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Tumor necrosis factor-α (TNF-α) plays an important role in 
pathological angiogenesis associated with inflammatory 
response. Pim-3 kinase belonging to serine/threonine pro-
tein kinases is a potent suppressor of myc-induced apop-
tosis. We have recently demonstrated that Pim-3 plays an 
essential role in endothelial cell (EC) spreading and migra-
tion. In this study, we showed that TNF-α transiently in-
creased Pim-3 mRNA expression, and this was mediated 
through Tumor necrosis factor-α receptor-1 (TNFR1) 
pathway in ECs. TNF-α could promote stabilization of Pim-
3 mRNA in ECs. Small-interfering RNA (siRNA)-mediated 
gene knockdown of Pim-3 significantly impaired TNF-α-
induced formation of EC membrane protrusions in vitro. 
Furthermore, Pim-3 silencing inhibited EC sprouting in 
subcutaneous Matrigel in vivo. eNOS mRNA abundance 
was lower in Pim-3 siRNA transfected ECs compared with 
the control ECs. These observations suggest that Pim-3 
plays a role in TNF-α-induced angiogenesis. 
 
 
INTRODUCTION 
 
Angiogenesis is an essential component of inflammation. In 
recent years, large advances in angiogenesis research have 
occurred, especially in oncology (Kamba and McDonald, 2007; 
Trivella et al., 2007). Traditionally, mechanisms in inflammation 
angiogenesis were inferred from tumor angiogenesis. Recent 
research, however, has highlighted the similarities and dissimi-
larities between these processes. Endothelial cells participate in 
this process through the synthesis and secretion of pro-
inflammatory cytokines, including VCAM, ICAM and interleukin 
(IL) (Benelli et al., 2006; Carmeliet, 2003). These molecules are 
also important components in the remodeling of vessels, mainly 
capillaries and venules, during inflammation (Ezaki et al., 2001; 
Thurston et al., 1998). One of the major inflammatory cytokines, 
tumor necrosis factor-α (TNF-α), is known to influence endo-
thelial cell migration. (Bradley, 2008; Gao et al., 2002; Pan et al., 
2002; Wu et al., 2005) Studies show that TNF-α can display 
either proangiogenic or antiangiogenic effects depending on 
experimental conditions. (Kociok et al., 2006; Mori et al., 2002). 

Pim-3 belongs to a family of proto-oncogenes that encode 
serine/threonine protein kinases. Previously, studies have found 
that Pim-3 is aberrantly expressed in human colon cancer cells 

(Popivanova et al., 2007), hepatocellular carcinomas (Fujii et al., 
2005; Wu et al., 2010) and pancreatic tumor cell lines. (Jian et 
al., 2009; Li et al., 2006; 2009) Pim-3 plays an important role in 
regulating the biology of tumor cells and inhibiting apoptosis. 
Pim-3 can promote tumor cell growth by regulating apoptosis 
and cellular metabolism through phosphorylating their sub-
strates. (Amaravadi and Thompson, 2005; Muraski et al., 2007; 
Wood et al., 2009) Recently, we found that Pim-3 is concen-
trated at the cellular lamellipodia in ECs and plays an essential 
role in EC spreading and migration. (Zhang et al., 2009) The 
purpose of this study is to investigate the possible implication of 
Pim-3 in the TNF-induced EC sprouting. We report here that 
Pim-3 is a molecular target of TNF in ECs.  
 
MATERIALS AND METHODS 

 
Cell culture and reagents 
Human umbilical vein endothelial cells (HUVECs) were isolated 
from fresh umbilical cords according to the procedure described 
previously and cultured on plates coated with collagen I. (Zhang 
et al., 2009) Cells were maintained in M199 supplemented with 
16% fetal bovine serum (FBS), 20 mM HEPES (pH 7.4), 1 
ng/ml recombinant human acidic fibroblast growth factor 
(aFGF), and 90 μg/ml heparin and antibiotics at 37°C in 5% 
CO2. For all experiments, early passage (3-5) HUVECs were 
used. Medium 199, Earle, OPTI-MEM, Lipofectamine LTX re-
agent and FBS were purchased from Invitrogen (USA). Colla-
gen I and aFGF were from Sigma (USA). Matrigel was ob-
tained from BD company (USA) and the TNF-α was from 
Promega (USA).  
 
RNA isolation and reverse transcription 
Total cellular RNA was isolated using TRIZOL reagent (Invitro-
gen, USA). RNA concentrations were determined spectro-
scopically at 260 nm. cDNA was synthesized from 2 μg of total 
RNA by using the Moloney Murine Leukemia Virus Reverse 
Transcriptase (Promega, USA) according to the manufacturer’s 
protocol.  
 
Semi-quantitative RT-PCR 
Pim-3 mRNA expression was assessed using RT-polymerase 
chain reaction. A volume of 1 μl of cDNA from the RT reaction 
was used for the PCR reaction containing 0.2 μM of each for-
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ward and reverse primer and 12.5 μl 2× Taq Plus PCR Mas-
terMix (TIANGEN BIOTECH, CN). The sequences of the prim-
ers used for PCR are as follows: 5′-GCACACACAATGCAAG 
TCCT-3′ and 5′-AGAGGCAGACTGCTCAGAGG-3′ for Pim-3; 
5′-ACCAAGTGCCACAAAGGAAC-3′ and 5′-CTGCAATTGAA 
GCACTGGAA-3′ for TNFR1; 5′-CTCAGGAGCATGGGGAT 
AAA-3′ and 5′-AGCCAGCCAGTCTGACATCT-3′ for TNFR2; 
5′-GACGCTACGAGGAGTGGAAG-3′ and 5′-CCTGTATGCC 
AGCACAGCTA-3′ for eNOS. The reactions were performed for 
23 to 25 cycles using the following conditions: 94°C 30 s, 56°C 
30 s and 72°C 30 s. PCR reactions were analyzed on a 1.5% 
agarose gel and quantified using Image J software (NIH). The 
level of Pim-3 mRNA was normalized to beta-actin mRNA. 
Data were collected from three to four experiments. 
 
mRNA stability assay 
The half-life of Pim-1 and Pim-3 mRNA were determined by 
treating ECs with actinomycin D (10 μg/ml) to block transcrip-
tion either alone or combined with TNF-α. During the following 
5 h, the cells were harvested every hour, and total RNA was 
prepared. RT-PCR was performed as described. 
 
siRNA transfection 
siRNAs were purchased from Eurogentec (Jikai, Inc., China). 
The siRNA targeting human Pim-3 was synthesized with the 
sense sequence of GGCGUGCUUCUCUACGAUATT. TNFR1 
and TNFR2 were knocked down by transient expression of 
siRNA directed against TNFR1 (5′-CAAAGGAACCUACUUG 
UACUU-3′) and TNFR2 (5′-GGGUGAUAAAUUGUUGAUA-3′). 
The annealed siRNA was transfected using Lipofectamine LTX 
according to the manufacturer’s protocol. An RNA duplex tar-
geting GFP was used as a control. The efficiency of target gene 
silencing was determined by RT-PCR analysis. 
 
Membrane protrusion formation with an in vitro  
wound-healing assay 
Confluent ECs were transfected with scramble or Pim-3 siRNA 
fragments for 24 h. Wounds were created on cell monolayers 
by using a sterile pipette tip. The debris was removed by wash-
ing the cells with serum-free M199 culture medium. The cells 
were photographed under an inverted microscope after further 
incubation in a 37°C incubator for 4 h in 2% serum M199 me-
dium. A total of five areas were selected randomly on each 
culture plate. 
 
Matrigel sprouting assay in vivo 
Normal male mice (C57BL/6) 6-8 weeks of age and weighing 
~20 g were used. The experiments were performed according 
to the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institute of Health (NIH Publications 
No.85-23, revised 1996) and was approved by the Animal Care 
and Use Committee of Hubei University of Medicine. In vivo 

angiogenesis measurements using Matrigel plugs were per-
formed as previously described. (Bochkov et al., 2006; van den 
Berg et al., 2009) Confluent ECs were infected at 50 MOI with 
recombinant adenoviruses expressing green fluorescent protein 
(GFP) for 4 h. The siRNAs were then transfected into ECs for 
another 24 h before they were harvested for matrigel assay. 
Growth factor-reduced Matrigel (BD Biosciences) was thawed 
overnight at 4°C and mixed with 1 × 105 cells. Matrigel (0.4 ml) 
was injected into the ventral side of mouse. After three days of 
treatment, the mice were euthanized by CO2 asphyxiation for 
plug exclusion. Matrigel plugs were isolated and fixed in 4% 
paraformaldehyde. Preparations were analyzed with a confocal 
microscope. 
 
Western blot analysis 
TNFR1 antibody was purchased from Santa Cruz Biotechnol-
ogy (USA). Total protein from the cells was extracted using 
RIPA protein extraction reagent, supplemented with protease 
inhibitor cocktail (1 mM Na3VO4, 10 μg/ml leupeptin, 10 μg/ml 
aprotinin, and 1 mM PMSF; Calbiochem, USA). The protein was 
subjected to SDS-polyacrylamide electrophoresis and trans-
ferred to nitrocellulose membranes. The membrane was blocked 
with 5% nonfat dry milk in Tris-buffered saline with 0.05% 
Tween-20 (TBS-T). Then, the membrane was blotted overnight 
with TNFR1 antibody. The membranes were washed and incu-
bated for 1 h with horseradish peroxidase (HRP)-conjugated 
secondary antibody. The membranes were washed and devel-
oped by chemiluminescence. 
 
Statistic analysis 
Data are expressed as the mean ± SEM. Differences between 
groups were analyzed by ANOVA followed by Student’s t-test 
and were considered significant when P < 0.05. 
 
RESULTS 

 
TNF-α induces Pim-3 mRNA expression in ECs 
We first investigated whether Pim-3 mRNA expression was 
regulated by TNF-α in ECs. Confluent ECs were incubated with 
TNF-α at different doses for the indicated times before total 
RNA was extracted with TRIZOL reagent. As shown in Fig. 1A, 
TNF-α treatment rapidly and transiently induced the expression 
of Pim-3 mRNA in ECs with the gene elevation within 90 min 
and peaking by 2 h. TNF-α significantly upregulated Pim-3 
gene expression in a dose-dependent manner (Fig. 1B). 
 
TNF-α acts via TNFR1 to stimulate Pim-3 mRNA  
expression in ECs 
TNF-α acts on several different signaling pathways through two 
cell surface receptors, TNFR1 and TNFR2. To further investi-
gate the contribution of TNFR1 and TNFR2 to TNF-α-induced 
Pim-3 expression, ECs were transfected with scramble, TNFR1 

Fig. 1. Effects of TNF-α on Pim-3

mRNA expression in ECs. Confluent

ECs were treated with different con-

centrations of TNF-α for indicated

time. Pim-3 mRNA expression was

analyzed using RT-PCR. The results

represent the mean ± S.E.M. for

triplicate experiments. *P < 0.05. 
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or TNFR2 siRNA. As shown in Fig. 2A, TNFR1 and TNFR2 
siRNA decreased TNFR1 and TNFR2 mRNA expression, re-
spectively. TNFR1 silencing significantly inhibited TNF-α-indu-
ced Pim-3 expression in ECs whereas TNFR2 silencing had no 
effect on TNF-α-induced Pim-3 expression. Furthermore, neu-
tralizing antibody against TNFR1 inhibited TNF-α-induced Pim-
3 mRNA expression (Fig. 2D). 
 
Wortmannin, SB203580, BAY11-7082 and SP600125  
up-regulate Pim-3 mRNA expression in ECs 
TNF-α has been shown to be a potent activator of p38 MAP 
kinase, ERK, PI3K/Akt, NF-κB and JNK kinase. To elucidate 
which signaling pathways contribute to TNF-α induced Pim-3 
mRNA expression, we treated the ECs with several kinase 
inhibitors before TNF-α stimulation. The results showed that the 
PI3K inhibitor, wortmannin, the p38MAPK inhibitor, SB203580, 
the NF-κB inhibitor, BAY11-7082 and the JNK inhibitor, 

SP600125, all increased the Pim-3 mRNA expression in ECs. 
Moreover, these inhibitors and TNF-α had overlapping effects 
on Pim-3 mRNA levels. 
 
TNF-α stabilizes endogenous Pim-3 mRNA 
The expression of Pim kinases is regulated by transcriptional 
and post-transcriptional mechanisms, including mRNA stability 
and translation. Here, we examined the effect of TNF-α on 
endogenous Pim-3 mRNA stability in ECs. Actinomycin D, 
which blocks transcriptional activity, was used to determine the 
decay of Pim-3 mRNA in ECs. The mRNA half-life was about 1 
h in control cells. In TNF-α-treated ECs, there was only a slight 
decrease during the first 1 h of actinomycin exposure. Pim-3 
mRNA levels at each time point were more abundant than in 
the un-stimulated control. This result suggests an effect of TNF-
α on Pim-3 post-transcriptional regulation (Fig. 4). 

Fig. 2. TNFR1 silencing inhibited

TNF-α-induced Pim-3 expression in

ECs. TNFR1 and TNFR2 RNA inter-

ference in ECs were achieved by

performing transfections with double-

stranded RNA at 20 nM. (A) Silenc-

ing of TNFR1 and TNFR2 gene ex-

pression was confirmed using RT-

PCR. (B) Silencing of TNFR1 protein

expression was further confirmed by

Western blot analysis. (C) Twenty-

four hours after transfection, ECs

were treated with TNF-α for 2 h. (D)

ECs were preincubated for 30 min

with a mAb blocking TNFR1 or a

normal IgG (100 μg/ml each) before

being treated with TNF-α for 2 h. RT-

PCR analysis was performed to check

Pim-3 mRNA expression. The results

represent 3 independent experi-

ments. *P < 0.05. 

Fig. 3. Effects of signaling inhibitors on Pim-3 mRNA

expression in ECs. ECs were pretreated for 30 minutes

with or without 20 nM wortmannin (WT), 10 μM

SB203580 (SB), 10 μM PD98059 (PD), BAY11-7802

(BAY), or SP60012570 (SP) before TNF-α treatment.

Whole cell lysates were analyzed for Pim-3 mRNA ex-

pression by RT-PCR. The results represent 3 inde-

pendent experiments. 
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Effect of Pim-3 silencing on TNF-α-induced formation of  
membrane protrusions in vitro and endothelial cell  
sprouting in vivo 
Exposure of ECs to TNF-α causes an increase in the formation 
of membrane protrusions and cell migration. Previously, we 
reported that Pim-3 plays an essential role in EC migration. We 
next examined the effect of Pim-3 silencing on the formation of 
membrane protrusions by using a well-established in vitro 
wound-healing assay. The results showed that scramble siRNA 
transfected ECs display more membrane protrusions than Pim-
3 silenced ECs after TNF-α exposure (Fig. 5A). Furthermore, 
the function of Pim-3 in endothelial cell sprouting was also in-
vestigated in vivo. We used the mouse subcutaneous Matrigel 
plug assay to investigate Pim-3 angiogenic activity. Silencing of 
Pim-3 after siRNA transfection was confirmed by RT-PCR 

analysis (data not shown). The EC spheroids extended tube-
like sprouts into the surrounding matrix (Fig. 5Ba). We found 
that Pim-3 silencing prevents the activation of EC sprouting 
more than in control cells (Fig. 5Bb). These data confirm that 
Pim-3 exerts pro-angiogenic characteristics in vivo. 
 
Pim-3 contributes to eNOS mRNA abundance in ECs 
Previous studies have shown that eNOS constitutes an impor-
tant molecular signal that contributes to cell migration and actin 
polymerization. Cellular nitric oxide (NO) was also produced in 
a cell cycle-dependent manner. We observed the effect of Pim-
3 silencing on eNOS expression in ECs. As seen in Fig. 6, a 
relatively low level of eNOS mRNA was detected in Pim-3 
siRNA transfected cells. Thus, Pim-3 may regulate EC migra-
tion either directly or through eNOS signaling.

Fig. 4. Analysis of Pim-3 mRNA levels in TNF-α treated ECs. The

ECs were preincubated with actinomycin D (10 μg/ml) and treated

with TNF-α or vehicle alone for different time intervals (0-5 h). ECs

were harvested at indicated time points. Fold change in Pim-3 mRNA

expression was measured by RT-PCR as described. The mRNA level

at zero time point was considered 100%. The results represent 3

independent experiments. *P < 0.05. 

Fig. 5. The inhibitory effects of Pim-3 silenc-

ing on EC filopodia formation and sprouting.

(A) Scramble and Pm-3 siRNA-transfected

ECs were cultured in 2% FBS M199 culture

medium for 4 h, and then treated with TNF-α

(10 ng/ml) for another 4 h. Filopodia forma-

tion was analyzed in a wound-healing assay.

(B) Ad-GFP infected and Pim-3 siRNA trans-

fected ECs were harvested and mixed with

matrigel, then injected into the ventral side of

mouse. Matrigel plugs were isolated 3 days

later. EC sprouting were observed with a

confocal microscope. Representative results

from three independent experiments are

shown. 
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DISCUSSION 

 
The results presented in this study demonstrate that Pim-3 
kinase is a molecular target of TNF-α in ECs as TNF-α in-
creased the mRNA stability of Pim-3 via TNFR1. Pim-3 silenc-
ing also inhibited TNF-α-induced membrane protrusion forma-
tion in ECs. 

During wound healing, blood-derived monocytes accumulate 
and differentiate into tissue macrophages. These activated 
macrophages and monocytes synthesize and secrete several 
cytokines, including TNF-α, which activates local ECs (Li et al., 
2005). The role of TNF-α in angiogenesis has been highly con-
troversial. Numerous studies show that TNF-α can display ei-
ther proangiogenic (Numasaki et al., 2004; Secchiero et al., 
2004; Tanner, 2004; Zhu et al., 2006) or antiangiogenic effects 
(Frater-Schroder et al., 1987; Mori et al., 2002). TNF-α has 
been shown to inhibit activity and expression of VEGF recep-
tors. Studies have also shown that TNF-α inhibits EC prolifera-
tion and migration in vitro, but TNF-α enhances angiogenesis in 

vivo (Frater-Schroder et al., 1987). On the other hand, TNF-α 
induces the release of metalloproteinases and vascular endo-
thelial growth factor A, both potent angiogenic factors. TNF-α 
also increases the activation and ligation of α5β3 and decreases 
the activation and ligation of α5β1-integrins to facilitate EC mi-
gration (Gao et al., 2002). It has been reported that low concen-
tration of TNF-α induced the high levels of tubule formation in 

vitro. We previously reported that Pim-3 kinase was concen-
trated in the lamellipodia in cultured ECs (Zhang et al., 2009). 
Additionally, Pim-3 plays an important role in regulating EC 
migration and proliferation. This study demonstrates that a low 
concentration of TNF-α induced Pim-3 mRNA expression in 
ECs. Reportedly, the structures of human Pim kinases demon-
strate a conserved kinase domain and no regulatory domain 
(Amaravadi and Thompson, 2005). Pim-3 kinase activity de-
pends on the level of Pim-3 gene expression. Thus, Pim-3 may 
partly mediate TNF-α-induced EC dysfunction. 

There are two distinct types of receptors for TNF-α encoded 
by distinct genes. TNFR1 is expressed by all human tissues 
while TNFR2 expression is predominantly restricted to cells of 
hematopoietic origin and ECs. Contradictory results have been 
reported on the roles of TNFR1 and TNFR2 in angiogenesis. 
Pathological retinal neovascularization was significantly redu-
ced in TNFR1- but not TNFR2-deficient mice (Kociok et al., 
2006). On the other hand, Mori et al. (2002) reported that 
TNFR1 knockout mice exhibited an increment in vascular den-
sities at wound sites. Another research group found that ische-
mia-initiated angiogenesis was enhanced in TNFR1 knockout 

mice but reduced in TNFR2 knockout mice (Luo et al., 2006). 
Activation of TNFR1 can cause inhibition of EC migration and 
EC apoptosis. These data demonstrate that TNFR1 and TNFR2 
have opposite effects on EC survival and migration. We re-
ported here that TNF-α acts via TNFR1 to stimulate Pim-3 
mRNA expression in ECs. TNFR1 is the major signaling recep-
tor for TNF-α in ECs. The present study expands our under-
standing of the mechanism of TNF-α induced vessel formation. 

Other studies have demonstrated that the diverse TNF-α 
mediated biological responses are achieved through activating 
multiple signaling pathways. Our data show that pharmacologi-
cal inhibitors of several signaling pathways increased the Pim-3 
mRNA expression in ECs. Wortmannin is a PI3K and PI3K-like 
kinase inhibitor. We found that wortmannin up-regulates Pim-3 
mRNA expression by inhibiting DNA-dependent serine/thre-
onine protein kinase (DNA-PK) in ECs (our unpublished data). 
These observations suggest that other signaling pathways may 
be involved in TNF-α-induced Pim-3 expression in ECs. 

The cellular biological activity of Pim kinases depends on pro-
tein quantity. The results from mRNA stability studies suggest 
that the level of Pim mRNA is also controlled post-tran-
scriptionally as regulation of Pim mRNA stability partially deter-
mines Pim activity. The stability of the Pim-1 transcript is regu-
lated in lymphocytes during the course of lymphocyte activation. 
In addition, IL2, IFNy and SLF can post-transcriptionally regu-
late the level of Pim-l mRNA (Wingett et al., 1991; Yip-
Schneider et al., 1995). Our data indicate that the transient in-
duction of Pim-3 gene expression by TNF-α is associated with 
regulation by mRNA stability. Previously, it was reported that 
the destabilizing (UAUU)n motif contributed to Pim-1 mRNA 
stability in germ cells and lymphocytes. Thus, whether the 
(UAUU)n motif also contributes to the increase in Pim-3 mRNA 
level observed after TNF-α exposure should be a subject of 
future study. 

The initial step in directed cell movement is lamellipodial pro-
trusion, an action driven by actin polymerization. Recently, both 
our research and that of other groups suggested that Pim-1 and 
Pim-3 play roles in controlling EC proliferation and subsequent 
vessel tube formation (Zhang et al., 2009; Zippo et al., 2004). 
Pim-1 and Pim-3 can regulate cytoskeletal organization (Bhatta- 
charya et al., 2002). Reportedly, TNF-α can induce the forma-
tion of membrane ruffles, filopodia, and actin stress fibers in 
ECs. Increased formation of membrane protrusions was ob-
served in TNF-α-treated ECs at the migration front in vitro (Gao 
et al., 2002). We report here that Pim-3 silencing inhibited TNF-
α-induced formation of membrane protrusions in vitro and EC 
sprouting in vivo.  

Fig. 6. Pim-3 silencing decreased eNOS

mRNA expression in ECs. ECs were trans-

fected with scrambled siRNA or Pim-3

siRNA. At 24 h post transfection, the mRNA

levels of eNOS and Pim-3 were analyzed by

semi-quantitative RT-PCR assay. *P < 0.05.
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eNOS plays a predominant role in angiogenesis and vascu-
logenesis. EC movement requires a coordinated cycle of adhe-
sion and detachment (Gavard et al., 2004), and NO participates 
in the cycle of lamellipodial extension and retraction (Fiedler, 
2009). We showed that Pim-3 gene silencing led to the reduc-
tion in eNOS mRNA level in ECs. These data indicate that Pim-
3 may regulate EC migration via eNOS/NO signaling pathway. 
The molecular details of how the Pim-3 silencing regulates 
eNOS mRNA level remain to be determined. 

In summary, Pim mRNA expression is regulated by TNF-α in 
ECs and specific inhibition of the Pim-3-function suppresses 
TNF-α-induced EC sprouting. These data suggest that Pim-3 
plays a role in TNF-α-induced angiogenesis. 

 
ACKNOWLEDGMENTS 

This work is supported by the grants from the National Natural 
Science Foundation of China (#30900631) and by the grants 
from Education Department of Hubei Province, China (#Q2010-
2101 and #B20102101). 
 
REFERENCES 

 

Amaravadi, R., and Thompson, C.B. (2005). The survival kinases 
Akt and Pim as potential pharmacological targets. J. Clin. Invest. 
115, 2618-2624. 

Benelli, R., Lorusso, G., Albini, A., and Noonan, D.M. (2006). Cyto-
kines and chemokines as regulators of angiogenesis in health 
and disease. Curr. Pharm. Des. 12, 3101-3115. 

Bhattacharya, N., Wang, Z., Davitt, C., McKenzie, I.F., Xing, P.X., 
and Magnuson, N.S. (2002). Pim-1 associates with protein 
complexes necessary for mitosis. Chromosoma 111, 80-95. 

Bochkov, V.N., Philippova, M., Oskolkova, O., Kadl, A., Furnkranz, 
A., Karabeg, E., Afonyushkin, T., Gruber, F., Breuss, J., Min-
chenko, A., et al. (2006). Oxidized phospholipids stimulate an-
giogenesis via autocrine mechanisms, implicating a novel role 
for lipid oxidation in the evolution of atherosclerotic lesions. Circ. 
Res. 99, 900-908. 

Bradley, J.R. (2008). TNF-mediated inflammatory disease. J. Pathol. 
214, 149-160. 

Carmeliet, P. (2003). Angiogenesis in health and disease. Nat. Med. 
9, 653-660. 

Ezaki, T., Baluk, P., Thurston, G., La Barbara, A., Woo, C., and Mc-
Donald, D.M. (2001). Time course of endothelial cell proliferation 
and microvascular remodeling in chronic inflammation. Am. J. 
Pathol. 158, 2043-2055. 

Fiedler, L.R. (2009). Rac1 regulates cardiovascular development 
and postnatal function of endothelium. Cell Adh. Migr. 3, 143-
145. 

Frater-Schroder, M., Risau, W., Hallmann, R., Gautschi, P., and Bo-
hlen, P. (1987). Tumor necrosis factor type alpha, a potent in-
hibitor of endothelial cell growth in vitro, is angiogenic in vivo. 
Proc. Natl. Acad. Sci. USA 84, 5277-5281. 

Fujii, C., Nakamoto, Y., Lu, P., Tsuneyama, K., Popivanova, B.K., 
Kaneko, S., and Mukaida, N. (2005). Aberrant expression of ser-
ine/threonine kinase Pim-3 in hepatocellular carcinoma devel-
opment and its role in the proliferation of human hepatoma cell 
lines. Int. J. Cancer 114, 209-218. 

Gao, B., Saba, T.M., and Tsan, M.F. (2002). Role of alpha(v) 
beta(3)-integrin in TNF-alpha-induced endothelial cell migration. 
Am. J. Physiol. 283, C1196-1205. 

Gavard, J., Lambert, M., Grosheva, I., Marthiens, V., Irinopoulou, T., 
Riou, J.F., Bershadsky, A., and Mege, R.M. (2004). Lamellipo-
dium extension and cadherin adhesion: two cell responses to 
cadherin activation relying on distinct signalling pathways. J. Cell 
Sci. 117, 257-270. 

Jian, J., Hu, Z.F., and Huang, Y. (2009). Effect of ginsenoside Rg3 
on Pim-3 and Bad proteins in human pancreatic cancer cell line 
PANC-1. Ai zheng = Aizheng = Chin. J. Cancer 28, 461-465. 

Kamba, T., and McDonald, D.M. (2007). Mechanisms of adverse 
effects of anti-VEGF therapy for cancer. Br. J. Cancer 96, 1788-
1795. 

Kociok, N., Radetzky, S., Krohne, T.U., Gavranic, C., and Joussen, 
A.M. (2006). Pathological but not physiological retinal neovascu-

larization is altered in TNF-Rp55-receptor-deficient mice. Invest. 
Ophthalmol. Vis. Sci. 47, 5057-5065. 

Li, Y., Schwabe, R.F., DeVries-Seimon, T., Yao, P.M., Gerbod-
Giannone, M.C., Tall, A.R., Davis, R.J., Flavell, R., Brenner, D.A., 
and Tabas, I. (2005). Free cholesterol-loaded macrophages are 
an abundant source of tumor necrosis factor-alpha and inter-
leukin-6: model of NF-kappaB- and map kinase-dependent in-
flammation in advanced atherosclerosis. J. Biol. Chem. 280, 
21763-21772. 

Li, Y.Y., Popivanova, B.K., Nagai, Y., Ishikura, H., Fujii, C., and 
Mukaida, N. (2006). Pim-3, a proto-oncogene with serine/thr-
eonine kinase activity, is aberrantly expressed in human pan-
creatic cancer and phosphorylates bad to block bad-mediated 
apoptosis in human pancreatic cancer cell lines. Cancer Res. 66, 
6741-6747. 

Li, Y.Y., Wu, Y., Tsuneyama, K., Baba, T., and Mukaida, N. (2009). 
Essential contribution of Ets-1 to constitutive Pim-3 expression in 
human pancreatic cancer cells. Cancer Sci. 100, 396-404. 

Luo, D., Luo, Y., He, Y., Zhang, H., Zhang, R., Li, X., Dobrucki, W.L., 
Sinusas, A.J., Sessa, W.C., and Min, W. (2006). Differential 
functions of tumor necrosis factor receptor 1 and 2 signaling in 
ischemia-mediated arteriogenesis and angiogenesis. Am. J. 
Pathol. 169, 1886-1898. 

Mori, R., Kondo, T., Ohshima, T., Ishida, Y., and Mukaida, N. (2002). 
Accelerated wound healing in tumor necrosis factor receptor 
p55-deficient mice with reduced leukocyte infiltration. FASEB J. 
16, 963-974. 

Muraski, J.A., Rota, M., Misao, Y., Fransioli, J., Cottage, C., Gude, 
N., Esposito, G., Delucchi, F., Arcarese, M., Alvarez, R., et al. 
(2007). Pim-1 regulates cardiomyocyte survival downstream of 
Akt. Nat. Med. 13, 1467-1475. 

Numasaki, M., Lotze, M.T., and Sasaki, H. (2004). Interleukin-17 
augments tumor necrosis factor-alpha-induced elaboration of 
proangiogenic factors from fibroblasts. Immunol. Lett. 93, 39-43. 

Pan, S., An, P., Zhang, R., He, X., Yin, G., and Min, W. (2002). 
Etk/Bmx as a tumor necrosis factor receptor type 2-specific 
kinase: role in endothelial cell migration and angiogenesis. Mol. 
Cell. Biol. 22, 7512-7523. 

Popivanova, B.K., Li, Y.Y., Zheng, H., Omura, K., Fujii, C., Tsune-
yama, K., and Mukaida, N. (2007). Proto-oncogene, Pim-3 with 
serine/threonine kinase activity, is aberrantly expressed in hu-
man colon cancer cells and can prevent Bad-mediated apop-
tosis. Cancer Sci. 98, 321-328. 

Secchiero, P., Gonelli, A., Carnevale, E., Corallini, F., Rizzardi, C., 
Zacchigna, S., Melato, M., and Zauli, G. (2004). Evidence for a 
proangiogenic activity of TNF-related apoptosis-inducing ligand. 
Neoplasia (New York, N.Y) 6, 364-373. 

Tanner, J.E. (2004). Nucleosomes activate NF-kappaB in endothe-
lial cells for induction of the proangiogenic cytokine IL-8. Int. J. 
Cancer 112, 155-160. 

Thurston, G., Murphy, T.J., Baluk, P., Lindsey, J.R., and McDonald, 
D.M. (1998). Angiogenesis in mice with chronic airway inflam-
mation: strain-dependent differences. Am. J. Pathol. 153, 1099-
1112. 

Trivella, M., Pezzella, F., Pastorino, U., Harris, A.L., and Altman, 
D.G. (2007). Microvessel density as a prognostic factor in non-
small-cell lung carcinoma: a meta-analysis of individual patient 
data. Lancet Oncol. 8, 488-499. 

van den Berg, Y.W., van den Hengel, L.G., Myers, H.R., Ayachi, O., 
Jordanova, E., Ruf, W., Spek, C.A., Reitsma, P.H., Bogdanov, 
V.Y., and Versteeg, H.H. (2009). Alternatively spliced tissue 
factor induces angiogenesis through integrin ligation. Proc. Natl. 
Acad. Sci. USA 106, 19497-19502. 

Wingett, D., Reeves, R., and Magnuson, N.S. (1991). Stability 
changes in pim-1 proto-oncogene mRNA after mitogen stimula-
tion of normal lymphocytes. J. Immunol. 147, 3653-3659. 

Wood, N.T., Meek, D.W., and Mackintosh, C. (2009). 14-3-3 Bind-
ing to Pim-phosphorylated Ser166 and Ser186 of human Mdm2-
-potential interplay with the PKB/Akt pathway and p14(ARF). 
FEBS Lett. 583, 615-620. 

Wu, R.F., Xu, Y.C., Ma, Z., Nwariaku, F.E., Sarosi, G.A., Jr., and 
Terada, L.S. (2005). Subcellular targeting of oxidants during 
endothelial cell migration. J. Cell Biol. 171, 893-904. 

Wu, Y., Wang, Y.Y., Nakamoto, Y., Li, Y.Y., Baba, T., Kaneko, S., 
Fujii, C., and Mukaida, N. (2010). Accelerated hepatocellular 
carcinoma development in mice expressing the Pim-3 transgene 
selectively in the liver. Oncogene 29, 2228-2237. 



 Handong Yang et al. 241 

 

 

 

 

Yip-Schneider, M.T., Horie, M., and Broxmeyer, H.E. (1995). Tran-
scriptional induction of pim-1 protein kinase gene expression by 
interferon gamma and posttranscriptional effects on costimula-
tion with steel factor. Blood 85, 3494-3502. 

Zhang, P., Wang, H., Min, X., Wang, Y., Tang, J., Cheng, J., Li, D., 
Chen, X., Cheng, F., Wang, N., et al. (2009). Pim-3 is expressed 
in endothelial cells and promotes vascular tube formation. J. Cell. 
Physiol. 220, 82-90. 

Zhu, T., Sennlaub, F., Beauchamp, M.H., Fan, L., Joyal, J.S., 

Checchin, D., Nim, S., Lachapelle, P., Sirinyan, M., Hou, X., et al. 
(2006). Proangiogenic effects of protease-activated receptor 2 
are tumor necrosis factor-alpha and consecutively Tie2 depend-
ent. Arterioscler. Thromb. Vasc. Biol. 26, 744-750. 

Zippo, A., De Robertis, A., Bardelli, M., Galvagni, F., and Oliviero, S. 
(2004). Identification of Flk-1 target genes in vasculogenesis: 
Pim-1 is required for endothelial and mural cell differentiation in 

vitro. Blood 103, 4536-4544. 
 

 



242 Pim-3 Promotes Endothelial Cell Sprouting 

 

 

 

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


