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Endocrine glands-derived vascular endothelial growth factor (EG-VEGF, also termed as Prok1)—a novel
cytokine that selectively acts on the endothelial cells of endocrine glands—was recently reported to be
involved in the regulation of tumor cell growth and survival. However, its roles in the regulation of pan-
creatic cancer progression remain unclear. In this report, we investigated the suppressive effects of
EG-VEGF on pancreatic cancer cell apoptosis and the relevant mechanisms. By using reverse-transcrip-

géy‘\’/"ggd:" tase polymerase chain reaction (RT-PCR) we found that the Mia PaCa II cells of the pancreatic cancer cell
- . line express the mRNAs of both EG-VEGF (Prok1) and its receptors. EG-VEGF protects pancreatic cancer

Pancreatic cancer . . . . . . N

Apoptosis cells from apoptosis through upregulation of myeloid cell leukemia-1 (Mcl-1), an anti-apoptotic protein

of the bcl-2 family. Treatment of pancreatic cancer cells with EG-VEGF results in the rapid phosphoryla-
tion of mitogen-activated protein kinase (MAPK), STAT3, and AKT, which are involved in the upregulation
of Mcl-1 expression. EG-VEGF (Prok1) protects Mia PaCa II cells from apoptosis through G protein-cou-
pled receptor (GPR)-induced activation of multiple signal pathways, and hence can be a novel target
for pancreatic cancer therapy.

Signal pathway

© 2009 Elsevier Inc. All rights reserved.

Introduction

Pancreatic cancer is the fourth leading cause of cancer-related
mortality; approximately 200,000 people are diagnosed with pan-
creatic cancer each year throughout the world [1,2]. One of the
well-known biochemical features of the pancreatic cancer cells is
their resistance to apoptosis induced by various stimuli [3,4]. Thus,
elucidation of the resistance mechanism of the pancreatic cancer
cells to apoptosis can help in developing novel therapeutic strate-
gies for the treatment of pancreatic cancer. Cytokine signals play
important roles in the regulation of tumor cell apoptosis. LeCouter
et al. [5] recently cloned an endocrine gland-derived vascular
endothelial growth factor (EG-VEGF) encoding 305 amino acids.
EG-VEGF exhibits high homology (80%) with a nontoxic protein
purified from the venom of black mamba snakes, but low homol-
ogy with the vascular endothelial growth factor (VEGF) [5].
EG-VEGF expression is high in steroidogenic tissues, including
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those of the pancreas, ovary, testis, adrenal gland, and placenta
[5-9]. It is moderately expressed in nonsteroidogenic tissues such
as the liver and colon, and in immune cells and inflamed human
tissues [10-13]. EG-VEGF (Prok1) is a member of a novel family
of secreted peptides, which includes Prok1 and Prok2, with multi-
ple regulatory functions. EG-VEGF (Prok1) serves as a survival fac-
tor by modulating cell growth and survival, promoting
angiogenesis [14], and regulating the contraction of gastrointesti-
nal smooth muscle [15]. It promotes angiogenesis possibly through
autocrine or paracrine mechanisms [12,16]. EG-VEGF expression
has been identified in the human pancreatic gland and pancreatic
cancer cells [9]; however, its effects on pancreatic cells are still un-
clear. The aim of this study is to investigate whether the aberrant
EG-VEGF (Prok1) signaling pathways are involved in the resistance
of pancreatic cancer cells to apoptosis and to elucidate the relevant
mechanisms.

Materials and methods

Cells and culture conditions. The human pancreatic cancer cell
line Mia PaCa Il was purchased from the American Type Culture
Collection. The cells were grown in Dulbecco’s Modified Eagle
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Medium (DMEM; Cell Grow-Mediatech, Herndon, VA) containing
10% fetal bovine serum. The medium was supplemented with
2 mmol/L glutamine and 100 U/mL penicillin/streptomycin. Cell
cultures were maintained under 5% CO, atmosphere at 37 °C.

Antibodies and reagents. EG-VEGF (Prok1) was purchased from
Peprotech Inc. (Rocky Hill, New Jersey); anti-phospho-p44/
42MAPK (where MAPK means mitogen-activated protein kinase),
anti-p44/42MAPK antibody kit from Cell Signaling Technology
(Beverly, MA); AKT (phospho-Ser473) antibody and STAT3 (phos-
pho-Tyr705) antibody from Signalway Antibody (SAB); anti-hu-
man actin from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA);
rabbit anti-human myeloid cell leukemia-1 (Mcl-1) antibody from
R&D Systems, Inc. (Minneapolis, MN); PD98059, AG490, and
Wortmannin from Calbiochem (San Diego, CA, USA); and pertus-
sis toxin (PTX) from Biomol (Nottingham, UK). PD98059, AG490,
Wortmannin, and PTX were completely dissolved in dimethylsulf-
oxide (DMSO) and used in experiments. Trizol Reagent was ob-
tained from Invitrogen, Life Technologies (Grand Island, NY) and
protein assay reagent was from Bio-Rad Laboratories (Hercules,
CA).

Reverse transcription-polymerase chain reaction (RT-PCR). The to-
tal RNA was obtained using the Trizol method (Invitrogen Life
Technologies) according to the manufacture’s protocol. RNA was
reverse transcribed using Reverse Transcriptase M-MLV(TaKaRa
Biotechnology) and random primers were synthesized using the
Takara Taq (Takara Bio) polymerase/buffer system. The sequences
of PCR primers used for EG-VEGF were as follows: 5'-TGTGAGCGGG
ATGTCCAGTGGGG-3' (sense) and 5'-CTAAAAATTGATGTTCTTCAAG
TCCATGG-3’ (antisense). B-Actin cDNA was used as the internal ref-
erence. After an initial denaturation step, 30 PCR cycles were per-
formed (94 °C for 30s, 54 °C for 1 min, and 72 °C for 1 min). PCR
products were electrophoresed on 1% agarose gels and analyzed
by ethidium bromide staining. The lengths of the EG-VEFG and -
actin bands were 215- and 307-bp, respectively.

Apoptosis assay. Apoptosis was measured using annexin-V/fluo-
rescein isothiocyanate (FITC) apoptosis detection kit from BD
PharMingen (San Jose, CA) and DAPI (4,6-diamidino-2-phenylin-
dole) staining kit. About 0.3 x 10° cells were seeded in each well
in the six-well plate. The cells were grown for 24 h in DMEM with-
out fetal bovine serum, and without or with EG-VEGF (100 ng/mL).
Both adherent and floating cells were collected, washed twice with
cold phosphate-buffered saline (PBS), and resuspended in cold an-
nexin-V binding buffer at a concentration of 1 x 107 cells/mL. Pro-
pidium iodide (PI) staining was performed to identify dead cells.
Analysis was performed on a FACSCalibur flow cytometer (Becton

Dickinson, San Jose, CA) using the Cell Quest software (Becton
Dickinson).

The cells were seeded on the slides and treated as mentioned
before. The slides were first washed with DAPI working buffer
once, and subsequently, 0.5 mL of working buffer was added. The
slides were then incubated at 37 °C for 30 min, rinsed once with
methanol, and treated with buffer A. The morphology of the apop-
totic cells stained with DAPI, annexin-V, and PI was analyzed by
fluorescence microscopy.

Western blotting. Western blotting was preformed to analyze
the levels of the phosphorylated and total forms of p44/42MAPK,
AKT, STAT3, actin, and Mcl-1. The cells were washed with cold
PBS and suspended in a lysis buffer (20Mm Tris (pH 8.0),
150 mM NacCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA containing
1 mM phenylmethylsulfonyl fluoride, 40 mM glycerophosphate,
125 uM Na3VO,4, 50 mM NaF, 2 pg/mL eupeptin, 2 pg/mL aprotinin,
2 pg/mL pepstatin, and 1 mM dithiothreitol). Next, 30 pg of protein
lysates were electrophoresed on a 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel and then transferred to a Hybond-P
polyvinylidene difluoride membrane. The blots were probed with
specific antibodies for the abovementioned proteins and analyzed
by enhanced chemiluminescence methods. It should be deter-
mined wherever the total cellular levels of phosphorylated or total
p44/42MAPK, AKT, STAT3, actin, and Mcl-1 can be detected or not.
The exposure time was minimized to avoid the saturation effects of
these proteins due to their high abundance in the cells.

Results
EG-VEGF (Prok1) expression in Mia PaCa II cells

The expression levels of EG-VEGF mRNA in the Mia Paca II cells
were determined using RT-PCR (Fig. 1A).

EG-VEGF (Prok1) protects Mia PaCa II cells from apoptosis

The Mia PaCa I cells were starved for 24 h, stained using annex-
in-V/PI (double-staining) and DAPI, and the cell morphology was
analyzed by fluorescence microscopy. As shown in Fig. 1B and C,
the apoptotic pancreatic cancer cells were identified by fluores-
cence microscopy; in the case of the cells that were serum-de-
prived, 27.74% were positive for annexin-V/FITC staining,
whereas among the cells cultured in the presence of 100 ng/mL
EG-VEGF, only 13.21% cells were positive for annexin-V/FITC stain-
ing (Fig. 1D).
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Fig. 1. The protective effects of EG-VEGF on Mia PaCa Il cell apoptosis. (A) Expression of EG-VEGF in Mia PaCa II cells was analyzed by RT-PCR. B-Actin was used as the internal
reference. The morphology of apoptotic cells was determined by fluorescence microscopy by using DAPI and annexin-V/PI staining. (B) Staining of apoptotic cells with
annexin-V/PI. Unstained cells were classified as “live.” Cells stained green with annexin-V were in the early apoptotic phase. Cells stained red with PI were considered to be
dead. Cells stained with both annexin-V and PI were in the late apoptotic phase. (C) Staining of apoptotic cells with DAPL. The morphology of the cell nuclei was observed at an
excitation wavelength of 350 nm by using a fluorescence microscope. If the nuclei are stained bright and homogenously, the cells were considered to possess a normal
phenotype. If the chromatin at the periphery of the nuclear membrane appeared condensed or if the nuclear bodies exhibited a completely fragmented morphology, the cells
were considered apoptotic. (D) Apoptosis detection by fluorescence microscopy. The apoptotic rate of cells cultured in the absence of fetal bovine serum is 27.74%, while that
of the cells cultured in the presence of EG-VEGEF is significantly low (13.21%, p < 0.01). These data represent the average values derived from three independent experiments.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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EG-VEGF triggers phosphorylation of extracellular kinase, AKT, and
STAT3

We evaluated the phosphorylation of extracellular kinase (ERK),
AKT, and STAT3 by EG-VEGF in Mia PaCa II cells. Treatment of Mia
PaCa II cells with 100 ng/mL of EG-VEGF resulted in rapid phos-
phorylation of MAPK (indicated by labeled p42/44 MAPK in the fig-
ures), STAT3, and AKT. The phosphorylation signals were rapidly
trigged within 20 min after treatment and were dose-dependent
(Fig. 2A).

EG-VEGF upregulates Mcl-1 expression in Mia PaCa II cells

Mcl-1, which encodes an anti-apoptotic protein of the bcl-2 pro-
tein family, was originally identified as an early-induction gene
during the differentiation of myeloid leukemia cells. Mcl-1 plays a
crucial role in cell division and malignant tumor development; this
protein is over-expressed in a number of human malignancies,
including human pancreatic carcinomas [17-19]. Since EG-VEGF
demonstrated anti-apoptotic effects in Mia PaCa II cells, we subse-
quently investigated whether Mcl-1 is involved in EG-VEGF signal-
ing. Mia PaCa II cells were starved overnight in DMEM without
serum, and subsequently cultured in the absence or presence of
100 ng/mL of EG-VEGEF for different periods (0, 0.5, 1, 2, and 6 h).
The cultured cells were lysed and Mcl-1 expression was deter-
mined by Western blotting. The EG-VEGF-induced Mcl-1 upregula-
tion in Mia PaCa II cells was observed to be time- and dose-
dependent (Fig. 3A and B). Mcl-1 expression was transient, but
peaked at 1h post stimulation. Moreover, Mcl-1 expression was
upregulated in cells treated with 25 ng/mL of EG-VEGF and was
the highest in cells treated with 50 ng/mL of EG-VEGF. The EG-
VEGF-induced upregulation of Mcl-1 is dependent on G protein-
coupled receptor (GPR)-mediated MAPK, AKT, and STAT3 phos-
phorylation, which is inhibited by molecules that inhibit the GPR
inhibitor, such as PTX (Fig. 3C).

EG-VEGF protects Mia PaCa II cells from apoptosis through by
activation of multiple signals by GPR-induction

EG-VEGF protects the Mia PaCa Il cells from apoptosis; however,
the mechanism underlying this effect is still unclear. The roles of
GPR in the activation of multiple signal pathways were investi-
gated in this study. The cells were cultured overnight in DMEM
without serum. Subsequently, the cells were pretreated with either
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the control media (0.01% DMSO) or with PTX (200 ng/mL),
PD98059 (50 uM), AG490 (100 uM), or Wortmannin (10 pM) for
1h, and then cultured with 100 ng/mL of EG-VEGF for 24 h. The
cells were double stained with annexin-V/PI and the apoptotic cells
were identified by flow cytometry. The apoptotic rate of Mia PaCa
Il cells cultured for 38 h under serum deprivation was 49.04%. In
the presence of 100 ng/mL EG-VEGF, the apoptotic rate of Mia PaCa
Il cells was significantly less (35.21%). The apoptotic rate of the
cells pretreated with PTX, PD98059, AG490, and Wortmannin—
GPRs, MAPK, Stat3, and PI3K inhibitors, respectively—was noted
to be higher than that of the control group (p > 0.05). These results
indicated that protective effects of EG-VEGF on cells apoptosis are
mediated through GPR-induced signals (Fig. 4).

Discussion

Programmed cell death, or apoptosis, plays a pivotal role in cel-
lular homeostasis. Abnormal cells are eliminated by apoptosis;
however, cancer cells overcome growth constraints and develop
mechanisms to prevent apoptosis [4,20]. Autocrine growth factors
play important roles in the prevention of tumor cells apoptosis. EG-
VEGF is named so because of its unique and selective angiogenic
effect in the endocrine glands. It has been reported that EG-VEGF
promotes angiogenesis in the ovary and testis and induces the pro-
liferation and migration of endothelial cells derived from the adre-
nal gland. However, unlike vascular endothelial growth factor
(VEGF), EG-VEGEF is a highly specific angiogenic mitogen that spe-
cifically regulates the vascular endothelium of endocrine gland,
and has no effect on the endothelial cells derived from aorta,
umbilical vein, or cornea [5].

In this report, we demonstrate that the EG-VEGF mRNA is ex-
pressed in the Mia PaCa II cells and that EG-VEGF protected the
pancreatic cancer cells from apoptosis. Although the anti-apoptotic
effect of EG-VEGF in other tissues has been reported [14,21], the
mechanisms underlying this effect are poorly understood [22].
We also found that EG-VEGF can activate multiple signaling path-
ways by phosphorylating MAPK, phosphoinositide-3 kinase (PI3K),
and JAK/STAT3 in a dose-dependent manner. These EG-VEGF-in-
duced signal pathways also play important roles in the regulation
of human neuroblastoma cells and capillary endothelial cells of the
adrenal cortex [11,14,21]. Most importantly, EG-VEGF regulates
the abovementioned three signal pathways that are involved in
the apoptosis of pancreatic cancer cells and that are essential for
the pancreatic cancer survival [23].
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Fig. 2. Detection of phosphorylated MAPK, STAT3, and AKT by Western blotting. The cells were treated with different concentrations of EG-VEGF for 20 min and the cell
lysates were assessed for MAPK, STAT3, and AKT activation. EG-VEGF modulated the activation of MAPK, STAT3, and AKT signaling pathways. The same blot was stripped and
reprobed with antibody to MAPK, STAT3, and AKT, respectively, and used as a control of protein loading. The Western blot shown is a representative of at least three

independent experiments.
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Fig. 3. EG-VEGF triggers dose- and time-dependent Mcl-1 expression in Mia PaCa II cells. (A) Concentration-dependent upregulation of Mcl-1 expression by EG-VEGF in Mia
PaCa II cells. The cells were starved overnight in DMEM without serum, and subsequently cultured with various concentrations of EG-VEGF (0, 25, 50, 100, and 200 ng/mL);
Mcl-1 expression in Mia PaCa II cells was upregulated in a dose-dependent manner after 1 h stimulation with EG-VEGF. Mcl-1 expression was upregulated at EG-VEGF
concentration of 25 ng/mL and peaked at a concentration of 50 ng/mL. (B) EG-VEGF triggers time-dependent modulation of Mcl-1 expression in Mia PaCa II cells. Mia PaCa Il
cells were cultured overnight in DMEM without serum, and subsequently cultured with EG-VEGF (100 ng/mL) for different times (0, 0.5, 1, 2, and 6 h). Cells were lysed and
Mcl-1 expression was determined by Western blotting. p-Actin served as the loading control. The time course of Mcl-1 expression shows that EG-VEGF-induced upregulation
of Mcl-1 is transient and peaks at 1 h. B-Actin served as the loading control. (C) PD98059, AG490, Wortmannin, and PTX partly inhibited the EG-VEGF-induced upregulation of
Mcl-1 expression. Regulation of Mcl-1 expression was analyzed using inhibitors of the Ras/ERK, Jak/STAT3, and PI3K/AKT pathways and the GPR inhibitor (PTX). Mia PaCa I
cells were pretreated with either the control media (0.01% DMSO) or PTX (200 ng/mL), PD98059 (50 M), AG490 (100 uM), or Wortmannin (10 pM) for 1 h before treatment
with 100 ng/mL EG-VEGF. The cell lysates were obtained and Mcl-1 and actin expression was analyzed by Western blotting. The figure shows a representative of at least three
independent experiments. The signal densities were determined by densitometry and were expressed as relative to that of the control, which was arbitrarily normalized to 1.
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Fig. 4. The protective effect of EG-VEGF on apoptosis of pancreatic cancer cells can be inhibited by PTX and other inhibitors of the signal pathways. The cells were serum-
starved overnight, and pretreated with PTX (200 ng/mL), PD98059 (PD, 50 uM), AG490 (AG, 100 pM), and Wortmannin (WT, 10 pM) or control (0.01% DMSO) for 1 h. The cells
were washed with PBS and then cultured with or without 100 ng/mL EG-VEGF for 24 h. Apoptotic cells were identified by fluorescence microscopy. The data shown is from a
single experiment and is representative of three independent experiments. The apoptotic rate of control cells cultured in the absence of serum for 38 h is 43.03%, while that of
the cells cultured with EG-VEGEF is significantly low (35.64%, p < 0.01); the apoptosis rate of cells pretreated with PTX, PD98059, PD98059, and Wortmannin is 44.25%, 43.51%,
46.93%, and 46.71%, respectively. The data represents the average values derived from three independent experiments.

Mcl-1 is an anti-apoptotic protein of the Bcl-2 protein family—a including MAPK, PI3K, and JAK/STAT3-induced pathways, in a

well established family of proteins—which significantly affects
mitochondrial integrity, in that Mcl-1 influences the permeability
of the mitochondrial membrane. Thus, Mcl-1 is an attractive target
for novel gene therapy strategies in different carcinomas, including
pancreatic cancer [24]. The anti-apoptosis mechanism of the pan-
creatic cancer cells is very elusive. In this study, we found that
EG-VEGF functions as a survival cytokine in Mia PaCa II cells. EG-
VEGF upregulates Mcl-1 expression in a dose- and time-dependent
manner. Several signal pathways such as Ras/MAPK, PI3K/AKT, and
Jak/STAT3 were involved in the upregulation of Mcl-1 expression
[25]. We also investigated the roles of these signals in the
EG-VEGF-induced upregulation of Mcl-1 expression. The results
suggest that EG-VEGF activates the multiple signaling pathways,

dose-dependent manner. These three signaling pathways are in-
volved in the apoptosis of pancreatic cancer cells [26]. EG-VEGF-in-
duced Mcl-1 upregulation can partly be inhibited by specific
inhibitors such as PD98059 (MER1/2 inhibitor), AG490 (a putative
Jak2 inhibitor), and Wortmannin (PI3K inhibitor), indicating that
these three signal pathways are involved in the apoptosis of pan-
creatic cancer cells.

As a member of the prokineticin family of proteins, EG-VEGF
and its receptors (GPRs) influence many functions of different tis-
sues [27,28]. PKR1 and PKR2 are the two GPRs belonging to the
prokineticin family [8,29]. Although we have not identified which
receptor plays a more important role, PTX was observed to atten-
uate the anti-apoptosis effect and upregulate the Mcl-1 protein
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expression in Mia PaCa II cells. Thus, to enhance the anti-apoptotic
effect, EG-VEGF binds to the GPRs; triggers the activation of MAPK,
PI3K, and JAK/STAT3-PI3; and upregulates the expression of the
anti-apoptotic protein Mcl-1. In conclusion, the findings of our
study suggest that EG-VEGF protects the pancreatic cancer cells
from apoptosis via upregulation of Mcl-1 and that multiple signal
pathways are involved in this process. On the basis of these find-
ings, novel targets for pancreatic cancer therapy can be explored.
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