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Abstract
Products of the Pim (the proviral integration site for the Moloney murine leukemia virus) family of proto-oncogenes possess serine/threonine kinase activity and 
belong to the Ca2+/calmodulin-dependent protein kinase group. Pim-3, a member of the Pim family is closely linked to the development of a variety of tumors. 
However, the role of Pim-3 in human glioblastoma remains unknown. In this study, we elucidated the role of Pim-3 in the growth and apoptosis of glioblastoma cells. 
Western blotting was used for determination of protein levels, and shRNA was used for Pim-3 knockdown. The MTT assay was used to evaluate cell proliferation 
and flow cytometry was used to determine cell cycle status and the number of apoptotic cells. A mouse xenograft model was established by injecting nude mice 
with Pim-3-depleted glioblastoma cells in order to determine tumor growth in vivo. We demonstrated that Pim-3 was highly expressed in human glioblastoma cell 
lines. We also found that knockdown of Pim-3 by specific shRNA slowed decreased proliferation, induced cell cycle arrest in the G0/G1 phase, and increased apop-
tosis in glioblastoma cells. Pim-3 knockdown potently inhibited the growth of subcutaneously implanted glioblastoma cells in vivo. We further revealed that Pim-3 
knockdown induced growth inhibition by reducing the levels of the anti-apoptotic protein Bcl-xl and cell cycle regulatory proteins, including cyclin D1 and Cdc25C, 
and increasing the levels of the pro-apoptotic protein Bax.
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Introduction

Glioblastoma is one of the most common types of 
brain tumor (1, 2). Glioblastoma multiforme are grade 
IV astrocytic brain tumors, based on their histopatho-
logical features and clinical presentation (3). Although, 
there are diverse therapeutic modalities such as surgery, 
radiation, and chemotherapy, the prognosis of patients 
with glioblastoma is discouraging, with a median sur-
vival time of 12-15 months (4). Many cellular dysfunc-
tions such as increased cell proliferation, diffuse infil-
tration, and high resistance to apoptosis contribute to 
the high malignancy of glioblastoma (5-7). Therefore, a 
better understanding of the molecular mechanisms un-
derlying cellular survival and apoptosis resistance may 
facilitate the development of novel adjuvant therapeu-
tics for improving glioblastoma treatments. 

Gene therapy strategies based on the delivery and ex-
pression of therapeutic genes, which can inhibit tumor 
growth and induce tumor cell death, are being very acti-
vely pursued (8). Mutation of p53 is the most frequently 
found genetic mutation in human glioma. Delivering 
normal p53 into glioma cells potently inhibits tumor 
growth and triggers apoptosis (9). Gene therapy stra-
tegies for the treatment of malignant gliomas continue 
to be studied in animal models despite their generally 
unsatisfactory therapeutic effects (10, 11). However, the 
abortive trials of gene therapy for glioblastoma have ne-
cessitated attempts to find novel therapeutic molecules 
that are more specifically involved in glioblastoma. The 
proto-oncogene Pim-3 (the proviral integration site for 
the Moloney murine leukemia virus-3) has been repor-
ted to be closely related to a variety of human tumors 
because of the serine/threonine kinase activity and Ca2+/

calmodulin-dependent protein kinase activity of its pro-
tein product (12). As a member of the Pim family, Pim-
3 shares structural similarity with Pim-1. Since most 
tumor growth shows the inhibition of apoptosis, the role 
of Pim-3 in human tumor growth is invariably associa-
ted with pro-apoptotic/anti-apoptotic imbalances. It has 
been reported that aberrant expression of Pim-3 results 
in phosphorylation of the serine residue of pro-apoptotic 
Bad, leading to the inactivation of Bad and inhibition of 
apoptosis in human pancreatic cancer cells (13). In addi-
tion, Pim-3 can be induced by ETS-1 (protein C-ets-1), 
a transcription factor that binds to the promoter of the 
human Pim-3 gene, a mechanism that prevents apop-
tosis in human pancreatic cancer cells (14). Likewise, 
Pim-3 positively regulates STAT3 (signal transducer 
and activator of transcription 3) signaling through phos-
phorylation, whereas Pim-3 inhibitors cause growth 
inhibition of prostate cancer cells by downregulating 
the expression of pSTAT3 (Tyr705) (15). In transgenic 
mice that express Pim-3 exclusively in the liver, Pim-
3 was shown to accelerate hepatocellular carcinoma 
(HCC) development when induced by a hepatocarci-
nogen, such as diethylnitrosamine (DEN) (16). Pim-3 
is also found to be associated with human colon can-
cer through inactivation of Bad by phosphorylation of 
Ser112, thereby preventing apoptosis and promoting the 
progression of HCC (17). Moreover, studies also indi-
cated that Pim-3 could promote angiogenesis in primary 
human tumors in vitro and in vivo in mouse models (18, 
19). Together, these reports indicate that the role of Pim-
3 in human tumor development might be related to its 
function in regulating apoptosis-related proteins. These 
studies of Pim-3 have also raised our interest as to whe-
ther Pim-3 plays a pivotal role in human glioblastoma 
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development.
In the present study, we focus on elucidating the role 

of Pim-3 in the growth and apoptosis of glioblastoma 
cells. We determined the expression level of Pim-3 in 
human glioblastoma cell lines. In addition, through both 
in vitro and in vivo analysis, we attempted to identify 
the possible mechanisms that could contribute to Pim-
3-regulated glioblastoma development.

Materials and methods

Cell lines and cell culture
The three-glioblastoma cell lines U87MG, U87, and 

U251 were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA). All cell lines 
were cultured in Dulbecco’s modified Eagle medium 
(DMEM, Gibco) supplemented with 10% fetal bovine 
serum (FBS, Gibco), 10 units/mL penicillin and 10 mg/
mL streptomycin (1% penicillin/streptomycin, Thermo 
Scientific HyClone) at 37˚C in a humidified incubator 
with 5% CO2.

Construction of recombinant lentivirus
To stably deplete from the glioblastoma cells of 

Pim-3, a small interfering RNA (siRNA) targeting hu-
man Pim-3 was synthesized with the sense sequence of 
5’-GGCGUGCUUCUCUACGAUATT-3’ and inserted 
into the pFH-L plasmid (Hollybio, Shanghai, China). 
The non-silencing siRNA (siCon, 5’-TTCTCCGAA-
CGTGTCACGT-3’) was used as a control. The lenti-
virus-based short hairpin RNA (shRNA)-expressing 
vectors were confirmed by DNA sequencing and named 
as shPim-3 or shCon. Recombinant pFH-L plasmid to-
gether with the two packaging plasmids was co-trans-
fected into 293T cells using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. The supernatant was collected 48 
h after transfection, centrifuged (4000 g, 10 min, 4˚C), 
and filtered through 0.45 µm filters. The titer of concen-
trated lentivirus was determined by dilution and using 
fluorescent microscopy.

Lentivirus infection
U87 and U251 cells (3 × 104) were seeded in 6-well 

plates prior to infection with lentivirus-shPim-3 (Lv-sh-
Pim-3) or lentivirus-shCon (Lv-shCon) at a multiplicity 
of infection (MOI) of 50. As the lentivirus carries green 
fluorescence protein (GFP), the infection efficiency was 
determined by counting GFP-expressing cells under 
fluorescence microscopy 96 h after infection.

RNA extraction and Quantitative real-time PCR (qRT-
PCR)

Total RNA of cultured U87 and U251 cells (Con 
group, Lv-shCon group, Lv-shPim-3 group) was ex-
tracted using the Trizol solution (Invitrogen, Carlsbad, 
CA). The isolated RNA was immediately converted to 
cDNA by reverse transcription using the SuperScript 
III First-Strand Synthesis System (Invitrogen, Carls-
bad, CA). Then, by using the SYBR Premix Ex TaqTM 
Perfect Real Time (TaKaRa, Shiga, Japan), the mRNA 
level of Pim-3 was evaluated by real-time PCR on an 
ABIPRISM 7500 Real-Time System. β-Actin was used 
as the input reference. The primers’ sequences are as 

follows:
Pim-3:  Forward, 5’-AAGGACGAAAATCTGCTTG-
TGG-3’ Reverse, 5’-CGAAGTCGGTGTAGACCG-
TG-3’
β-actin:  Forward, 5’-GTGGACATCCGCAAAGAC-3’
Reverse, 5’-AAAGGGTGTAACGCAACTA-3’

Relative mRNA level was determined by using the 
formula 2-ΔCT(CT; cycle threshold) where ΔCT = CT 
(target gene) - CT (β-actin).

Western blot
Glioblastoma cells were lysed and sonicated in a ly-

sing buffer complemented by protease inhibitors (Che-
micon Millipore, Billerica, MA, USA). Total protein 
concentrations of samples were determined using the 
BCA Protein Assay Kit (Pierce, Rockford, IL). Primary 
antibodies used for western blot analysis were rabbit an-
ti-human Cdc25C antibody (1:1000; Santa Cruz, CA), 
rabbit anti-human Bax antibody (1:1500; CST), rabbit 
anti-human Bcl-xl antibody (1:1500; CST), rabbit anti-
human Cyclin D1 antibody (1:1000; Millipore), rabbit 
anti-human Pim-3 antibody (1:1000; Abcam), rabbit 
anti-human glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; 1:5000; Millipore) and rabbit anti-human 
β-actin (1:5000; Santa Cruz, CA). Horseradish peroxi-
dase (HRP)-conjugated second antibodies were used 
(1:4000; Santa Cruz) and immunoreactivity was detec-
ted with enhanced chemiluminescent autoradiography 
(ECL kit, Amersham). the expression levels of each 
samples were quantified using NIH ImageJ software.

MTT assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) colorimetric assay was used to 
determine glioblastoma cell proliferation. Lv-shPim-
3-infected U87 and U251 cells were seeded in 96-well 
plates (1 × 104 cells/well) and cultured for five days at 
37˚C and 5% CO2. U87 and U251 cells that were treated 
with vehicle only (Lipofectamine 2000) or Lv-shCon 
were used as controls. At each time point, 10 µL of the 
MTT reagent (5 mg/mL in PBS) were added to each 
well. The reaction was terminated by addition of 100 µL 
of dimethyl sulfoxide (DMSO; Sigma) after four hours 
of incubation at 37˚C. The optical density (OD) was 
determined by measuring absorbance at a wavelength 
of 570 nm. Data presented here were obtained from six 
independent tests.

Fluorescence-activated cell sorting analysis (FACS)
Cell cycle analysis was performed by staining DNA 

content with propidium iodide (PI). Briefly, U87 and 
U251 cells (Con group, Lv-shCon group, and Lv-sh-
Pim-3 group) were harvested at 95% confluency. Cells 
of each group were washed with ice-cold PBS (phos-
phate buffered saline) and then fixed in 70% ethanol at 
4˚C for at least 1 h. After fixation, cells of each group 
were washed twice with PBS, and then incubated with 
10 mg/mL RNase A (MBI Fermentas) and 50 mg/mL PI 
(Sigma) for 30 min in the dark. The percentage of cells 
in different phases of the cell cycle was analyzed by a 
flow cytometer (FACS Calibur, BD Biosciences). 

For apoptosis analysis, three groups of U87 and 
U251 cells were harvested and incubated with fluores-
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mice were sacrificed by cervical dislocation on day 28. 
All efforts were made to minimize the suffering of the 
animals in this study. 

Statistical analysis
Data were analyzed using GraphPad Prism software 

version 6.00 for Windows (GraphPad Prism Software, 
San Diego, CA, USA). Average values were expressed 
as mean ± standard deviation (SD). Statistical signifi-
cance between different groups was determined by a 
repeated-measures ANOVA test and P value <0.05 was 
accepted as statistically significant.

Results

Expression profile of Pim-3 in human glioblastoma 
cell lines

To investigate the role of Pim-3 in glioblastoma, 
we first assessed the expression levels of Pim-3 in 
three human glioblastoma cancer cell lines, including 
U87MG, U87, and U251. As shown in Fig. 1A, Pim-3 
was highly expressed in all three glioblastoma cell lines, 
and showed the highest levels in U87 and U251 cells, 
making these two cell lines ideal for subsequent inves-
tigations. We also assessed expression levels of other 
Pim family members in glioblastoma cells; only Pim-3 
shows high expression as compared to Pim1 and Pim2 
(Fig. 1B).

Specific and effective down-regulation of Pim-3 in 
glioblastoma cells by lentivirus-delivered siRNA 
against Pim-3

In order to further explore the role of Pim-3 in 
glioblastoma cells, U87 and U251 cells were infected 
with lentivirus expressing Pim-3 specific siRNA (Lv-
shPim-3) and GFP. The efficiency of lentiviral vector 
transduction in U87 and U251 cells was examined 96 h 
post-transduction by fluorescent microscopy, and about 
70% of the cells were infected with Lv-shCon or Lv-sh-
Pim-3 at a MOI of 50 as indicated by the expression of 
GFP (Fig. 2A). To determine the knockdown potency, 
qRT-PCR was performed to determine the transcription 
level of Pim-3. As shown in Fig. 2B, mRNA levels of 
Pim-3 in the control group and Lv-shCon group showed 
similar results. However, mRNA levels of Pim-3 in both 
U87 and U251 cells infected with Lv-shPim-3 were si-
gnificantly reduced by more than 80%. In addition, to 
examine the effect of shRNA on Pim-3 protein levels, 
western blotting was performed in both U87 and U251 
cells. As shown in Fig. 2C, in U87 and U251 cells, only 
weak bands were detected in glioblastoma cells infec-
ted with Lv-shPim-3, while strong bands were observed 
in both Con group and Lv-shCon group cells. Moreo-
ver, the shRNA targeting Pim-3 did not recognize the 
sequences of Pim-1 or Pim-2 (Fig. 2D), indicating the 
specific knockdown of Pim-3 by our designed shRNA. 
These results indicated that lentivirus-mediated delive-
ry of shRNA against Pim-3 effectively and specifically 
inhibited the expression of Pim-3 in glioblastoma cells.

Growth inhibition of glioblastoma cells due to 
knockdown of Pim-3

To determine the effect of Pim-3 knockdown by 
RNAi on the growth of glioblastoma cells, MTT assays 

cein isothiocyanate (FITC)-conjugated Annexin V and 
propidium iodide (PI) according to the manufacturer’s 
protocol (BD Biosciences). Then, the suspension was 
filtered through a 50-µm nylon mesh, and 104 stained 
cells were analyzed by a flow cytometer (FACS Calibur, 
BD Biosciences).

Morphological examination for apoptosis
U87 and U251 cells (Con group, Lv-shCon group, 

and Lv-shPim-3 group) were seeded on slides at a den-
sity of 3 × 104/mL in six-well plates and cultured for 
24 h. Subsequently, the cells were washed three times 
with PBS and fixed in 4% paraformaldehyde for 10 min. 
Then, cells were stained with Hoechst 33258 (Sigma) 
for 5 min, and observed under a fluorescence micros-
cope. The nuclei of the living cells were a homogeneous 
blue; those of apoptotic cells were compact, condensed, 
and whitish-blue.

Tumor xenograft assay
To investigate the effect of Pim-3 on the tumorigene-

sis of glioblastoma cells, a glioblastoma xenograft was 
established in nude mice. Twenty female Balb/C athy-
mic nude mice (five weeks old) were purchased from 
the Shanghai Laboratory Animal Center, Chinese Aca-
demy of Sciences (SLACCAS) and housed in specific 
pathogen free (SPF) condition. Mice were divided into 
Lv-shCon group and Lv-shPim-3 group (n = 10 for each 
group). For each group of mice, both U87 and U251 
cells that received corresponding lentivirus infection 
were used and injected subcutaneously into the right 
flank of the nude mice (0.2 mL single-cell suspension 
for each mouse). All procedures were performed on 
nude mice according to the official recommendations of 
Chinese Community Guidelines. The maximum diame-
ter (a) and minimum diameter (b) were measured with 
calipers twice a week. The tumor volume was calcu-
lated by the following formula: V (cm3) = ∏ab2/6. All 

Figure 1. Basal Pim-3 expression in three different glioblastoma 
cell lines. (A) Western blot analysis showed that Pim-3 was highly 
expressed in U87MG, U87, and U251 glioma cells; the expression 
levels of Pim-3, and β-actin were quantified using NIH ImageJ 
software, Pim-3/β-actin ratios were calculated for each cell line; the 
expression levels in U87 and U251 cells were higher than in U87MG 
cells. (B) Pim-3 had a higher expression level than Pim-1 and Pim-2 
in the examined cells.



45Copyright © 2015. All rights reserved.

J. Quan et al. / Pim-3 downregulation suppresses glioblastoma.

with the Lv-shCon group of U87 cells, the percentage 
of cells in G0/G1 phase in the Lv-shPim-3 group was 
increased by 10%, whereas the percentage of S-phase 
was significantly reduced by 9.2%. Similarly, compared 
with the Lv-shCon group of U251 cells, the percentage 
of cells in G0/G1 phase in the Lv-shPim-3 group was 
increased by 11.2%, whereas the percentage of S-phase 
was significantly reduced by 7.5% (Fig. 4A and 4B). 
These results indicate that Pim-3 knockdown resulted 
in cell cycle arrest, with a greater proportion of cells in 
G0/G1 phase and a concomitant reduction of the cell 
population in S-phase, which may explain the inhibition 
of glioblastoma cell proliferation.

Pim-3 knockdown-induced apoptosis in glioblastoma 
cells

The G0/G1 phase is a crucial checkpoint for DNA 
damage, and cell cycle arrest at this point is always 
associated with apoptosis (20). Therefore, we assessed 

were performed on glioblastoma cell lines U87 and 
U251 cells. Cell proliferation was measured daily for 
five consecutive days. As shown in Fig. 3A, the proli-
feration rate of U87 cells was significantly decreased 
by 54.4% on day four and even by 57.5% by day five 
when these cells were depleted of Pim-3. Comparable 
results were observed in Lv-shPim-3-infected U251 
cells which reductions in proliferation of 42.3% on day 
four and 40.9% on day five (Fig. 3B). These results sug-
gested that knockdown of Pim-3 in both U87 cells and 
U251 cells led to significant inhibition of cell prolifera-
tion in a time-dependent manner.

Pim-3 knockdown-induced cell cycle arrest in glio-
blastoma cells

To further explore the mechanism underlying the 
inhibition of cell proliferation, we examined the effects 
of Pim-3 knockdown on cell cycle progression in U87 
and U251 cells. As shown in Fig. 4A and 4B, compared 

Figure 2. Efficient inhibition of Pim-3 expression by infection with Lv-shPim-3 in glioblastoma cells. (A) Infection was observed to be effi-
cient at 96 h, with over 70% U87 and U251 cells GFP positive in both the Lv-shCon and Lv-shPim-3 groups. (B) qRT-PCR data showing strong 
Pim-3 mRNA depletion in glioblastoma cells infected with Lv-shPim-3 compared to control cells infected with a scrambled sequence (Lv-shCon). 
(C) Western blot analysis showing efficient inhibition of Pim-3 protein expression in U87 and U251 cells infected with Lv-shPim-3. (D) Expres-
sion levels of Pim-1 and Pim-2 were not altered by the shRNA against Pim-3 in U251 cells. **, P < 0.01, ***, P < 0.001.

Figure 3. Pim-3 inhibition suppresses glioblastoma cell proliferation. A proliferation assay performed with U87 cells (A) and U251 cells (B) 
showed a significant decrease in cell number when cells were infected with Lv-shPim-3 compared to uninfected and Lv-shCon infected U87 cells 
on day five, as demonstrated by MTT assay. Data are presented as mean ± SD,**P < 0.001.
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of Pim-3 on apoptosis, cells from distinct groups were 
stained with Annexin V and PI for detection of apopto-
sis. As shown in Fig. 5B and 5C, the percentages of the 
early stage of apoptosis detected by Annexin V-FITC 
were 4.5%, 5.2%, and 9.2% in uninfected, Lv-shCon in-
fected, and Lv-shPim-3 infected U87 cells, respectively. 
Correspondingly, the percentages of cells in the early 
stages of apoptosis, detected by Annexin V-FITC, were 
4.0%, 4.6%, and 12.6% in uninfected, Lv-shCon–infec-
ted, and Lv-shPim-3–infected U251 cells, respectively. 

the effect of Pim-3 knockdown on apoptosis in U87 and 
U251 cells. Hoechst 33258, a DNA-sensitive fluoro-
chrome, was used to detect changes in the nuclear mor-
phology of glioblastoma cells after Pim-3 knockdown. 
As shown in Fig. 5A, the nuclei in uninfected cells or 
Lv-shCon infected U87 and U251 cells exhibited dif-
fuse staining of the chromatin. However, Lv-shPim-3 
infected U87 and U251 cells showed chromatin conden-
sation, margination, and shrunken nuclei, which are in-
dicative of apoptosis. To further determine the effects 

Figure 4. Pim-3 inhibition regulated cell cycle of U87 and U251 cells in vitro. (A) Cell cycle analysis by flow cytometry of U87 and U251 cells 
in three distinct groups (Con, Lv-shCon, and Lv-shPim-3). (B) Percentage of cells in distinct cell cycle stages of three distinct groups (Con, Lv-
shCon, and Lv-shPim-3) in U87 and U251 cells. Data are presented as mean ± SD, n = 3; *P < 0.05.

Figure 5. Pim-3 inhibition induced potent apoptosis in glioblastoma cells. (A) Morphological apoptosis was determined in two glioblastoma 
cell lines (U87 and U251) by staining with Hoechst 33258. (B) Dot plot representing the percentage of Annexin V-positive cells in U87 and U251 
cultures analyzed by flow cytometry and Annexin V-FITC and propidium iodide (PI) staining. (C) Quantification of Annexin V-FITC positive and 
PI negative cells. Pim-3 inhibition (Lv-shPim-3) resulted in a significant increase in early apoptotic cells. Data are presented as mean ± SD, n = 3; 
*P < 0.05 compared with the Lv-shCon infected groups.
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Regulation of cell cycle- and apoptosis-related pro-
teins due to Pim-3 knockdown in glioblastoma cells

Herein, the expression levels of the cell cycle-related 
proteins cyclin D1 and Cdc25C and the apoptosis-rela-
ted proteins Bcl-xl and Bax were analyzed by western 
blot in uninfected, Lv-shCon infected, and Lv-shPim-3 
infected U87 and U251 cells. As shown in Fig. 7, the 
levels of Bcl-xl, Bax, cyclin D1, and Cdc25C in unin-
fected cells and Lv-shCon infected cells were relatively 
consistent. However, the pro-apoptotic protein Bax in-
creased significantly in response to Pim-3 knockdown 
in the Lv-shPim-3 infected cells. On the contrary, anti-
apoptotic protein Bcl-xl and cell cycle regulatory pro-
teins including cyclin D1 and Cdc25C decreased dra-
matically in Lv-shPim-3 infected cells. The above data 
indicate that Pim-3 knockdown inhibits proliferation, at 
least partially, by modulating expression of these apop-
tosis-related proteins and cell cycle regulatory proteins 
in the glioblastoma cells.

Discussion

Pim-3 was originally identified as the depolariza-
tion-induced gene, KID-1, in a rat pheochromocytoma 
cell line (PC12 cells) (21). The Pim-3 gene is mapped 
to 22q13 (22) and encodes a protein of 326 amino acids 

These results show that Pim-3 influenced apoptosis of 
glioblastoma cells in vitro, providing further evidence 
of the involvement of Pim-3 in promoting proliferation 
of glioblastoma cells.

Tumor xenograft growth inhibition in vivo due to Pim-
3 knockdown

To determine whether Pim-3 affected glioblastoma 
progression in vivo, a murine xenograft model was esta-
blished. The right flank of nude mice was subcutaneous-
ly injected with U87 and U251 cells that were infected 
with Lv-shCon or Lv-shPim-3 (n = 5 for each group in 
each cell line). As illustrated in Fig. 6A, in U87 cells, tu-
mors grow progressively in the control group. However, 
tumor size was significantly smaller than the age-mat-
ched control mice at day 20 (upper panel). At day 27, 
tumors were dissected and tumor size was confirmed to 
be significantly smaller in the Lv-shPim-3 group (lower 
panel). Similar results were also obtained from U251 
cells (Fig. 6B). Moreover, we performed immunohis-
tochemistry analysis of the apoptosis-related factors 
Bax and Bcl-xl in the tumor tissues. It was shown that 
pro-apoptotic Bax was increased whereas anti-apoptotic 
Bcl-xl was decreased in the Lv-shPim-3 groups in both 
U87 cells and U251 cells (Fig. 6C). These results sug-
gested that Pim-3 knockdown inhibited the growth of 
subcutaneously implanted glioblastoma tumors in vivo.

Figure 6. Pim-3 inhibition prevented the growth of tumor xenografts in vivo. Tumor volume was periodically monitored in nude mice that were 
injected with U87 (A, upper panel) or U251 cells (B, upper panel). Cells were infected with Lv-shCon or Lv-shPim-3 before injecting them into 
mice. Tumors were dissected on day 28 (A and B, lower panels), and analyzed by immunohistochemistry. Pro-apoptotic Bax increased, whereas 
anti-apoptotic Bcl-xl decreased in response to Pim-3 knockdown in both U87 cells and U251 xenografts (C). Data are presented as mean ± SD. *P 
< 0.05.
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gulated by leukemia inhibitory factor⁄gp130-dependent 
signaling (27). Despite several studies on the mecha-
nisms that contribute to Pim-3-regulated tumorigenesis, 
the molecular mechanism underlying aberrant Pim-3 
expression in glioblastoma still deserves further inves-
tigation.

Pim-3 can prevent apoptosis and promote cell sur-
vival and protein translation, thereby enhancing proli-
feration of various types of normal and malignant cells. 
Pim-3 ablation by RNA interference inhibited cell pro-
liferation and enhanced apoptosis in human hepatoma, 
pancreatic, and colon cancer cell lines (13, 17, 23). 
Consistent with previous reports, we too observed that 
knockdown of Pim-3 via shRNA resulted in a decrease 
in cell proliferation, an induction of cell cycle arrest in 
G0/G1 phase, and an increase in apoptosis in the glio-
blastoma cells in vitro. Unphosphorylated proapopto-
tic protein Bad binds and inactivates the antiapopto-
tic family members, primarily Bcl-xl, thus promoting 
apoptosis. Enforced expression of Pim-3 increases the 
amount of Bad phosphorylation at Ser112 and impairs its 
binding to Bcl-xl, resulting in apoptosis resistance (13, 
17). In d-galactosamine-sensitized rats that are given 
lipopolysaccharide, Pim-3 gene transduction protect-
sagainst hepatic failure by increasing Bcl-2 expression 
and dampening caspase-3 activation (28). In addition, 
Pim-3-transgenic hepatocytes derived from mouse also 
enhance phosphorylation of Bad and accelerate cell 
cycle progression (16). Pim-3 shows a high sequence 
identity with Pim-1 even in their kinase domains; there-

with a molecular weight of approximately 35 kDa (23). 
Normal adult endoderm-derived organs including liver, 
pancreas, colon, and stomach, express very low levels of 
Pim-3; however, the premalignant and malignant lesions 
of these organs have enhanced expression of Pim-3 (13, 
17, 23, 24). Multiple studies have shown that aberrant 
Pim-3 expression can occur in the early phase of carci-
nogenesis. For example, higher levels of Pim-3 protein 
are detected in regenerative nodules and adenomatous 
hyperplasia, lesions with precancerous potential, than in 
HCC cells (23). Another example comes from adenoma 
tissues, where Pim-3 protein is detected with a higher 
incidence than in adenocarcinoma tissues in the colon 
and stomach (17, 24). In our study, we found that Pim-3 
was also highly expressed in the human glioblastoma 
cell lines U87MG, U87, and U251. Pim-3 expression 
was more than that of the other Pim family members, 
Pim-1 and Pim-2 (Fig. 1). Regulatory mechanisms that 
contribute to Pim-3-related tumorigenesis vary in dis-
tinct tumors and may even be different in the same type 
of tumor. A previous study revealed that Pim-3 could be 
upregulated by the Ewing sarcoma breakpoint region-1/
E26 transformation specific (EWS/ETS) fusion proteins 
(25). In addition, the transcription factor ETS-1 can 
induce aberrant Pim-3 expression in human pancreatic 
cancer cells (14). Moreover, translationally controlled 
tumor protein (TCTP) enhances stability of Pim-3 in 
pancreatic cancer to simultaneously promote cell-cycle 
progression and prevent and apoptosis (26). In murine 
embryonic stem cells, Pim-3 expression is also upre-

Figure 7. Effects of Pim-3 knockdown on cell cycle regulators and apoptosis-related proteins in U87 and U251 glioblastoma cells. (A) The 
expression levels of apoptosis-related proteins (Bcl-xl and Bax) and cell cycle regulators (cyclin D1 and Cdc25C) were analyzed by Western blot 
in uninfected, Lv-shCon infected, and Lv-shPim-3 infected U87 and U251 glioma cells. (B) the expression levels of Pim-3, Bcl-xl, Bax, cyclin D1, 
Cdc25C and β-actin were quantified using NIH ImageJ software, Pim-3/β-actin, Bcl-xl/β-actin, Bax/β-actin, cyclin D1/β-actin and Cdc25C/β-actin 
ratios were calculated for each cell line. 



49Copyright © 2015. All rights reserved.

J. Quan et al. / Pim-3 downregulation suppresses glioblastoma.

tumors: a review of Ad-p53 and oncolytic adenoviruses. J Neuroon-
col 2003, 65: 237-246. 10. Marsh, J. C., Goldfarb, J., Shafman, 
T. D. and Diaz, A. Z., Current status of immunotherapy and gene 
therapy for high-grade gliomas. Cancer Control 2013, 20: 43-48. 
11. An, S., Nam, K., Choi, S., Bai, C. Z., Lee, Y. and Park, J. S., 
Nonviral gene therapy in vivo with PAM-RG4/apoptin as a potential 
brain tumor therapeutic. Int J Nanomedicine 2013, 8: 821-834. doi: 
10.2147/IJN.S39072.
12. Mukaida, N., Wang, Y. Y. and Li, Y. Y., Roles of Pim-3, a novel 
survival kinase, in tumorigenesis. Cancer Sci 2011, 102: 1437-1442. 
doi: 10.1111/j.1349-7006.2011.01966.x.
13. Li, Y. Y., Popivanova, B. K., Nagai, Y., Ishikura, H., Fujii, C. 
and Mukaida, N., Pim-3, a proto-oncogene with serine/threonine 
kinase activity, is aberrantly expressed in human pancreatic cancer 
and phosphorylates bad to block bad-mediated apoptosis in human 
pancreatic cancer cell lines. Cancer Res 2006, 66: 6741-6747. doi: 
10.1158/0008-5472.CAN-05-4272.
14. Li, Y. Y., Wu, Y., Tsuneyama, K., Baba, T. and Mukaida, N., 
Essential contribution of Ets-1 to constitutive Pim-3 expression in 
human pancreatic cancer cells. Cancer Sci 2009, 100: 396-404. doi: 
10.1111/j.1349-7006.2008.01059.x.
15. Chang, M., Kanwar, N., Feng, E., Siu, A., Liu, X., Ma, D. and 
Jongstra, J., PIM kinase inhibitors downregulate STAT3(Tyr705) 
phosphorylation. Mol Cancer Ther 2010, 9: 2478-2487. doi: 
10.1158/1535-7163.MCT-10-0321.
16. Wu, Y., Wang, Y. Y., Nakamoto, Y., Li, Y. Y., Baba, T., Kaneko, 
S., Fujii, C. and Mukaida, N., Accelerated hepatocellular carci-
noma development in mice expressing the Pim-3 transgene selec-
tively in the liver. Oncogene 2010, 29: 2228-2237. doi: 10.1038/
onc.2009.504.
17. Popivanova, B. K., Li, Y. Y., Zheng, H., Omura, K., Fujii, C., 
Tsuneyama, K. and Mukaida, N., Proto-oncogene, Pim-3 with 
serine/threonine kinase activity, is aberrantly expressed in human 
colon cancer cells and can prevent Bad-mediated apoptosis. Cancer 
Sci 2007, 98: 321-328. doi: 10.1111/j.1349-7006.2007.00390.x.
18. Wang, C., Li, H. Y., Liu, B., Huang, S., Wu, L. and Li, Y. Y., Pim-
3 promotes the growth of human pancreatic cancer in the orthotopic 
nude mouse model through vascular endothelium growth factor. J 
Surg Res 2013, 185: 595-604. doi: 10.1016/j.jss.2013.06.004.
19. Liu, B., Wang, Z., Li, H. Y., Zhang, B., Ping, B. and Li, Y. Y., 
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or.2014.3158.
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Dandapani, S., Munoz, B., Palmer, M., Golub, T. and Schreiber, S. 
L., Discovery of Inhibitors of Anti-Apoptotic Protein A1., 2010.
21. Feldman, J. D., Vician, L., Crispino, M., Tocco, G., Marcheselli, 
V. L., Bazan, N. G., Baudry, M. and Herschman, H. R., KID-1, a 
protein kinase induced by depolarization in brain. J Biol Chem 1998, 
273: 16535-16543.
22. Nawijn, M. C., Alendar, A. and Berns, A., For better or for worse: 
the role of Pim oncogenes in tumorigenesis. Nat Rev Cancer 2011, 
11: 23-34. doi: 10.1038/nrc2986.
23. Fujii, C., Nakamoto, Y., Lu, P., Tsuneyama, K., Popivanova, 
B. K., Kaneko, S. and Mukaida, N., Aberrant expression of serine/
threonine kinase Pim-3 in hepatocellular carcinoma development 
and its role in the proliferation of human hepatoma cell lines. Int J 
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24. Zheng, H. C., Tsuneyama, K., Takahashi, H., Miwa, S., Sugiya-
ma, T., Popivanova, B. K., Fujii, C., Nomoto, K., Mukaida, N. and 
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fore, they may have similar functions. Cdc25C can acti-
vely promote cell cycle progression at the G2M phase. 
Pim-1 phosphorylates Cdc25C-associated kinase 1 (C-
TAK1)—a potent inhibitor of Cdc25C—and inhibits its 
activity to eventually advance the cell cycle (29). In this 
study, knockdown of Pim-3 via shRNA resulted in de-
creased Cdc25C and Bcl-xl expression in glioblastoma 
cells. These observations indicate the molecular mecha-
nisms underlying the effect of Pim-3 on proliferation 
and apoptosis in glioblastoma cells.

In conclusion, this is the first report elucidating the 
key role of Pim-3 in growth and apoptosis of glioblas-
toma cells. The inhibitors of Pim family showed posi-
tive therapeutic effects against human pancreatic cancer 
in xenograft models in vivo without causing any major 
adverse effects (30). Therefore, the findings of this stu-
dy could be useful for the development of targeted glio-
blastoma drug therapy.
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