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Insulin and hypoxia-inducible factor-1 cooperate in
pancreatic cancer cells to increase cell viability
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Abstract. The aim of the present study was to investigate
whether interstitial insulin and cancer-induced hypoxia-induc-
ible factor-1 (HIF-1) cooperate in pancreatic cancer cells.
A population of 45 nude mice were divided into one intact
control group and six pancreatic tumor-carrier groups. Pancre-
atic tumors were generated using HIF-1-positive wild-type
MiaPaCa2 (wt-MiaPaCa2) pancreatic cancer cells in three
groups of carriers and MiaPaCa2 cells transfected with
small interfering RNA against HIF-1a (si-MiaPaCa2 cells)
in the other three carrier groups. To vary the intrapancreatic
insulin levels, tumor-carrying mice were subjected to one of
the following conditions: i) Untreated, ii) single injection of
the B-cell toxin streptozotosin prior to cancer cell transplanta-
tion and iii) daily injection of insulin following cancer cell
transplantation. After 12 weeks, tumor viability was assessed
by histological analysis. Western blotting of the tumor
grafts was performed to determine the protein expression
levels of insulin receptor (IR) and two downstream proteins,
hexokinase-IT (HK-II) and vascular endothelial growth factor
(VEGF). Histologically, the greatest viability was observed in
wt-MiaPaCa2 tumors with carriers that remained untreated.
These tumors also exhibited greater IR expression than their
si-MiaPaCa2 counterparts, indicating that HIF-1 is neces-
sary for basal expression of IR. However, IR expression was
increased in wt-MiaPaCa2 and si-MiaPaCa2 tumors when
the carriers were treated with exogenous insulin. This indi-
cates that the insulin-induced IR expression was independent
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of HIF-1. Notably, the insulin-induced IR expression was
associated with increased HK-II and VEGF expression in
wt-MiaPaCa2 tumors but not si-MiaPaC2 tumors. Therefore,
the present study proposes that insulin and HIF-1 may coop-
erate to increase pancreatic cancer cell viability. Furthermore,
the HIF-1 signaling pathway is required for insulin-induced
HK-IT and VEGF expression, as well as basal IR expression
levels in pancreatic cancer cells.

Introduction

Transcription factor hypoxia-inducible factor-1 (HIF-1) is
composed of o and (3 subunits (1). When mammalian cells
contain sufficient oxygen, HIF-1a is degraded by proteasomes.
Thus, under normal conditions, mammalian cells contain
HIF-14, but not HIF-1a (2). However, in hypoxic conditions,
HIF-1a stabilizes and associates with HIF-1p3. The resulting
HIF-1 complex regulates target genes that encode growth and
angiogenic factors, such as vascular endothelial growth factor
(VEGF), glycolysis enzymes [for example, hexokinase (HK)]
and glucose transporters (3). Therefore, HIF-1 expression
increases the viability of hypoxic cells and the rate of glycolysis.

Intratumoral hypoxia develops in malignant tumors,
including pancreatic cancer (4). A hypoxic environment
increases HIF-1a stability and induces its expression in cancer
cells (5,6). Subsequently, HIF-1a expression in cancer cells
leads to an increase in cell growth and migration, glycolytic
activity, and angiogenesis (3,7,8).

Healthy cells produce energy by oxidative phosphoryla-
tion (OXPHOS) in the mitochondria. However, OXPHOS is
inhibited in the majority of cancer cells, which instead derive
the preponderance of their energy from an increase in the rate
of glycolysis (9). Glycolysis is an inefficient method of cellular
energy production; therefore, cancer cells increase the expres-
sion levels of glucose transporters and glycolytic enzymes to
maintain a high rate of glycolysis (10). This is known as the
Warburg effect. HIF-1a makes a significant contribution to
the Warburg effect by enhancing the expression of glucose
transporters and glycolytic enzymes. Furthermore, HIF-1a
expression increases the growth, migration and angiogenesis
of cancer cells (3,7,8).

Endocrine and exocrine pancreatic tissues are separated
by a permeable membrane, thus, insulin secreted from
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endocrine f-cells diffuses into the pancreatic interstitium
at high concentrations (11). When pancreatic cancer occurs,
intrapancreatic insulin activates insulin receptors (IRs)
expressed on cancer cells, and induces cell growth, migra-
tion and angiogenesis (12-15). Notably, IR activation and
HIF-1a expression have the same effect on pancreatic cancer
cell growth, migration and angiogenesis. In consideration of
this, we hypothesize that the IR and HIF-1 signaling path-
ways interact with each other in pancreatic cancer cells.
In agreement with this hypothesis, intracellular kinases,
such as phosphoinositide 3-kinase, Akt and extracellular
signal-regulated kinases 1/2, are involved in the signaling
cascades that induce HIF-1a expression and those that follow
IR activation (6,12,13).

The present study investigated whether the insulin and
HIF-1 signaling pathways cooperate in pancreatic cancer
cells. Wild-type MiaPaCa2 cells (wt-MiaPaCa2) and
MiaPaCa2 cells transfected with small interfering RNA
against HIF-1a (si-MiaPaCa2) were orthotopically trans-
planted into separate nude mice. In our previous studies, it was
demonstrated that wt-MiaPaCa2 cells expressed HIF-1a when
cultured in vitro under hypoxic conditions and when grown
as tumor grafts in nude mice. By contrast, si-MiaPaCa2 cells
did not express HIF-1a in the aforementioned conditions (7).
The present study varied intrapancreatic insulin levels
in tumor-carrying mice under the following conditions:
i) Untreated (mice,,); ii) single injection of the f-cell toxin
streptozotosin (SZ) prior to cancer cell transplantation
(mice,,) and iii) daily injection of insulin following cancer
cell transplantation (mice;,). By altering levels of insulin in
these mice, the current study aimed to investigate possible
cooperation between interstitial insulin and cancer-induced
HIF-1 expression.

Materials and methods

Animalexperiments. Thewt-MiaPaCa2 pancreaticcancercells
were purchased from the American Type Culture Collection
(Rockville, MD, USA). The si-MiaPaCa?2 cell line was created
in our previous study (7),and the growth, glycolysis and migra-
tion of the two cell types were characterized in our previous
studies (7,16,17). Mice were handled following the principles of
laboratory animal care described by the National Institutes of
Health (grantsl.nih.gov/grants/olaw/references/phspol.htm).
Following acclimation, 45 male nude mice (age, 5 weeks;
weight, 23+5 g; Taconic, Ry, Denmark) were randomly desig-
nated to one intact control group and six tumor carrier groups
(Table I). The control mice (mice., n=5) were left untreated,
the wt-MiaPaCa2 cells were orthotopically transplanted into
three groups of nude mice (mice,,_,,, n=6; mice;, ., n=7; and
mice,, ., n=7) and the si-MiaPaCa2 cells were orthotopically
transplanted into the remaining three groups of nude mice
(mice,, , n=6; mice;,;, n=7; and mice,, ;, n=7), as previ-
ously described (7). All tumor carriers were subjected to one
of the following three conditions: i) Mice,,_,, and mice,,_;
were untreated; ii) following cancer cell transplantation,
50 mU insulin (Novo Nordisk, Bagsvaerd, Denmark) was
subcutaneously (s.c.) injected into mice;, ,, and mice;, ; once
a day; and iii) one day prior to cancer-cell transplantation,
SZ (cat no. S0130; Sigma Aldrich, St. Louis, MO, USA) was
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Table I. Groups of nude mice (n=7).

Groups n Transplanted cells Treatment®

mice,,, 5 None NA

mice,, 6 wt-MiaPaCa2 None

mice;, 7 wt-MiaPaCa2 Insulin injection
following cancer
induction

mice,, . 7 wt-MiaPaCa2 SZ injection prior to
cancer induction

mice,, 6 si-MiaPaCa2 None

mice;, ; 7 si-MiaPaCa2 Insulin injection
following cancer
induction

mice, 7 si-MiaPaCa2 SZ injection prior to

cancer induction

“In addition to cancer induction. Ctr, control; un, untreated;
wt, wild-type; in, insulin; sz, streptozosin; si, small interfering RNA.

s.c. injected into mice,, ,, and mice,,_; at a dose of 50 mg/kg.
This dose was derived from a pilot study wherein different
doses of SZ (20-240 mg/kg) were administered to nude mice
carrying wt-MiaPaCa2 cells. The aim of the pilot study was to
determine the maximum possible dose of SZ that allowed the
tumor carriers to survive for 12 weeks. Notably, the selected
SZ dose (50 mg/kg) was considerably smaller than that used
to induce diabetes in normal nude mice (240 mg/kg) (18).
In addition, all 45 mice survived treatment. The mice were
sacrificed under anesthesia (50 mg pentobarbital/kg, intra-
peritoneally), and the chest and abdomen were opened by
incision. The heart was punctured using a needle (gauge #18)
connected to a syringe. Blood was collected in the syringe,
and the plasma was separated. Furthermore, healthy pancreas
and tumor biopsies were obtained, and stored at -80°C.

Assays. Insulin and c-peptide were extracted from
tumor-free pancreatic tissue using acid ethanol, as previ-
ously described (19). Pancreatic insulin and c-peptide
concentrations were determined using radioimmunoassay
kits (Linco Research Inc., St. Charles, MO, USA). Plasma
insulin and c-peptide concentrations were determined
using the same kits, however, plasma glucose and lactate
were measured in a biochemical analyzer (2700; YSI, Inc.,
Yellow Springs, OH, USA). Cryosections were prepared
from the tumor biopsies (8-pxm thick) using a microtome
cryostat (CM1950; Leica Microsystems GmbH, Wetzlar,
Germany). Subsequently, apoptosis was stained by terminal
deoxynucleotidyl transferase dUTP nick end labeling using
an ApopTag® kit (EMD Millipore, Temecula, CA, USA) (20)
and the sections were counterstained with hematoxylin.
Microscopic morphology was captured region-by-region
with a DM4000B microscope (Leica Microsystems GmbH)
using a charge-coupled device camera (DFC500; Leica
Camera AG). Images were merged using Leica Application
Suite software version 3.8 (Leica Microsystems GmbH) and
a global view was reconstituted for each section. Western
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Figure 1. Nude mice (n=45) were designated to mice,, and six pancreatic tumor carrier groups. In three groups (mice,,_,,, mice;,., and mice,,.,), pan-
creatic tumors were composed of wt-MiaPaCa2 pancreatic cancer cells. In the other carriers (mice,, ; mice;,; and mice,, ;), tumors were composed of
hypoxia-inducible factor-1-negative si-MiaPaCaz2 cells. Mice,,_,, and mice,, ; were otherwise untreated. For mice,, ., and mice,, ;, sz (50 mg/kg) was injected
prior to cancer induction. For mice;, ., and mice;, ¢, in (50 mU) was injected daily following cancer induction. Pancreatic concentrations of (A) in and (B) c-pep
were determined, and the results were normalized to the weight of the samples (in mg). Plasma samples were analyzed for (C) in, (D) c-pep, (E) glucose and
(F) lactate concentrations levels. Error bars indicate the standard error of the mean. "P<0.05 vs. mice,,. Ctr, control; un, untreated; wt, wild-type; in, insulin;

sz, streptozosin; si, small interfering RNA; c-pep, c-peptide.
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Figure 2. Weight of tumor grafts in six groups of mice transplanted with
HIF-1 positive wild-type or HIF-1 small interfering RNA MiaPaCa2 pancre-
atic cancer cells. Error bars indicate the standard error of the mean. "P<0.05,
“"P<0.001. HIF-1, hypoxia-inducible factor-1; SZ, streptozosin.

blotting was used to determine the protein expression levels
of IR, HK-II, and VEGEF in the tumor grafts (7,16,17,20).
Briefly, whole-cell protein was extracted following homog-
enization of the tumor grafts. Proteins were separated on
an 8% SDS gel and transferred to polyvinylidene difluoride
membranes. The membranes were then incubated overnight

at 4°C with monoclonal mouse anti-human IR-f (1:1,000;
cat no. 69508; Abcam, Cambridge, UK), monoclonal mouse
anti-human VEGF (1:1,000; cat no. 555036; BD Pharmingen,
San Diego, CA, USA) and polyclonal goat anti-human
HK-IT (1:1,000; cat no. 6521; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) primary antibodies. After rinsing,
membranes were incubated with the appropriate horse-
radish peroxidase-conjugated secondary antibodies [sheep
anti-mouse IgG (1:2,000; cat no. NA931; GE Healthcare
Life Sciences, Chalfont, UK) and polyclonal rabbit anti-goat
IgG (1:2,000; cat no. AP106P; EMD Millipore)] for 1 h at
room temperature and treated with chemiluminescence
detection reagents. Specific blotting was recorded using an
image analysis system (ChemiDoc™ XRS System, Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Analyses were performed using SPSS
software version 17.0 (SPSS, Inc., Chicago, IL, USA). Data
are presented as the mean + standard error of the mean. When
three or more groups were involved, results were analyzed
using analysis of variance. However, when fewer than
three groups were involved, Student's t-test was performed.
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Figure 3. Apoptosis in tumor grafts of (A) mice,,.,, (B) mice,,,, (C) mice,,,, (D) mice,,, (E) mice,, ; and (F) mice;, ;. Tumor sections were stained by
terminal deoxynucleotidyl transferase dUTP nick end labeling, and hematoxylin staining. Apoptotic cells are stained in brown and indicated by arrows. The six
panels are representative of the six experimental groups. Scale bar, | mm. un, untreated; wt, wild-type; sz, streptozotosin; in, insulin; si, small interfering RNA.

in-si

un-wt  sz-wt

in-wt

Figure 4. Western blot indicating the expression of IR-f3, HK-II and VEGF
in tumors from different nude mice groups. 3-actin was used as the loading
control. IR-f, insulin receptor-fB; HK-II, hexokinase-I1I; VEGF, vascular
endothelial growth factor; un, untreated; wt, wild-type; sz, streptozotosin;
in, insulin; si, small interfering RNA.

un-si  sz-si

P<0.05 was considered to indicate a statistically significant
difference.

Results

Pancreatic insulin concentration significantly decreased in
five out of six groups of tumor carriers compared with the
mice,, (P<0.05; Fig. 1A). Furthermore, pancreatic c-peptide
concentration significantly decreased in mice,,, and
mice,, ; (P<0.05; Fig. 1B), and plasma insulin concentration
levels were significantly decreased in mice,, , and mice,, g
(P<0.05; Fig. 1C) compared with mice,,. No tumor carriers
exhibited significant changes in plasma c-peptide concen-
tration (Fig. 1D). However, plasma glucose concentration
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significantly decreased in mice;, ; (P<0.05; Fig. 1E), and plasma
lactate concentration significantly increased in mice,,.,, and
mice,, ,; (P<0.05; Fig. 1F) compared with mice,,,.

wt-MiaPaCa2 tumors from mice,,,, and mice,, ., were
heavier than their si-MiaPaCa2 counterparts from mice,, ; and
mice;, ; (P<0.001),as well as those from mice,, ., (P<0.05; Fig. 2).
However,nosignificantdifferencesintumorweight were observed
between the three groups of si-MiaPaCa2 tumors (Fig. 2). All
tumor sections contained apoptotic regions (Fig. 3). Tumors
from mice,, ,, exhibited the greatest cell viability, with only
small and sporadic necrotic regions (Fig. 3A). By contrast,
large, central necrosis was observed in wt-MiaPaCa2 tumors in
carriers treated with SZ. In this group, the large, central necrotic
regions were surrounded by smaller necrotic regions (Fig. 3B).
The third group of wt-MiaPaCa2 tumors from mice;, ., exhib-
ited a loose organization that appeared to be the result of chronic
cell death (Fig. 3C). Thus, wt-MiaPaCa2 tumors in carriers
treated with SZ or insulin exhibited poorer cell viability than
the wt-MiaPaCa?2 tumors in which the carriers were untreated.
This indicates that intact interstitial insulin concentration is
the most favorable condition for cancer cell survival. However,
examination of si-MiaPaCa2 tumors always revealed poor
cell viability. For example, tumors from mice,, ; were largely
composed of hollow regions (Fig. 3D). However, a high rate of
apoptosis was observed in tumors from mice,, , even in periph-
eral regions (Fig. 3E). Additionally, si-MiaPaCa2 tumors from
mice,, ; contained numerous apoptotic regions despite their
small size (Fig. 3F).

Protein expression analysis of IR and associated proteins
identified lower IR expression in si-MiaPaCa2 tumors from
mice,, ; than their wt-MiaPaCa2 counterparts (Fig. 4). This
indicates that HIF-1 is required for basal IR expression. Insulin
injections in mice,,,, and mice;, ; increased IR expression
levels in tumors from these carriers (Fig. 4). Thus, insulin
treatment markedly increased the expression of IR in cancer
cells, independent of HIF-1 expression. Although exogenous
insulin induced similar increases in IR expression in wt- and
si-MiaPaCa2 cancer cells in vivo, this effect was associ-
ated with increased HK-II and VEGF protein expression in
wt-MiaPaCa2 tumors but not si-MiaPaCa2 tumors (Fig. 4).
Thus, cancer-induced HIF-1 expression appears to be necessary
for insulin to increase HK-II and VEGF expression in the same
cancer cells.

Discussion

Carcinogen-induced pancreatic cancer is associated with a
decrease in the population of pancreatic $-cells in hamsters (21).
This raises the possibility that the presence of pancreatic
cancer may cause a decrease in pancreatic insulin production,
thus resulting in decreased levels of insulin in the pancreatic
interstitial fluid. In the present study, five out of six tumor
carrier groups exhibited a decrease in intrapancreatic insulin
concentration. Furthermore, a significant decrease in plasma
insulin was observed in the mice that were treated by the [3-cell
toxin SZ. Therefore, in addition to the tumor-induced decrease
in pancreatic insulin concentration, SZ treatment may further
decrease interstitial insulin levels in the pancreas.

The Warburg effect increases glucose consumption and
lactate production in cancer cells. Following the transport of
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cancer-induced lactate to the liver and its subsequent conver-
sion to glucose, it re-enters the bloodstream and can be returned
back to cancer cells. The glucose-lactate cycle increases
energy expenditure and causes cancer cachexia (22,23). In the
present study, certain tumor-carrying mice exhibited decreased
glucose levels and increased lactate levels in the plasma. These
results may be a consequence of increased glucose turnover in
the animals.

Tumors from mice,, ; exhibited lower levels of IR expres-
sion than their wild-type counterparts, indicating that the
HIF-1 signaling pathway is required for the maintenance
of basal IR levels in pancreatic cancer cells. Significantly,
IR expression was increased in tumors from insulin-treated
mice;, ,, and mice;, ;, thus, the insulin-induced IR expression
was independent of HIF-1 expression. However, an increase
in VEGF and HK-II protein expression levels, induced by
exogenous insulin, was only observed in tumors from mice;,
but not mice,, ;. This indicates that although insulin-induced
IR expression is independent of HIF-1, HIF-1 is still required
for insulin to increase HK-II and VEGF expression levels in
pancreatic cancer cells.

In the present study, nude mice were treated with SZ or
insulin in an attempt to alter insulin concentrations in the
pancreatic interstitium. The results indicate that SZ treat-
ment decreased interstitial insulin in the pancreas. Exogenous
insulin increased IR, HK-II and VEGF expression levels in
wt-MiaPaCa2 tumors carried by mice;, ., indicating that insulin
treatment may stimulate tumor cells in the pancreas. However,
wt-MiaPaCa2 tumors from mice,, ,,, weighed as much as those
from mice,, ., opposing the hypothesis that exogenous insulin
stimulated tumor cells in vivo. In addition, histological exami-
nation indicated that tumors from mice;, ,, had poor viability.
Considering that exogenous insulin may decrease insulin release
by negative feedback, the current data indicates that the ultimate
effect of exogenous insulin on pancreatic cancer cells may be
of an inhibitory nature. Notably, wt-MiaPaCa2 tumors from
mice,, ,, and mice,, ,,, were heavier than those from mice, .
This is consistent with the hypothesis that SZ reduces the stimu-
lation of interstitial insulin in pancreatic cancer cells. Finally,
tumors from mice,, ,, and mice;,, were heavier than their
si-MiaPaCa2 counterparts. This is in agreement with the results
of a previous study (7), which identified that the HIF-1 signaling
pathway is important for the growth of cancer cells. To the best
of our knowledge, the present study is the first to investigate
the effect of intra-pancreatic insulin on pancreatic cancer cells
in vivo. The results are consistent with those of previous in vitro
studies, which have demonstrated the stimulatory effects of
insulin on pancreatic cancer cells (14,15). Thus, antagonizing
the activity of intra-pancreatic insulin may contribute to the
inhibition of pancreatic cancer.

In conclusion, the present study demonstrated that paracrine
insulin and cancer-induced HIF-1 cooperate to provide pancre-
atic cancer cells with a survival advantage. However, additional
studies are required to elucidate the mechanisms underlying this
cooperation.
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