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Abstract. Pim-3, a proto-oncogene with serine/threonine 
kinase activity, is aberrantly expressed in malignant lesions, 
but not in normal pancreatic tissues. To assess the role of Pim-3 
in human pancreatic carcinogenesis in vivo and to determine 
the underlying Pim-3 signaling regulatory mechanisms, we 
established MiaPaca-2 cells overexpressing wild-type Pim-3 
or Pim-3 kinase dead mutants (K69M-Pim-3) as well as PCI55 
cells stably expressing Pim-3 shRNA or scrambled shRNA 
in a tetracycline-inducible manner. In addition, we conducted 
studies utilizing a nude mouse tumor xenograft model. Our 
results demonstrated that cells stably overexpressing wild-
type Pim-3 exhibited functionally enhanced phosphorylation 
of Bad at Ser112 and increased proliferation. In contrast, the 
stable inactivation of Pim-3 by K69M-Pim-3 or silencing of 
Pim-3 expression by Pim-3 shRNA resulted in functionally 
decreased phosphorylation of Bad at Ser112 and higher apop-
totic cells. Following subcutaneous injection of these stable 
cell lines, nude mice injected with Pim-3 overexpressing 
cells developed 100% subcutaneous tumors, together with 
increased PCNA-positive cells and enhanced intratumoral 
CD31-positive vascular areas. On the other hand, intratumoral 
neovascularization and tumor cell proliferation was attenuated 
in mice injected with Pim-3 kinase inactive cells, eventually 
reducing tumorigenicity in these mice to 46.6%. Moreover, 
Pim-3 overexpression upregulated the intratumoral levels of 
pSTAT3Try705, pSurvivinThr34, HGF, EGF, FGF-2 and VEGF, 
while the increases were markedly diminished on Pim-3 
kinase inactivation. Collectively, the Pim-3 kinase emerges 
as being involved in accelerating human pancreatic cancer 

development and in promoting tumor neovascularization and 
subsequent tumor growth. Targeting Pim-3 may play a dual 
role in halting tumor progression, by promoting tumor cell 
death and blocking angiogenesis.

Introduction

Pancreatic cancer is an aggressive malignancy, the fourth 
leading cause of cancer-related mortality in the United States, 
with ~44,980 new diagnoses and ~38,460 deaths predicted in 
2013 (1). Owing to pancreatic cancer characteristics, >80% of 
patients are diagnosed at an advanced stage, thereby losing the 
probability of surgical resection (2). Despite recent progress 
in chemotherapy, radiation therapy, and surgical resections, 
the overall survival rate of pancreatic cancer is still <5% (3), 
with a median survival between 3 and 6 months (4,5). Thus, 
molecular targeted therapy may be a suitable therapeutic 
option for human pancreatic cancer treatment.

Pancreatic tumors usually display a ductal, an acinar or 
an endocrine differentiation. Eighty percent of all pancreatic 
carcinomas are estimated as pancreatic ductal adenocarcinoma 
(PDAC) (6). The progression model of PDAC is associated with 
multiple genetic and epigenetic alterations that result in the 
deregulation of key proto-oncogenes, tumor-suppressor genes, 
and signaling pathways, including K-ras, p16, p53, BRCA2, 
Smad4, EGF/EGFR, c-MET/HGF pathway, Ras/Raf/MAPK 
pathway, PTEN/PI3K/AKT pathway, JAK/STAT pathway 
and Wnt signaling. However, roles of other proto-oncogenes 
and tumor suppressor genes in PDAC development remain 
elusive (7).

We previously identified Pim-3, a proto-oncogene with 
serine/threonine kinase activity, as the gene selectively 
expressed in human pancreatic cancer tissues, but not in the 
normal pancreas  (8). Pim-3 was originally identified as a 
depolarization-induced gene, KID-1, in PC12 cells, a rat pheo-
chromocytoma cell line (9). Subsequently, Deneen et al (10) 
demonstrated that Pim-3 gene transcription was enhanced 
in EWS/ETS-induced malignant transformation of NIH3T3 
cells, suggesting the involvement of Pim-3 in tumorigenesis. 
Consistently, we observed that Pim-3 expression was enhanced 
in malignant lesions, but not in normal tissues of human 
endoderm-derived organs, including the pancreas (8), liver 
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(11), colon (12) and stomach (13). Moreover, hepatocellular 
carcinoma development was accelerated in mice selectively 
expressing the Pim-3 transgene in the liver, when these mice 
were treated with a hepatocarcinogen (14). Furthermore, Pim-3 
can inactivate a proapoptotic molecule, Bad, and maintain the 
expression of an antiapoptotic molecule, Bcl-XL, and prevent 
apoptosis of human pancreatic cancer and colon cancer cells 
(8,12). In addition, we demonstrated that TCTP-mediated 
enhancement in Pim-3 protein stability can be involved in 
pancreatic carcinogenesis (15). Thus, Pim-3 is a key player in 
pancreatic tumorigenesis.

However, regulatory mechanisms of Pim-3 signaling 
networks in vivo are not well understood. In the present study, 
we discovered that the incidence of human pancreatic cancer 
was significantly decreased from 100% to 46.6% in nude mice 
subcutaneously injected with cells stably expressing the inac-
tive Pim-3 kinase (K69M-Pim-3) compared with mice injected 
with cells overexpressing wild-type Pim-3. Moreover, Pim-3 
kinase inactivation reduced the expression of several angio-
genesis factors, such as HGF, EGF, FGF-2, as well as VEGF, 
and subsequently prevented neovascularization of nude mice 
xenografts. These results suggested that Pim-3 kinase activity 
played a crucial role in accelerating human pancreatic cancer 
development and in promoting tumor neovascularization and 
subsequent tumor growth.

Materials and methods

Cell culture and reagents. Human pancreatic cancer cell lines, 
MiaPaca-2 (16) and PCI55 (17), were maintained in RPMI-
1640 (BioWest, Nuaillé, France) containing 10% fetal bovine 
serum (FBS; BioWest). Human embryonic kidney HEK293T 
cells were maintained in DMEM (Sigma) containing 5% FBS. 
All cells were cultured in 5% CO2 at 37˚C. The following mono-
clonal antibodies (mAbs) and polyclonal antibodies (pAbs) 
were commercially obtained: rabbit anti-Pim-3 mAbs, rabbit 
anti-phospho-Ser112 Bad pAbs, rabbit anti-phospho-Ser136 Bad 
pAbs, rabbit anti-phospho-Ser155 Bad pAbs, rabbit anti-STAT3 
mAbs, rabbit anti-survivin mAbs, rabbit anti-phospho-Ser34 
survivin mAbs, mouse anti-phospho-try705 STAT3 mAbs, 
and mouse anti-PCNA mAbs (Cell Signaling Technology, 
Beverly, MA, USA); rabbit anti-β-actin mAb (Sigma-Aldrich, 
St. Louis, MO, USA); mouse anti-Bad mAb and goat anti-
mouse HRP-IgG pAbs (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA); goat anti-rabbit HRP-IgG pAbs (Pierce 
Biotechnology, Rockford, IL, USA); rabbit anti-CD31 mAbs 
(Abcam, Cambridge, MA, USA).

Retroviral vector construction and retrovirus production. 
Full-length wild-type human Pim-3 cDNA and kinase-dead 
mutant human Pim-3 (K69M) cDNA were inserted into the 
PmaCI and HpaI sites of the pMEI-5 Neo retroviral expres-
sion vector. Retrovirus was produced by transfecting 293T 
cells with retroviral vectors using the Retrovirus Packaging 
Kit Ampho (Takara, Dalian, China), according to the 
manufacturer's instructions. Two days post-transfection, the 
virus-containing supernatant was collected, passed through 
0.45-µm syringe filters, and the virus titer was determined 
using the Retrovirus Titer Set (Takara) according to the manu-
facturer's instructions.

Establishment of Pim-3 and K69M-Pim-3 stable cell lines. 
Human pancreatic cancer cells, MiaPaca-2, as target cells 
were incubated with the retroviral supernatant for 24  h. 
Subsequently, the infected MiaPaca-2 cells were cultured in 
10% FBS-containing RPMI-1640 in the presence of 800 µg/ml 
G418 (Gibco) for 2-3 weeks. The surviving cells were isolated 
using cloning rings and analyzed for Pim-3 or K69M-Pim-3 
expression using western blotting. Cells with the highest 
expression levels of Pim-3 and K69M-Pim-3 were designated 
as MiaPaca-2-Pim-3 cells and MiaPaca-2-Pim-3K69M cells, 
respectively, and used for subsequent experiments.

Construction of tetracycline-inducible Pim-3 shRNA 
expression vectors. pSingle-tTS-Pim-3shRNA and pSingle-
tTS-scramble shRNA expression constructs were provided 
by Professor Naofumi Mukaida (Cancer Research Institute, 
Kanazawa University, Japan). In brief, the selected short inter-
fering RNA target sequence in Pim-3 (5'-GCACGUGGUG 
AAGGAGCGG-3' corresponding to 642-661 residues) and 
non-specific control short interfering RNA duplexes (5'-GCG 
CGCUUUGUAGGAUUCG-3') were designed as previously 
described (8), while small hairpin RNA (shRNA) encoding 
oligonucleotides were synthesized by Ambion (Austin, TX, 
USA). The annealed shRNA was inserted into the HindIII 
and XhoI sites of the pSingle-tTS-shRNA vector (Clontech 
Laboratories-Takara Bio Inc., Japan) and designated as 
pSingle-tTS-Pim-3shRNA and pSingle-tTS-scramble shRNA, 
respectively. The pSingle-tTS-shRNA vector expresses the 
tetracycline-controlled transcriptional suppressor (tTS), which, 
in turn, controls the expression of Pim-3 shRNA or scramble 
shRNA inserted into the shRNA cloning site.

Transfection of shRNA expression vectors and genera-
tion of stable cell lines. PCI55 cells were transfected with 
pSingle-tTS-Pim-3shRNA or pSingle-tTS-scramble shRNA, 
which functioned as the control, using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's protocol. The transfected PCI55 cells were cultured in 
10% FBS-containing RPMI-1640 in the presence of 800 µg/ml 
G418 (Gibco) for 2-3 weeks and monoclonal cells were isolated. 
Thirty colonies were expanded and screened for inducible 
expression using media supplemented with or without 1 µg/ml 
tetracycline for 48 h. Cells were analyzed for Pim-3 expression 
using western blotting. The stably transfected Pim-3 shRNA 
cells with markedly diminished Pim-3 protein expression 
under inducible conditions were designated as PCI55-Pim-
3shRNA cells, while the stably transfected scramble shRNA 
cells maintaining Pim-3 protein expression under inducible 
conditions were designated as PCI55-Scramble shRNA cells. 
These two stable cell lines were used for subsequent experi-
ments.

Western blotting. Cells (2x106) were harvested and rinsed 
twice with PBS. Cell extracts were prepared with lysis buffer 
[20 mM Tris (pH 7.5), 0.1% Triton X-100, 0.5% deoxycholate, 
1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, and 
10 g/ml leupeptin] and cleared by centrifugation at 10,000 x g, 
4˚C for 15 min. Total protein concentration was measured using 
the BCA assay kit (Sigma) with BSA as a standard, according 
to the manufacturer's instructions. Cell extracts containing 
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30 µg of total protein were subjected to 10% SDS-PAGE, 
and the resolved proteins were transferred electrophoretically 
to polyvinylidene difluoride membranes (Millipore). Equal 
protein loading was confirmed by Coomassie blue (Bio-Rad 
Laboratories, Hercules, CA, USA) staining of the gel. After 
blocking with TBST containing 0.2% BSA for 1 h at room 
temperature, membranes were incubated with 3-5  µg/ml 
antibodies in PBS containing 0.1% Tween-20 overnight at 4˚C, 
followed by incubation with ImmunoPure peroxidase-conju-
gated anti-rabbit IgG or anti-mouse IgG. Chemiluminescent 
detection (Thermo Scientific Pierce, Rockford, IL, USA) was 
performed in accordance with the manufacturer's instructions. 
The blotted membrane was then treated with the SuperSignal 
West Dura Extended Duration Substrate and signals were 
detected using the LAS-4000 mini CCD camera. Blots were 
performed at least three times in independent experiments. For 
some experiments, tumor tissues were prepared with RIPA 
lysis buffer.

Cell viability assay. Cell viability was determined by the 
Cell Proliferation Assay and Cytotoxicity Assay kit (CCK-8; 
Dojindo Laboratories, Kumamoto, Japan), according to the 
manufacturer's instructions. Logarithmically growing cells 
were plated at 2x103 cells/well in 96-well culture plates 
(Corning), and allowed to adhere overnight. This time-point 
was designated as day 0. The cell viability was determined 
every day by adding 10 µl of CCK-8 reagent to each well. 
After incubation at 37˚C for 2 h, the absorbance at 450 nm 
was measured and ratios of cell numbers were determined by 
comparison of the number of cells at day 0. Each independent 
experiment was performed three times.

Cell apoptosis analysis. The cells were trypsinized and 2x105 

cells were plated in a 6-well plate. After incubation at 37˚C 
for 24 h, cells were washed and resuspended in 0.5 ml of PBS, 
5 µl Annexin V-FITC (Invitrogen), and 1 µl propidium iodide 
(100 µg/ml; Invitrogen). The cells were incubated for 30 min 
on ice and then analyzed by flow cytometry (CytomicsTM 
FC 500; Beckman Coulter, Miami, USA) for each treatment. 
The apoptotic fraction was estimated by dividing the number 
of apoptotic cells by the total number of cells (minimum of 
104 cells). Data were analyzed using Cytomics FC 500 with 
CXP Software (Beckman Coulter). All observations were 
reproduced at least three times in independent experiments.

Xenograft mouse model. Female Balb/c nude mice (6-8 weeks 
of age, weighing 18-20 g, and specific pathogen free) were 
obtained from Shanghai SLAC Laboratory Animal Co. 
(Shanghai, China). Before the experiment, mice were divided 
into six groups (MiaPaca-2, MiaPaca-2-Pim-3, MiaPaca-2-
Pim-3K69M, PCI55, PCI55-Pim-3shRNA and PCI55-scramble 
shRNA) according to body weight, and each cell line (4x106/site) 
was injected subcutaneously into the right flank of the nude 
mice. After establishment of the nude mice xenograft model, 
tumor dimensions were measured every 3-4 days using 
micrometer calipers. Tumor volumes were calculated using the 
following formula: Volume = 1/2 a x b2, where a and b represent 
the larger and smaller tumor diameters, respectively. At 30 days 
after the tumor cell injection, tumor tissues were removed and 
subjected to immunohistochemical analysis. All animal experi-

ments were performed in compliance with the Guideline for 
the Care and Use of Laboratory Animals of Fudan University. 
The protocol was approved by the Committee on the Ethics 
of Animal Experiments of Fudan University (Permit Number, 
SYXK(Hu)2009-0082).

Immunohistochemical analysis. Paraffin-embedded tissue 
sections were deparaffinized in xylene and rehydrated through 
graded concentrations of ethanol (70-100%). Following incu-
bation with 0.3% hydrogen peroxide, sections were incubated 
with 3% normal goat serum (DakoCytomation, Glostrup, 
Denmark). Subsequently, the slides were treated with rabbit 
anti-PCNA IgG (3  µg/ml), anti-CD31 IgG (3  µg/ml), and 
anti-VEGF IgG (3 µg/ml), followed by incubation with goat 
anti-rabbit IgG at room temperature for 1 h. PCNA and CD31 
immunoreactivity was visualized by using the Vectastain 
Elite ABC kit and the Vectastain DAB substrate kit (Vector 
Laboratories, Burlingame, CA, USA). The slides were coun-
terstained with ChemMate Hematoxylin (DakoCytomation), 
mounted and observed under a microscope (BX-50; Olympus, 
Tokyo, Japan). The PCNA-positive cell numbers in each 
animal were determined in 10 randomly chosen fields at x400 
magnification by an examiner blinded to the experimental 
procedures. The CD31-positive vascular areas were deter-
mined as previously described (18).

Immunofluorescence analysis of apoptotic cells in xenograft 
specimens. Frozen tumor xenograft specimens were stained 
using a fluorescent terminal deoxynucleotidyl transferase-
mediated nick end labeling-based apoptosis detection kit 
(In  Situ Cell Death Kit; Takara), in accordance with the 
manufacturer's instructions. Fluorescence microscopy was 
performed using a x40 objective (Zeiss Plan-Neofluar) on 
an Olympus Eclipse TE2000-S inverted phase microscope 
(Olympus, Melville, NY, USA). Images were analyzed using 
Image-Pro Plus software version 4.0. The apoptosis-positive 
cell numbers in each animal were determined in 10 randomly 
chosen fields at x400 magnification by an examiner blinded to 
the experimental procedures.

Real-time RT-PCR. Total RNA was extracted using the TRIzol 
LS reagent (Invitrogen). mRNA was reverse-transcribed using 
the SuperScript First-Strand Synthesis System (Invitrogen). 
Real-time PCR was performed using the Applied Biosystems 
7900HT PCR system with 2X QuantiFast SYBR-Green PCR 
Master Mix (Qiagen), 1 µM primers (Table I), and <100 ng 
cDNA in a 25 µl reaction mixture. Relative expression of 
target genes was analyzed by the ΔΔCt method. Results are 
expressed as means ± SD.

Statistical analysis. The means ± SD were calculated for all 
parameters determined. Statistical significance was evaluated 
by one-way ANOVA, followed by the Tukey-Kramer test, using 
SPSS 10 software (IBM, Inc., Chicago, IL, USA). P-values <0.05 
were considered to indicate a statistically significant result.

Results

Establishment of overexpression of Pim-3 or K69M-Pim-3 
cells and Tet-inducible Pim-3 shRNA or scramble shRNA 
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expressing cells. To demonstrate the role of Pim-3 in human 
pancreatic carcinogenesis, we established MiaPaca-2 cells 
overexpressing the Pim-3 or K69M-Pim-3 gene using retroviral 
vectors, which inserted the wild-type human Pim-3 cDNA 
or kinase-dead mutant (K69M) Pim-3 cDNA. Furthermore, 
we also established Pim-3 gene silenced cell lines using a 
Tet-inducible Pim-3 shRNA in PCI55 cells, which express 
high levels of Pim-3 protein compared with MiaPaca-2 cells, 
as previously described (8). We confirmed the overexpression 
of Pim-3 or K69M-Pim-3 protein in MiaPaca-2 cells (Fig. 1A 
and B), and that Pim-3 shRNA markedly diminished Pim-3 
protein expression compared to control scramble shRNA 
under inducible conditions in PCI55 cells (Fig. 1C and D). 

Since Pim-3 can phosphorylate a proapoptotic molecule Bad 
at Ser112, we examined the phosphorylation states of Bad to 
confirm the functionality of these stable pancreatic cancer 
cell lines. Bad was constitutively phosphorylated at Ser112 in 
MiaPaca-2 and PCI55 cell lines. Pim-3 kinase inactivation 
or silencing of Pim-3 expression diminished the amount of 
phospho-Ser112-Bad, without influencing the expression of total 
Bad protein (Fig. 1E and F). These observations indicate that 
overexpression of Pim-3 was functional in terms of its capacity 
to phosphorylate its substrate Bad, and Pim-3 inactivation by 
its kinase dead mutant or knockdown of Pim-3 expression by 
Pim-3 shRNA functionally decreased the amount of phospho-
BadSer112.

Table I. Primer sequences for quantitative PCR.

	 Sense (5'-3')	 Antisense (5'-3')

MMP-2	 TACAGGATCATTGGCTACACACC	 GGTCACATCGCTCCAGACT
MMP-9	 TGTACCGCTATGGTTACACTCG	 GGCAGGGACAGTTGCTTCT
EGF	 TGGATGTGCTTGATAAGCGG	 ACCATGTCCTTTCCAGTGTGT
FGF-2	 AGAAGAGCGACCCTCACATCA	 CGGTTAGCACACACTCCTTTG
VEGFA	 AGGGCAGAATCATCACGAAGT	 AGGGTCTCGATTGGATGGCA
PDGFA	 GCAAGACCAGGACGGTCATTT	 GGCACTTGACACTGCTCGT
PDGFB	 CTCGATCCGCTCCTTTGATGA	 CGTTGGTGCGGTCTATGAG
HGF	 GCTATCGGGGTAAAGACCTACA	 CGTAGCGTACCTCTGGATTGC

Figure 1. Stable establishment of overexpression of Pim-3 or K69M-Pim-3 cells, and Tet-inducible Pim-3 shRNA or scramble shRNA expressing cells. 
(A) Overexpression of Pim-3 or K69M-Pim-3 in MiaPaca-2 cells. After G418 selection and isolation of monoclonal cells, cell lysates were obtained from stable 
cells 48 h after passage and the resultant lysates were subjected to immunoblotting with Pim-3 antibodies. Representative results from three independent 
experiments. β-actin was used to demonstrate equal protein loading. (B) Graphical representation of Pim-3 expression normalized against β-actin expression. 
Values in the graph are presented as means ± SD, n=3. *P<0.05. (C) Ablation of Pim-3 protein expression using Pim-3 shRNA in PCI55 cells. After monoclonal 
stable cells were cultured in media supplemented with 1 µg/ml tetracycline for 48 h, cell lysates were obtained and subjected to immunoblotting with Pim-3 
antibodies. Representative results from three independent experiments. β-actin was used to demonstrate equal protein loading. (D) Graphical representation of 
Pim-3 expression normalized against β-actin expression. Values in the graph are presented as means ± SD, n=3. *P<0.05. (E and F) Analysis of Bad phosphory-
lation at Ser112 in stable cells. Cells lysates were obtained from stable cells, 48 h after passage, and resultant lysates were subjected to immunoblotting with the 
indicated antibodies. Representative results from three independent experiments. β-actin was used to demonstrate equal protein loading.
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Pim-3 kinase inactivation inhibits cell proliferation and 
promotes apoptosis in pancreatic cancer cells in vitro. We 
previously observed that Pim-3 shRNA treatment decreases 
the in vitro proliferation of various types of cancer cells by 
enhancing their apoptosis (8,11,12). Consistent with our 
previous observation, Pim-3 kinase inactivation or silencing 
of Pim-3 expression decreased the proliferation of human 

pancreatic cancer cell lines, MiaPaca-2 and PCI55 (Fig. 2A 
and B), together with an increase in the proportion of both early 
apoptotic cells (Annexin V-positive and PI-negative) and late 
apoptotic cells (Annexin V-positive and PI-positive) (Fig. 2C 
and D), when compared with cells overexpressing Pim-3 or 
cells stably expressing the scrambled shRNA. To assess the 
effects of Pim-3 kinase inactivation on the apoptotic process, 

Figure 2. Pim-3 kinase inactivation prevents cell proliferation and promotes apoptosis in pancreatic cancer in vitro. (A and B) The effects of stable overexpres-
sion of Pim-3 or K69M-Pim-3 (A), and inducible expression of Pim-3 shRNA or scramble shRNA (B), on cell viability. Cells (1x103) were seeded in each well 
of a 96-multiwell plate and cell numbers were determined using the CCK-8 assay, at the indicated times. Relative cell number was determined in comparison 
with day 0, and mean ± SD were calculated and are shown here. Similar experiments were repeated three times and representative results are shown here. 
*P<0.05. (C and D) The effects of stable overexpression of Pim-3 or K69M-Pim-3 (C), and inducible expression of Pim-3 shRNA or scramble shRNA (D), on 
cell apoptosis. The cells were harvested 48 h after passage and subjected to combined staining with Annexin V and PI. The number in each quadrant indicates 
the proportion of the cells present in the quadrant. Representative results from three independent experiments are shown here. (E and F) Cells lysates were 
obtained from cells stably overexpressing Pim-3 or K69M-Pim-3 cells (E), or inducibly expressing Pim-3 shRNA or scramble shRNA (F), 48 h after passage, 
and the resultant lysates were subjected to immunoblotting with the indicated antibodies. Representative results from three independent experiments are 
presented. β-actin was used to demonstrate equal protein loading.
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we conducted western blotting. As shown in Fig. 2E and F, 
Bad was constitutively phosphorylated at Ser112 in MiaPaca-2 
and PCI55 cell lines; however, Pim-3 kinase inactivation or 
silencing of Pim-3 expression diminished the amount of 
phospho-BadSer112, without any effects on the expression of the 
total Bad protein. Concomitantly, Pim-3 kinase inactivation 
or silencing of Pim-3 expression decreased Bcl-XL expression, 

which confirmed our previous results (8). Moreover, compared 
with Pim-3 overexpression, Pim-3 kinase inactivation 
decreased phospho-survivinThr34 and phospho-STAT3Try705, 
that are an upstream of Bcl-XL, with only few effects on total 
survivin and STAT3. Collectively, these results suggested that 
the Pim-3 overexpression might increase phosphorylation 
of Stat3, survivin and Bad, resulting in reduced apoptosis, 
and eventually promoting human pancreatic carcinogenesis. 
Inversely, Pim-3 kinase inactivation reverses this effect.

Pim-3 kinase inactivation suppresses pancreatic tumori-
genesis in nude mice. Results from preliminary experiments 
demonstrated that nude mice subcutaneously inoculated with 
4 million PCI55 cells failed to develop tumors. Thus, to estab-
lish the crucial role of Pim-3 in pancreatic carcinogenesis, we 
injected the same number of stable Pim-3-MiaPaca-2, K69M-
Pim-3-MiaPaca-2 or parent MiaPaca-2 cells subcutaneously 
into nude mice. At 30 days following tumor inoculation, we 
found that 93.3% (14/15) of parental MiaPaca-2 group mice 
and 100% (15/15) of Pim-3-MiaPaca-2 group mice developed 
subcutaneous tumors (Fig. 3A). In contrast, only 46.6% (7/15) 
of K69M-Pim-3 group mice developed tumors following 
subcutaneous injection of tumor cells (Fig. 3A). Moreover, 
mice injected with Pim-3 overexpressing cells exhibited 
progressive tumor growth compared with parental MiaPaca-2 
cells, whereas the growth rate of K69M-Pim-3 tumor cells in 
nude mice was significantly decreased (Fig. 3B). Throughout 
the trial period, none of the mice presented with loss in body 
weight (Fig. 3C). These results indicated that Pim-3 plays a 
crucial role in subcutaneous pancreatic carcinogenesis in nude 
mice, and Pim-3 kinase inactivation suppresses tumor growth 
in vivo.

Figure 3. Pim-3 kinase inactivation suppresses tumor growth in nude mice. 
(A) Incidence of subcutaneous human pancreatic cancer formation with the 
indicated stable cells. (B) Tumor sizes were measured twice a week. The 
mean ± SD were calculated and are shown here (n=15). (C) Body weights 
were measured twice a week after inoculation. The mean ± SD were calcu-
lated and are shown here (n=15).

Figure 4. Pim-3 kinase inactivation prevents pancreatic cancer cell proliferation and promotes apoptosis in vivo. (A and B) Tumor tissues were removed at 
30 days after tumor injection and subjected to immunostaining with anti-PCNA antibody. (A) Representative results from 5 independent animals are shown, 
with an original magnification of x200. (B) PCNA-positive cells were determined and are shown (n=5). (C and D) Tumor tissues were excised at 30 days after 
tumor injection and subjected to immunofluorescence analysis for apoptotic cells. (C) Representative results from five independent animals are shown, with 
an original magnification of x200. (D) TUNEL-positive cells were calculated and are shown (n=5). (E) The cell lysates were obtained from xenograft tumor 
tissues and resultant lysates were subjected to immunoblotting with the indicated antibodies. Representative results from three independent experiments. 
β-actin was used to demonstrate equal protein loading.
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Pim-3 kinase inactivation inhibits proliferation and promotes 
apoptosis in pancreatic cancer in vivo. We next examined 
the effects of Pim-3 kinase inactivation on pancreatic cancer 
cell proliferation and apoptosis in vivo. Histological analysis 
revealed that Pim-3 kinase inactivation significantly decreased 
PCNA-positive proliferating cell numbers while increasing 
TUNEL-positive apoptotic cell numbers (Fig.  4A-D). In 
contrast, Pim-3 overexpression significantly increased PCNA-
positive proliferating cell numbers and reciprocally decreased 
TUNEL-positive apoptotic cell numbers, when compared 
with the parent MiaPaca-2 cells (Fig. 4A-D). Moreover, in the 
xenograft tumor tissues, overexpression of Pim-3 increased 
the amount of phospho-Stat3Try705, phospho-survivinThr34, and 
phospho-BadSer112, whereas Pim-3 inactivation decreased the 

expression of these phosphorylated proteins (Fig. 4E). However, 
the expression of unphosphorylated Stat3, survivin, and Bad 
proteins were unchanged (Fig. 4E). These observations were 
consistent with the results of our in vitro experiment.

Reduced neovascularization. Neovascularization is required 
for tumor growth and accumulating evidence has proved 
an important role for VEGF in angiogenesis. We recently 
demonstrated that Pim-3 could promote tumor growth and 
angiogenesis by stimulating the VEGF pathway (19). Herein, 
we detected that the intratumoral CD31-positive vascular areas 
increased following the injection of Pim-3-MiaPaca-2 cells, 
but significantly decreased following injection of K69M-Pim-
3-MiaPaca-2 cells (Fig. 5A and B). Hence, we examined VEGF 

Figure 5. Pim-3 kinase inactivation inhibits neovascularization via inhibition of vasculogenesis in vivo. (A and B) Tumor tissues were removed at 30 days 
after tumor injection and subjected to immunostaining with the anti-CD31 antibody. (A) Representative results from 5 independent animals, with an original 
magnification of x200. (B) CD31-positive areas were calculated (n=5). (C-J). Tumor tissues were excised 30 days after tumor injection and total RNAs were 
obtained. Quantitative RT-PCR was performed on total RNAs to quantify indicated factor mRNA relative to GAPDH mRNA. Each value represents the 
mean ± SEM (n=5).
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mRNA expression together with other angiogenesis factors, 
including HGF, platelet-derived growth factor (PDGF), fibro-
blast growth factor (FGF), epithelial growth factor (EGF), 
matrix metalloproteinases (MMP)-2 and -9. The intratumoral 
mRNA expression of VEGF, EGF, FGF-2 and HGF, but not 
MMP-2 and MMP-9 with gelatinase activity was significantly 
increased in mice injected with Pim-3 overexpressing cells, 
while their expression was markedly reduced in mice injected 
with Pim-3 kinase inactive cells, to the parental MiaPaca-2 
cells (Fig. 5C-J). These observations may mirror the fact 
that neovascularization, an essential process for pancreatic 
carcinogenesis, was augmented in Pim-3 overexpression 
compared with that observed for Pim-3 kinase inactivation, 
as demonstrated by increasing in CD31-positive areas in the 
tumor tissue.

Discussion

The diagnosis of human pancreatic cancer is often difficult, 
and in most patients the tumor is already disseminated when 
discovered. We previously observed that Pim-3, a proto-
oncogene with serine/threonine kinase activity, was aberrantly 
expressed in cancer cells but not in the normal cells of the 
pancreas. Moreover, the Ser112 phosphorylation and inactiva-
tion of Bad by Pim-3 maintains the expression of Bcl-XL and, 
thus, prevents apoptosis of human pancreatic cancer cells (8). 
Silencing Pim-3 expression can retard in vitro cell prolifera-
tion of pancreatic cancer by promoting apoptosis (8). A recent 
report demonstrated that Pim-3 suppression can sensitize 
pancreatic cancer cells to gemcitabine (20). Thus, Pim-3 might 
be a novel target for the treatment of refractory pancreatic 
cancer. Since the regulatory mechanisms of Pim-3 signaling 
networks in vivo are not well understood, we established stable 
cell lines that overexpress wild-type or the kinase-dead form 
of Pim-3 (K69M-Pim-3), and utilized a nude mouse tumor 
xenograft model to assess the regulatory mechanisms of Pim-3 
in human pancreatic carcinogenesis in vivo.

Gene delivery in cancer cells can be achieved using 
transient transfection and stable transfection methods. 
Stable transfection methods are more appealing and enable 
continuing expression of the transgene. In the present study, 
we established overexpression of Pim-3 or K69M-Pim-3, in 
which Lys-69 in the ATP binding domain was replaced by 
methionine, rendering its kinase domain non-functional in 
MiaPaca-2 cells. We also established expression of the Pim-3 
shRNA or scramble shRNA in a tetracycline-inducible manner 
in PCI55 cells, which contain high levels of Pim-3 protein 
compared with MiaPaca-2 cells, as previously described (8). 
Kinase activation generally requires a post-translational 
modification, in particular, phosphorylation in its regulatory 
domain. However, other members of the Pim kinase family, 
Pim-1 and Pim-2, are constitutively active without any further 
alteration in their conformation, as they lack any regulatory 
domain (21), as does Pim-3 (11). Consistently, stable expres-
sion of Pim-3 exhibited enhanced phosphorylation of Bad at 
Ser112, whereas stable expression of K69M-Pim-3 significantly 
attenuated phosphorylation of Bad at its Ser112 in MiaPaca-2 
cells. Moreover, Pim-3 shRNA expression in PCI55 cells, 
but not in parental PCI55 cells or scramble shRNA-PCI55 
cells, markedly reduced the expression of phospho-BadSer112. 

Thus, Pim-3 inactivation or knockdown of Pim-3 expression 
by Pim-3 shRNA can functionally decrease the amount of 
phospho-BadSer112. Moreover, Pim-3 kinase inactivation or 
silencing of Pim-3 expression decreased the cell proliferation 
of human pancreatic cancer cell lines, MiaPaca-2 and PCI55, 
together with increasing the apoptotic cells compared with that 
observed for cells overexpressing Pim-3 or cells expressing the 
scrambled shRNA.

Deneen  et  al  (10)  demonstrated that Pim-3 gene tran-
scription was enhanced in EWS/ETS-induced malignant 
transformation of NIH3T3 cells, suggesting the involvement 
of Pim-3 in tumorigenesis. In line with these observations, 
we demonstrated that the development of hepatocellular 
carcinoma was accelerated in mice expressing the Pim-3 
transgene selectively in the liver, when these mice were treated 
with a hepatocarcinogen (14). Moreover, forced expression 
of Pim-3 can promote anchorage-independent growth and 
co-expression of a kinase-deficient Pim-3 mutant can attenuate 
EWS/FLI-mediated NIH3T3 tumorigenesis in nude mice (22). 
Our data demonstrated that overexpression of Pim-3 in the 
MiaPaca-2 human pancreatic cancer cells developed 100% 
(15/15) of subcutaneous tumors and exhibited progressive 
tumor growth, whereas Pim-3 kinase inactivation decreased 
tumorigenicity to 46.6% (7/15) and inhibited tumor growth. 
However, subcutaneous inoculation with 4x106 PCI55 cells 
into nude mice did not develop tumors. These observations 
prompted us to investigate the mechanism of Pim-3 kinase 
inactivation on decreasing pancreatic carcinogenesis, including 
cell apoptosis and angiogenesis.

An elevated activity of Stat3 has been frequently observed 
in a wide variety of human tumors including pancreatic 
cancer (23-26). Several lines of evidence demonstrated that 
the gene expression of Pim-1 and Pim-2 could be regulated 
by IL-6-gp130-mediated signal transducers and activators of 
transcription (STAT) family (27,28). Moreover, Pim-3 expres-
sion is enhanced in murine embryonic stem cells by leukemia 
inhibitory factor/gp130-dependent signaling and Stat3 tran-
scription factor (29). However, transfection of a dominant 
negative form of Stat3 failed to inhibit the promoter activity 
of the Pim-3 gene in human pancreatic cancer cells (30). The 
excessive activation of Stat3 can promote anti-apoptotic gene 
expression, such as Bcl-XL and mc-1, as well as promoting cell 
proliferation in a variety of tumor cells (31-33). We previously 
showed that Pim-3 can maintain the expression of Bcl-XL, 
but the mechanism was not clear. Recently, Chang et al (34) 
demonstrated that the knockdown of Pim-3, but not of Pim-1 
or Pim-2, in prostate cancer cell line DU-145 results in a 
significant downregulation of pStat3Try705, indicating Pim-3 
kinase is a positive regulator of Stat3 signaling. In line with 
these observations, we detected constitutive Stat3 and phos-
phorylated pStat3Try705 expression in human pancreatic cancer 
cells. Overexpression of Pim-3 increased the expression levels 
of phospho-Stat3Try705 and Bcl-XL, whereas Pim-3 kinase inac-
tivation or ablation of Pim-3 protein expression significantly 
reduced the expression levels of pStat3Try705 and Bcl-XL, while 
the expression levels of total Stat3 remained unchanged. 
However, the mechanism of apoptosis-related Bcl-XL induc-
tion by Stat3 remains to be elucidated.

Survivin is a member of the ‘inhibitor of apoptosis’ (IAP) 
gene family of proteins that is barely detected in normal 
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tissues (35,36). However, survivin appears to be selectively 
expressed in transformed cells and in most human cancers, 
including pancreatic carcinomas (31,37). It has been previ-
ously reported that inhibition of Stat3 signaling blocked the 
expression of survivin protein and induced apoptosis in breast 
cancer cells (38). However, Pim-3 kinase inactivation or abla-
tion of Pim-3 protein expression reduced the phosphorylated 
levels of STAT3 at Try705, but did not influence the expres-
sion of total survivin in human pancreatic cancer cells. Several 
recent studies reported that the therapeutic modulation of 
survivin is critically regulated by interaction with prominent 
cell-signaling pathways, such as HIF-1α, HSP90, PI3K/AKT, 
mTOR, ERK, tumor suppressor genes (p53, PTEN), onco-
genes (Bcl-2, Ras), and a wide range of growth factors (EGFR, 
VEGF) (39). Thus, it is likely that other pathways in human 
pancreatic cancer cells regulate the expression of survivin. 
The suppression of apoptotic cell death by survivin requires 
phosphorylation at Thr34 (40). Survivin can be phosphory-
lated by cyclin-dependent kinase-1, cyclic AMP, and protein 
kinase C as well as AKT (40-42). Similarly, overexpression of 
Pim-3 increased the levels of phospho-survivinThr34, whereas 
Pim-3 kinase inactivation or ablation of Pim-3 protein expres-
sion decreased the levels of phospho-survivinThr34, similar to 
Akt (42).

Angiogenesis is widely recognized as a hallmark of cancer 
(43), and potent neovascularization that contributes to tumor 
progression was observed in a variety of aggressive malignant 
tumors (44). We identified a role for the kinase-dead Pim-3 
mutant in reducing the CD31-positive vascular regions in 
the tumor, whereas vascularity was increased by the over-
expression of Pim-3 compared with the parental MiaPaca-2, 
consistent with our previous report (19).

Folkman (45) first developed a theory regarding tumor 
angiogenesis in 1971, in which he proposed that a tumor 
produces its own new vasculature from existing blood vessels. 
Following the introduction of angiogenesis by Folkman 
in 1971, numerous studies have indicated that tumor cells 
overexpress a variety of angiogenic genes and secrete various 
angiogenic factors, including VEGF, PDGF, FGF, EGF and 
MMP, which recruit vascular ECs into tumor tissues and 
induce potent angiogenesis. We detected that Pim-3 overex-
pression increased VEGF content consistent with our previous 
results (19). Moreover, a loss of Pim-3 kinase activity signifi-
cantly decreased EGF and FGF mRNA, but not MMP-2 and 
MMP-9 expression, whereas Pim-3 overexpression markedly 
increased EGF and FGF expression compared with parental 
cells. Consequently, the EGF- and FGF-mediated signals may 
account for neovascularization and subsequently promote 
tumor growth.

Tumor-associated fibroblasts can produce HGF and are 
presumed to be crucial in tumor progression (46). We also 
observed the decreasing mRNA expression of HGF in the 
intratumoral tissues expressing an inactive Pim-3 kinase. This 
may mirror the fact that fibroblasts participate in pancreatic 
carcinogenesis.

Antiangiogenic therapy has shown promise as a treat-
ment for several cancers, such as colon cancer and non-small 
cell lung cancer (43,44,47). However, the antitumor effects 
of current angiostatic drugs are short-lived in most patients. 
Moreover, the overall survival rates for most cancer patients 

are not significantly prolonged  (48,49). Hence, there is a 
need for other tumor-selective proangiogenic molecules that 
can be used in combination with or without conventional 
antiangiogenic drugs. The genetic deficiency of Pim-3 gene 
does not result in apparent changes in phenotypes, suggesting 
that Pim-3 may be physiologically dispensable. Unlike other 
survival kinases, such as the Akt kinases, Pim kinases are 
not localized downstream of the insulin receptor signaling 
pathway and, therefore, the inhibition of Pim kinases has few 
effects on insulin receptor pathway. Thus, Pim-3 would be a 
preferred target molecule for the development of anticancer 
drugs against solid tumor angiogenesis, in which Pim-3 is 
aberrantly expressed. Thus, targeting Pim-3 may play a dual 
role in halting tumor progression, by promoting tumor cell 
death and blocking angiogenesis.
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