellular glucose and intracellular HIF-1a.

Glycolysis-induced glucose consumption was another index of
glycolysis that showed the levels of glycolysis relative to other glu-
cose metabolisms (i.e., relative levels of glycolysis). In normoxic
cells with 2.8-5.6 mM glucose, ~60% of glucose consumption
was attributed to glycolysis. When extracellular glucose was
increased to 16.7 mM, relative levels of glycolysis were decreased
significantly in normoxic MiaPaCa2 cells (Fig. 5C). In contrast,
relative levels of glycolysis were not decreased significantly when
hypoxic wt- and si-MiaPaCa2 cells were challenged with excess
glucose (Fig. 5C). When relative levels of glycolysis were com-
pared in different MiaPaCa2 cells that were incubated with the
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same glucose concentrations, hypoxic wt- and si-MiaPaCa2 cells
showed higher glycolysis levels than normoxic cells (Fig. 5C,
p < 0.05-0.01).

Excess glucose decreased ATP in normoxic MiaPaCa2 cells
(Fig. 5D). When ATP contents were compared in different
MiaPaCa?2 cells that were treated with the same glucose concen-
trations, hypoxic wt-MiaPaCa2 cells (HIF-1a-positive) had more
ATP than the other MiaPaCa?2 cells that were devoid of HIF-1a
(Fig. 5D).
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Figure 6. Wt-MiaPaCa2 cells were incubated with different amounts

of glucose in normoxia or hypoxia for 6 h. (A) PDK-1 was determined

by western blotting, using GAPDH as a loading control. (B) ROS were
determined by flow cytometry. n = 9. *p < 0.05 and ***p < 0.001. (C) Hy-
poxic wt-MiaPaCa2 cells were incubated in the absence or presence of
diphenyleneiodonium (DPI, 10 wM). HIF-1ae was determined by western
blotting.

Taken together, when MiaPaCa2 cells were challenged with
excess glucose in normoxia, glucose may stimulate energy-
consuming metabolisms (e.g., anabolic metabolisms) more
than energy-producing metabolisms, so the cells showed both
increased glucose consumption and decreased AT contents.
On the other hand, when MiaPaCa2 cells were challenged with
excess glucose in hypoxia, increased glucose consumption was
mainly attributed to an increase in glycolysis. Thus, normoxic
and hypoxic MiaPaCa2 cells had similar glucose consumption
and, at the same time, also had different levels of glycolysis.

PDK-1, ROS and fumarate in different MiaPaCa2 cells.
PDK-1, whose expression is regulated by HIF-la,*> inhibits
mitochondrial activities. We-MiaPaCa2 cells had more PDK-1
in hypoxia than in normoxia (Fig. 6A). We digitalized PDK-1
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Table 1. Fumarate in different MiaPaCa2 cells
Cell types Fumarate (nmol/million cells)
16.7 mM glucose (n)
309+ 2.5 (16)*
20.2 +3.3(10)

32.8+£29 (1)*

5.6 mM glucose (n)
29.0 £ 2.5 (16)*
18.9+ 2.3 (10)
31.6 £2.3 (11)*

normoxic wt-MiaPaCa2
hypoxic si-MiaPaCa2
hypoxic wt-MiaPaCa2

*p < 0.05 between indicated cells and hypoxic si-MiaPaCa2 cells with the
same glucose concentrations.

data in hypoxic wt-MiaPaCa2 cells, using data from cells with
2.8 mM glucose as a baseline (100%). Wt-MiaPaCa2 cells
with 16.7 mM glucose had more PDK-1 (114.2 + 3.5%, n = 8,
p < 0.01) than those with 2.8 and 5.6 mM glucose. When ROS
were quantified in wt-MiaPaCa2 cells, increased extracellular
glucose decreased ROS in both normoxia and hypoxia (Fig. 6B).
Hypoxic wt-MiaPaCa2 cells with 5.6 mM glucose had more
ROS than their normoxic counterparts, whereas hypoxic wt-
MiaPaCa2 cells with 16.7 mM glucose had less ROS than their
normoxic counterparts (Fig. 6B). Thus, excess glucose decreased
ROS to greater extents in hypoxia, than it did in normoxia.

Excess glucose increased HIF-la and decreased ROS in the
same wt-MiaPaCa2 cells. The results appear to be in contrast to a
previous finding that suggests that ROS support HIF-1aw expres-
sion.! Although excess glucose decreased ROS in MiaPaCa2
cells, the remaining ROS may be sufficient to support HIF-1a
expression. If so, HIF-la expression may be attenuated when
hypoxic we-MiaPaCa2 cells were incubated with an ROS inhibi-
tor. To test this, we incubated hypoxic wt-MiaPaCa2 cells in the
absence or presence of diphenyleneiodonium (DPI). Indeed, the
ROS inhibitor attenuated HIF-1a expression (Fig. 6C).

Fumarate is an intermediate metabolite in the citric acid cycle.
It frequently increases in cancer cells and contributes to cancer-
induced HIF-1a..?> HIF-1a induces PDK-1 expression and inhib-
its the first part of the citric acid cycle.*> We hypothesized that
HIF-1a also inhibits mitochondrial metabolisms that are distal
to fumarate and thus increases fumarate. In that case, HIF-1a
and fumarate may form a feed-forward cycle to support cancer
cells. To test this possibility, we determined fumarate in the pres-
ent study. As a result, hypoxic si-MiaPaCa?2 cells had less fuma-
rate than normoxic wt-MiaPaCa2 cells (Table 1). This suggests
that hypoxia inhibited pyruvate influx into the mitochondria
and thus decreased mitochondrial metabolites. In contrast, wt-
MiaPaCa2 cells had similar fumarate contents in hypoxia and
normoxia (Table 1). So, hypoxia no longer decreased fumarate
when HIF-la was expressed. This result is in keeping with our
hypothesis that HIF-1a increases fumarate. When excess glucose
(16.7 mM) increased HIF-la in hypoxic wt-MiaPaCa2 cells,
fumarate was not increased further (Table 1). It suggests that
basal HIF-la expression already increased fumarate to such an
extent that increased HIF-la cannot augment the metabolite
further.

Cell motility. To assess cell migration, we incubated wt- and si-
MiaPaCa2 cells in normoxic or hypoxic conditions for 16 h, using
a Boyden chamber that contained a porous membrane. Cells that
went through the membrane were counted in a light microscope.
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Increased extracellular glucose stimulated cell migration in both
normoxia and hypoxia. In normoxia, glucose-induced stimula-
tion was similar between wt- and si-MiaPaCa2 cells (Fig. 7A). In
hypoxia, more wt-MiaPaCa2 cells went through the membrane
than their si-MiaPaCa2 counterparts (Fig. 7B).

Discussion

In the present study, normoxic we-MiaPaCa2 cells did not con-
tain HIF-1aw protein even when their HIF-la. mRNA contents
were increased by extracellular glucose. This suggests that HIF-
la-production rates were still slower than HIF-lo-degradation
rate in the normoxic cells. At protein level, HIF-1at was expressed
by wtMiaPaCa2 cells in hypoxia but not normoxia, which is
consistent with the knowledge that hypoxia inhibits HIF-la
degradation. Importantly, increased extracellular glucose stimu-
lated HIF-1aw protein expression in hypoxic wt-MiaPaCa2 cells.
Because excess glucose also increased HIF-1ae mRNA in the same
cells, glucose-induced HIF-1a expression may involve an increase
in HIF-1a production. In keeping with this notion, excess glu-
cose also increased PI-3K and p-Akt in we-MiaPaCa2 cells.

In a previous study, Kwon and Lee incubated MiaPaCa?2 cells
in hypoxia (0.1-1% O,) for 8 h using media containing 0-25 mM
glucose.” When extracellular glucose was increased in a range
of hypoglycemia, HIF-1ow expression was stimulated markedly.
However, HIF-1la was not increased further when extracellular
glucose was increased to hyperglycemic levels.® It is unclear why
hyperglycemic levels of glucose stimulated HIF-1a expression in
the present study but not the previous one. Hypoxic incubations
used in these studies differed in length (6 vs. 8 h) and in oxy-
gen concentrations (1 vs. 0.1-1%), and these differences might
diversify HIF-la expression. In addition, glucose concentra-
tions in pre-incubating media may influence subsequent HIF-1at
expression. In the present study, the pre-incubating medium had
5.6 mM glucose. However, the corresponding information for
the previous study was unknown.

Hypoxic conditions increased glycolysis in MiaPaCa2 cells
independent of extracellular glucose. The result suggests that
when MiaPaCa2 cells were in hypoxia, intracellular glucose was
mainly used for glycolysis. Because hypoxia-induced glycolysis
was seen in both wt- and si-MiaPaCa2 cells, this effect was also
independent of HIF-1a.. Other intracellular regulators of glucose
metabolisms, such as Akt and ¢-Myc, may regulate the hypoxia-
induced glycolysis.*

Hypoxic wt-MiaPaCa2 cells had more ATP than the
MiaPaCa2 cells that were devoid of HIF-la protein. This sug-
gests that HIF-la expression improved energy homeostasis in
MiaPaCa2 cells. It is unclear why HIF-1a increased ATP with-
out increasing glucose consumption and glycolysis. However, the
present results are comparable to a previous study.? In that study,
wild-type HEPA-1 hepatoma cells and c4 HEPA-1 cells deficient
in HIF-1 were grown as tumor grafts in nude mice. Although lac-
tate contents were similar in wild-type tumors and c4 tumors, the
former tumors (HIF-1-positive) had more ATP than the latter.”
The authors showed evidence suggesting that the effect of HIF-1
on ATP may result from an increase in glycine formation.”
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Figure 7. Wt- and si-MiaPaCa2 cells were placed in a Boyden chamber
(with a porous membrane) and incubated in normoxia (A) or hypoxia
(B) for 16 h. Cells found on the opposite side of the membrane were
counted. Each experimental condition was tested in > 25 wells at differ-
ent time points. *p < 0.05, **p < 0.01 and ***p < 0.001. Capital letters in
panel (B) indicate significant differences between indicated si-MiaPa-
Ca2 cells and their wt-MiaPaCa2 counterparts; (A) (p < 0.05), (B) (p <
0.01) and (C) (p < 0.001).

In the present study, glucose-induced HIF-la stimulated
both PDK-1 expression and ROS reduction in MiaPaCa2 cells.
These suggest that HIF-1a inhibited mitochondrial activities. In
addition, the finding that hypoxic we-MiaPaCa2 cells had more
fumarate than si-MiaPaCa2 cells is another piece of evidence
that suggests that HIF-la targeted mitochondrial activities in
MiaPaCa?2 cells.

Increased extracellular glucose stimulated the migration of
wt- and si-MiaPaCa2 cells in both normoxia and hypoxia. This
being the case, glucose-induced cell migration was independent
of HIF-la. In hypoxia, however, wtMiaPaCa2 cells showed
greater migrating ability than si-MiaPaCa2 cells. Thus, glucose
also stimulated cell migration by a mechanism that was depen-
dent on HIF-la.. Given that HIF-1a increased ATP in hypoxic
wt-MiaPaCa2 cells, the improvement in energy homeostasis
may be responsible for increased migration seen in the HIF-la-
positive MiaPaCa2 cells.

Pancreatic cancer is frequently associated with diabetes.”
Mechanisms underlying the cancer-associated diabetes are
unclear. As a possible mechanism, unrestrained glycolysis in
pancreatic cancer cells may increase energy output in the tumor
carrier, disrupt whole-body nutrient homeostasis and induce dia-
betes.' The present results suggest that hyperglycemia in pan-
creatic cancer may in return increase HIF-la expression and cell
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aggressiveness in pancreatic cancer cells. Thus, energy homeosta-
sis in pancreatic cancer cells may interplay with nutrient homeo-
stasis in the tumor carrier.'®

In summary, we have demonstrated that excess glucose stimu-
lates HIF-1a expression, increases ATP contents and stimulates
migration in MiaPaCa2 pancreatic cancer cells. In addition,
extracellular glucose and hypoxia may regulate glucose metabo-
lisms and cell migration independent of HIF-lo. More studies
are required to clarify the effects of glucose and hypoxia on pan-

creatic cancer cells.
Materials and Methods

Cell incubation. Wt-MiaPaCa2, BxPC-3 and Panc-1 cells
were bought from the European Collection of Cell Cultures.
Si-MiaPaCa2 cells were prepared as described elsewhere.'® All
cells were cultured at 37°C in 95% air and 5% CO, (normoxia),
using serum-containing (10%) Dulbecco’s modified Eagle’s
media (DMEM) with 5.6 mM glucose (Invitrogen, 12320).
When cells were 80% confluent, experimental incubation was set
up, using DMEM (Invitrogen, 11966, originally glucose-free) or
KH buffers supplemented with known amounts of glucose. Cells
were incubated in normoxia or hypoxia (1% O,, 5% CO, and
94% N,)." In hypoxic incubation, O, and CO, concentrations
were determined using a gas meter (Dansensor).

Real-time polymerase chain reaction (PCR) and western
blotting. Wt- and si-MiaPaCa2 cells were prepared in 6-well
plates. After 4-h experimental incubation, HIF-laa mRNA was
determined in a TagMan duplex real-time PCR, using 18S
rRNA as an internal control.’® When HIF-1a protein was deter-
mined, pancreatic cancer cells were prepared in Petri dishes.
During experimental incubation, cells were cultured in hypoxia
or normoxia for 6 h, using DMEM with different amounts of
glucose. In some experiments, culturing media also contained
LY294002 (Calbiochem) or DPI (Sigma). Whole-cell proteins
were prepared, using RIPA cell lysis buffer (Amresco). In some
experiments, nuclear and cytosolic proteins were extracted sepa-
rately.”® HIF-1a was determined either in nuclear protein using a
monoclonal antiserum (BD Biosciences, 610958) or in whole-cell
protein using a polyclonal antiserum (Novus, 100-449). HK-II,
PI-3K, p-Akt and PDK-1 were determined in whole-cell or cyto-
solic proteins, using antisera from Santa Cruz Biotechnology
(6521), Upstate (06-195), Cell Signaling (9271) and Assay
Design (Kap-PK112). GAPDH, Topo-1 and B-actin were deter-
mined as loading controls. Secondary antisera were produced
by Amersham (NA931 and NA934) and Chemicom (AP106D).
Each target protein was assayed for 3—12 times. Results were
documented in an image analysis system (ChemiDoc XRS, Bio-
Rad) and digitalized using the software of Image].
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Glucose consumption, glycolysis and ATP contents in
different MiaPaCa2 cells. Cells were incubated for 6 h in KH
buffers with different amounts of glucose. Cellular protein
contents were determined using a BCA assay kit. Glucose and
lactate were determined in removed buffers, using a biochemical
analyzer (YSI model 2700). Measured glucose concentrations
were checked against original glucose concentrations, and
the differences denoted glucose consumption by cells. Fresh
KH buffers had no lactate, so lactate contents in used buffers
indicated lactate-production rates in cells (hence glycolysis levels
in the cells). Original data of glucose consumption and lactate
production were normalized with cellular protein contents
(nmol/pg). Should glucose consumption be totally induced
by glycolysis, the molar ratio of lactate production to glucose
consumption would be 2. We used the following formula to
calculate the percentage of glucose consumption that was induced
by glycolysis: lactate production (nmol) + glucose consumption
(nmol) + 2 x 100. Intracellular ATP was determined using a kit
(K554) from BioVision.

ROS and fumarate in different MiaPaCa2 cells.
WeMiaPaCa2 cells were prepared in 6-well plates for an ROS
assay. During experimental incubation, cells were incubated
in DMEM with different amounts of glucose. The incuba-
tion was conducted in either normoxia or hypoxia for 6 h. In
the last 30 min, a fluorescent probe namely CM-H2DCFDA
(Molecular Probes) was added at a final concentration of 5 WM.
Fluorescence was measured in a flow cytometer, using the wave-
lengths of 480 nm and 525 nm for excitation and emission. In
a fumarate assay, wt- and si-MiaPaCa2 cells were incubated
with 5.6 or 16.7 mM glucose in normoxia or hypoxia for 6 h.
Intracellular fumarate was determined using a fumarate kit
(BioVision, K633).

Migrating abilities in different MiaPaCa2 cells. A porous
membrane (pore diameter = 12 pm, Poretics) was coated with
fibronectin on both sides and put between the upper and lower
compartments of a 48-well Boyden chamber (Neuro Probe). Wt-
and si-MiaPaCa2 cells were suspended in DMEM and placed in
upper wells (5 x 10 per well). Media in lower wells contained
insulin-like growth factor-I (50 ng/ml). The chamber was incu-
bated in normoxia or hypoxia for 16 h. Cells found on the oppo-
site side of the membrane were counted in a microscope.

Statistics. Data are means + SEM. When three or more
groups were involved, results were analyzed using analysis of
variance and the Bonferroni posttest. When fewer groups were
involved, the Student’s t-test was used. p < 0.05 was considered
significant.
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