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Abstract
Pim-2 kinase is one of three highly conserved Pim family members which are known to be involved
in cell survival and cell proliferation. Here we demonstrate that like Pim-1, Pim-2 also phosphorylates
the cell cycle inhibitor p21Cip1/WAF1 (p21) on Thr145 in vitro and in vivo. Overexpression of Pim-2
in HCT116 cells leads to the increased stability of p21, and results in enhanced levels of both
exogenous and endogenous p21 proteins. Knock-down of Pim-2 expression via siRNA results in
reduced level of endogenous p21, indicating that like Pim-1, Pim-2 is another legitimate p21 kinase.
However, Pim-2 has no influence on the nuclear localization of p21 in HCT116 cells. In addition,
Pim-2 is able to arrest the cell cycle at G1/S phase and inhibit cell proliferation through
phosphorylation of p21 in HCT116 cells. These data suggest that Pim-2 phosphorylation of p21
enhances p21’s stability and inhibits cell proliferation in HCT116 cells.
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Introduction
The proto-oncogene pim-2 was originally discovered as a result of proviral insertion discovered
in a murine T cell lymphoma (Breuer et al., 1989). The gene encodes a serine/thronine kinase
whose expression is regulated by hematopoietic cytokines (Fox et al., 2003). Pim-2 has a well-
documented role in oncogenesis (for review see Allen and Bern (Allen and Berns, 1996)) and
the co-expression of pim-2 and c-Myc transgenes induces rapid malignant transformation in
vivo (Allen et al., 1997). Pim-2 transgenic mice have a low-rate of spontaneous tumor
incidence, but are more susceptible to lymphomagenesis upon viral infection or chemical
carcinogen exposure (Allen et al., 1997). In humans, dysregulated Pim-2 overexpression has
been reported to occur in prostate cancer (Dhanasekaran et al., 2001;Dai et al., 2005),
lymphoma (Yoshida et al., 1999), leukemia (Amson et al., 1989) and multiple myeloma
(Claudio et al., 2002). These observations underscore Pim-2’s involvement in human tumor
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formation. One of the main functions attributed to Pim-2 is as a potent regulator of cell survival
in response to growth factor signaling (Fox et al., 2003). Pim-2 is reported to inhibit apoptosis
by phosphorylating BAD, thus interfering with BAD-induced cell death (Yan et al., 2003).
Pim-2 has been found to promote cell survival by activating the NFκB survival pathway
through both augmentation of IκB kinase activity and NFκB nuclear translocation
(Hammerman et al., 2004). More recently, it is reported that Pim-2 is required to confer
rapamycin resistance in hematopoietic cells (Fox et al., 2005), and Pim-2 is an independent
regulator of chondrocyte survival and autophagy in the epiphyseal growth plate (Bohensky et
al., 2007). Pim-2 kinase is also required for efficient pre-B-cell transfomation by v-Abl
oncogene (Chen et al., 2008).

Pim-2 belongs to a serine/threonine kinase family which has three members: Pim-1, Pim-2 and
Pim-3 (Wang et al., 2001). The Pim family kinases are highly homologous to each other and
also share a unique hinge region sequence, but have < 30% sequence identity to other kinases
(Mikkers et al., 2004). They also differ in their tissue expression (Eichmann et al., 2000). Yet,
it is unknown to what extent the various family members differ in their biochemical effects.
Functional similarity between Pim-1 and Pim-2 kinases has been inferred from the studies of
transgenic mice. Both pim-1 and pim-2 genes induce lymphomas alone or in synergy with c-
myc (van Lohuizen et al., 1989;van der Lugt et al., 1995). Furthermore, the relatively weak
phenotype associated with disruption of the pim-1 gene (Laird et al., 1993) suggests that its
functions may be assumed by other related molecules, such as pim-2, but what is not clear is
whether the two kinases have functions that are unique to each kinase.

p21Cip1/WAF1(p21) is a well-known cyclin-dependent kinase inhibitor (CKI) and a prototypical
member of the Cip/Kip family of CKIs (Gartel et al., 1996). It negatively modulates cell cycle
progression by inhibiting the activity of cyclin/Cdk2 complexes (Harper et al., 1995) and it
blocks DNA replication by binding to proliferating cell nuclear antigen (Waga et al., 1994). In
addition to its role as an inhibitor of cell cycle progression, p21 may also function as an adaptor
protein for cdk4/cyclin D complexes (LaBaer et al., 1997), thereby promoting cell cycle
progression. Recent studies have revealed that p21 is involved in a variety of cellular events,
such as differentiation (Asada et al., 1999), proliferation (Rossig et al., 2001), senescence
(Brown et al., 1997), cell motility and tumor metastasis (Lee and Helfman, 2004), as well as
cell survival (Mattiussi et al., 2004). The involvement of p21 in multiple cellular functions
underscores its importance and that its precise regulation is crucial to the maintenance of the
normal cellular function.

p21 is a key mediator of p53-dependent cell cycle arrest and may play the role of a tumor
suppressor in cancer (Dotto, 2000). However, it has been shown that p21 may also act as an
oncogene, because it inhibits apoptosis and may promote cell proliferation in some tumors (see
reviews (Gartel and Tyner, 2002;Gartel, 2005;Cazzalini et al., 2010)). p21 is overexpressed in
a variety of human tumors including prostate, cervical, breast and squamous cell carcinomas
and, in many cases, p21 up-regulation correlates positively with tumor grade, invasiveness and
aggressiveness and is poor prognostic indicator (see review (Abbas and Dutta, 2009)).

The regulation of p21 expression is mainly controlled at the transcriptional level by various
transcription factors (Gartel and Radhakrishnan, 2005). This could occur in both p53 dependent
and p53 independent manners (Gartel and Tyner, 1999). However, a series of new studies have
shown that p21 can be also regulated by post-translational mechanisms. p21 is an unstable
protein with the half-life of < 30 min and is degraded by the proteasome in a ubiquitin-
independent manner (Sheaff et al., 2000). Over the past years, a number of phosphorylation
sites in p21 have been identified, which are targeted by several important signaling protein
kinases including Akt/PKB, GSK3, MAPK p38, PKC, PKA, and Pim-1 (Li et al., 2002;Rossig
et al., 2001;Kim et al., 2002;Kashiwagi et al., 2000;Suzuki et al., 2000;Zhang et al.,
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2007;Rossig et al., 2001). The significance of some of the phosphorylation sites on p21 is that
they lead to the alteration of its stability and/or subcellular localization.

In this study, using p21 as a target, we found that p21 can be phosphorylated by Pim-2 kinase
both in vitro and in vivo. This phosphorylation event increases p21 stability. Furthermore, the
phosphorylation of p21 by Pim-2 does not change the nuclear localization of p21 in HCT116
cells and promotes the inhibition of cell cycle at G1/S phase. Knock-down of Pim-2 levels
mediated by pim-2 siRNA results in decreased p21 levels in both HCT116 and DU145 cells.
In addition, Pim-2 kinase inhibits cell proliferation in HCT116 cells via phosphorylation of
p21. However, when compared side by side in the same cell line, both Pim-2 and Pim-1 have
the same function indicating that it is the genetic background of the cells in which the kinases
are expressed that dictate how their function will be manifested.

Materials and Methods
Cell culture and transfection

Human colorectal carcinoma HCT116 cells were cultured in McCoy’s 5A medium
supplemented with 10% (v/v) fetal bovine serum (Atlanta biologicals), 100units/ml penicillin
and 100μg/ml streptomycin. Human prostate carcinoma DU145 cells were cultured in RPMI
1640 medium supplemented with 10% FBS, 100units/ml penicillin and 100μg/ml
streptomycin. Both cell lines were maintained at 37°C in a humidified atmosphere of 95% air
and 5% CO2. Transfections were carried out with Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Silencer validated siRNA to Pim-2, Silencer GAPDH
siRNA (positive control) and Silencer negative control siRNA( Ambion) were transfected into
HCT116 and DU145 cells using SiPORT lipid siRNA transfection reagent (Ambion) and cells
were cultured for 48h before harvesting for analysis. For cycloheximide treatment, cells were
treated with a concentration of 25μg/ml for the indicated time.

Antibodies and reagents
Antibodies used included anti-p21, anti-p53 (BD Pharmingen); anti-actin, anti-HA, anti-FLAG
(Sigma); anti-phospho-Ser146-p21, anti-phospho-Thr145-p21, anti-Pim-2 (Santa Cruz
Biotech). Other reagents used included doxorubicin (Sigma) and cycloheximide (Sigma).

Plasmids and constructs
pBK/CMV-HA-p21 ( wild type(WT), T145D (T/D), T145A (T/A), S146D(S/D), S146A(S/A)
T145D S146D(DD), T145A S146A(AA)), as well as pGEX-2T-p21 ( wild type(WT), T145A
(T/A), S146A(S/A), T145A S146A(AA)) were used as described earlier (Zhang et al., 2007).
To subclone Pim-2 (wild type (WT) and kinase dead (KD)) cDNA into pET30a, primers were
designed to include a C-terminal 6X His-tag into mouse wild type Pim-2 and kinase dead Pim-2
(K61A) (cDNA for both were generous gifts from Dr. Michael Lilly, University of California
at Irvine). PCR products and pET30a vector were then digested by NdeI/KpnI double enzymes
and ligated. To subclone Pim-2 (WT and KD) into pBK/CMV, primers were designed to
include a C-terminal FLAG tag into Pim-2. Pim-2 cDNA was then subcloned by double
digestion of the PCR products into the vector with HindIII/XbaI and ligated. DNA sequence
analysis was done to confirm the correct sequences.

Recombinant protein purification
GST-p21 (WT, T/A, S/A, AA) were used as described early (Zhang et al., 2007). To prepare
recombinant Pim-2 kinases (WT and KD), pET30a-Pim-2 plasmid was transformed into E.
coli strain BL-21pLysS (DE3), and 1mM IPTG was used to carry out the induction. The protein
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was affinity–purified with Ni-NTA beads, and eluted with 300 mM imidazole. Protein was
subsequently dialyzed against Tris buffer at 4°C overnight.

In vitro kinase assay
For the kinase assay analyzed by 32P incorporation, each GST substrate protein (1μg) was
incubated with 0.2 μg of Pim-2 (WT or KD) in 50 μl kinase buffer (20 mM MOPS, pH 7.4,
150 mM NaCl, 12.5 mM MgCl2, 1 mM MnCl2, 1 mM EGTA, 1 mM DTT, 10 μM ATP)
containing 20 μCi γ-32P-ATP. The reactions were carried out at room temperature for 20 min.
An appropriate amount of the reaction mixture was mixed with 2 X lammeli buffers and boiled
for 5 min, then loaded onto SDS-PAGE and transferred to PVDF membrane until exposed to
hyperfilm.

Cell lysates preparation and Western blotting
DNA plasmids were transfected using Invitrogen’s lipofectamine 2000 following the
manufacturer’s instructions. Cells were trypsinized and harvested, washed with PBS once and
resuspended in cell lysis buffer containing 25mM Tris-HCl (pH 7.5), 1% (w/v) NP-40, 1mM
EDTA, protein phosphatase inhibitor cocktail and protease inhibitor cocktail set I
(Calbiochem), as well as 150mM NaCl. After brief sonication, cell lysates were centrifuged at
13,000 rpm for 5 min. Protein concentration was determined so that equivalent amounts of
lysate based on protein concentration was added to an equal volume of 2X Laemmli buffer and
boiled for 10 min. For Western blot analysis, protein was separated by SDS-PAGE and
transferred to PVDF membrane. Membranes were subsequently blocked with 5% non-fat dry
milk-PBS-Tween for 1 hour at room temperature, incubated with primary antibody at
optimized dilution overnight at 4°C. Membranes were then washed, incubated with HRP-
conjugated secondary antibody (Santa Cruz Biotech) at 1:10,000 for 1 hour, washed, treated
with ECR reagent (Pierce) and exposed to hyperfilm.

Cell cycle analysis
HCT116 cells were trypsinized and washed with PBS for once, cells were then resuspended
into PBS buffer, −20°C absolute ethanol was then added dropwise while vortexing to make a
final concentration of 80%. Cells were fixed overnight at −20°C and washed with ice cold PBS
two times. Cells were then treated with RNase in the buffer consisting of 250mM Na2HPO4
and 250mM NaH2PO4, and then stained with propidium iodide until analysis by flow
cytometry. The percentage of G1, S and G2/M phases was recorded.

Cell proliferation assay
HCT116 cells were seeded in 24-well plate one day before transfection so that cells were at
30–40% confluence and transfected with indicated plasmids. Forty hours after transfection,
cell proliferation was measured with CellTiter-Glo Luminescent Cell Viability assay kit
(Promega) according to the manufacturer’s instructions. Relative cell proliferation rate was
determined as a percentage of the sample with highest luminescence reading.

Confocol microscopy
Cells were grown on coverslips in 24-well plates and then transfected with the appropriate
plasmids. Forty hours post transfection, cells were fixed in 4% paraformaldehyde for 20
minutes, washed in three changes of PBS and then permeabilized in 0.2% triton X-100 for 20
minutes followed by three changes of PBS. Cells were then blocked for 30 min with 3% BSA/
PBS at room temperature and then incubated with primary antibody (1:100 anti-HA; 1:100
anti-FLAG) for two hours at room temperature. The coverslips were washed with three changes
of PBS and then incubated with the secondary antibody (1:200 anti-mouse conjugated with
Oregon green and Texas red, respectively) for 1 hour at room temperature in the dark. The
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cells were washed with three changes of PBS and then mounted onto coverglass using mounting
medium with DAPI (4,6′-diamidino-2-phenylindole) and examined using confocal microscope
after overnight staining.

Statistical analysis
Student’s t-test was performed to determine the statistical significance between unpaired
values. Results were considered significant if P<0.05.

Results
Pim-2 kinase phosphorylates p21 in vitro and in vivo

p21 has been reported previously to be phosphorylated on Thr 145 and Ser 146 by the PKB/
Akt, PKC and Pim-1 kinases (Rossig et al., 2001;Li et al., 2002;Kashiwagi et al., 2000;Zhang
et al., 2007). These two sites also sit in the predicted preferred phosphorylation consensus
sequence for Pim-2 kinase (Peng et al., 2007). To determine on which site(s) Pim-2 kinase
preferentially phophorylates p21, we first carried out an in vitro kinase assay with the purified
recombinant Pim-2 and GST-p21 proteins. As shown in Figure 1A, Pim-2 kinase readily
phosphorylates wild type p21. In addition, the incorporation of 32P into the p21 protein with a
single mutation at either Thr145Ala (T/A) or Ser146Ala (S/A) indicates that both residues can
be phosphorylated. The data also show that when either Thr145 or Ser146 residue cannot be
phosphorylated, the other site becomes available for phosphorylation. Furthermore, when both
residues are mutated to alanine, the phosphorylation is abolished indicating these two residues
in p21 are the only sites phosphorylated by Pim-2. The question remains whether both sites
are phosphorylated in vitro or is there one single site preferentially phosphorylated over the
other as is observed for Pim-1 (Zhang et al., 2007). To answer this question, we utilized two
phospho-specific antibodies for Ser146 and Thr145. As shown in Figure 1B, the Western blot
result shows that Thr145 is phosphorylated in wild type p21, but not Ser146, indicating that
only Thr145 is the preferred site for phosphorylation. This result is similar for what was found
for Pim-1 indicating that with respect to p21, the substrate preferences for the two Pim kinases
are very similar. Taken together, both Pim-2 and Pim-1 kinases are able to phosphorylate p21
on Thr145 in vitro. When Thr 145 site is not available for phosphorylation, both Pim-1 and
Pim-2 can phosphorylate Ser146 site even though phosphorylation of Ser146 by Pim-1 is
markedly less efficient compared to Pim-2.

To study the phosphorylation site of p21 by Pim-2 in vivo, we performed a co-transfection of
pBK/CMV-Pim-2-FLAG along with pBK/CMV-HA-p21 (wild type) into the colon cancer cell
line HCT116. Forty hours post-transfection, cell lysates were prepared for Western blot
analysis. As revealed by the data shown in Figure 2, only Thr145 is phosphorylated by Pim-2,
while Ser146 is not. This is consistent with the in vitro results. By reprobing the blots with
anti-p21 antibody to check the levels of p21 in each of the samples, we found that cells that
are transfected with wild type Pim-2 appear to have an increase in the steady state level of p21,
while the kinase dead Pim-2 seems to inhibit the accumulation of p21 as compared to the empty
vector control in vivo which suggests that phosphorylation leads to stabilization of p21.

Pim-2 kinase stabilizes p21 via phosphorylation on Thr145
Phosphorylation of p21 by several kinases has been reported to regulate its protein stability
(Li et al., 2002;Kim et al., 2002;Zhang et al., 2007). We had previously found that Pim-1
phosphorylates p21 on Thr145 which in the lung carcinoma cell line, H1299, leads to the
stabilization of p21. Therefore, we predicted that Pim-2 should also cause p21 to be stabilized
by phosphorylation on Thr145 in HCT116 cells. To determine if Pim-2 stabilizes p21, we co-
transfected pBK/CMV-Pim-2-FLAG (wild type and kinase dead) with pBK/CMV-HA-p21
into HCT116 cells. As shown in Figure 3A, compared to the vector control, transfection of
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wild type Pim-2 leads to an increased level of exogenous p21, while kinase-dead Pim-2 has no
effect on exogenous p21 levels in HCT116 cells. To determine whether Pim-2 also causes
endogenous p21 to be stabilized, we first transfected pBK/CMV-Pim-2-FLAG (wild type and
kinase dead) into HCT116 cells. Then endogenous p21 levels were induced by treating the
cells with 0.5 μM doxorubicin 24 hours post-transfection. As shown in Figure 3B, the induced
expression of endogenous p21 and p53 correspond well with the increased concentration of
doxorubicin. Figure 3C shows that the presence of wild type Pim-2 increases the levels of
endogenous p21 as compared to kinase-dead Pim-2 or vector control. The half-life of p21 was
determined by treating cells with cycloheximide and collecting cells at the indicated time points
for measurement of protein levels as shown in Figure 3D. This result confirms that wild type
Pim-2 markedly increases the half-life of p21, whereas in cells expressing the kinase-dead form
of Pim-2, the half life of p21 is even short compared to the vector control.

Phosphorylation mimics have been widely used in studies to determine the effect of p21
phosphorylation on its stability (reviewed in (Child and Mann, 2006)). In order to assess
whether the phosphorylation of p21 on Thr145 is important for its stability, we used six
different phospho-mimic mutants of HA-p21 plus wild type HA-p21, and transfected equal
amounts of each construct into HCT116 cells. Western blot was used to determine the steady-
state levels of p21 for each of these mutants. As shown in Figure 4A, phosphomimic on Thr145
or Ser146 (T/D, S/D and DD mutants) increases the steady-state level of transfected p21, while
cells transfected with non-phosphomimic (T/A, S/A and AA mutants) have less p21 protein
compared to wild type p21. When the half-lives of these p21 mutants were examined with
cycloheximide treatment, we found that the phosphomimic mutants DD, T/D and S/D are more
stable than wild type, while mutants T/A, S/A and AA are far less stable compared with the
phosphomimic mutants (Figure 4B). It is also noticeable that the phosphomimic double mutant
DD has the highest steady-state level of p21 and a longer half-life compared to other p21
mutants.

Endogenous p21 level can be modulated by Pim-2 kinase
To further confirm Pim-2 kinase can regulate p21 stability endogenously, we knocked down
endogenous Pim-2 with Pim-2 siRNA in HCT116 cells and also in DU145 cells for a
comparison. As shown in Figure 5, corresponding with the decreased levels of Pim-2 by the
transfection of Pim-2 siRNA, endogenous levels of p21 protein in both cell lines was reduced
significantly. These results are consistent with the Pim-2 overexpression studies and indicate
that Pim-2 kinase is capable of regulating p21 stability.

Pim-2-stabilized p21 localizes in the nucleus
In addition to enhancing its stability, phosphorylation of p21 by various kinases can also
regulate its subcellular localization (reviewed in (Child and Mann, 2006)). However, where
p21 localizes after phosphorylation by these kinases is not consistent. For example,
phosphorylation of p21 on Thr145 has been reported to be either translocated to the cytoplasm
or remain in the nucleus. This outcome seemed to depend on the experimental cellular systems
used although this was not suspected at the time (Rossig et al., 2001;Zhou et al., 2001). In order
to determine the fate of phosphorylated p21 in the HCT116 cells, we used confocol microscopy
to determine the subcellular localization of p21 that has been phosphorylated by Pim-2. After
co-transfecting pBK/CMV-Pim-2-FLAG (either WT or KD) and pBK/CMV-HA-p21,
HCT116 cells were stained with anti-HA and anti-FLAG antibodies. Anti-FLAG antibody was
used to detect localization of Pim-2 while anti-HA antibody was used to detect that of p21. As
shown in Figure 6A, compared to the vector control, neither wild type nor kinase dead Pim-2
changes the nuclear localization of HA-p21. However, it was previously found that Pim-1
phosphorylation of p21 causes p21 to be translocated from the nucleus into the cytoplasm in
H1299 cells (Zhang et al., 2007). To compare the function of Pim-1 and Pim-2 under an

Wang et al. Page 6

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



identical cellular background, we repeated the co-transfection experiments with Pim-1 and
p21. The results showed that like Pim-2, Pim-1 does not change the nuclear localization of p21
in HCT116 cells (See supplementary data). This observation suggests that phosphorylation of
p21 by either Pim-1 or Pim-2 does not influence its cellular localization in HCT116 cells. As
evidence for supporting this notion, we compared the localization of wild type p21 to the
phosphomimic mutants T/D, S/D and AA by confocal microscopy. As shown in Figure 6B, all
of the HA-p21 proteins were found to be localized in the nucleus. This indicates that
phosphorylation on Thr145 or Ser146 does not change the subcellular localization of p21 in
HCT116 cells, which is in contrast to what we have observed for other cell lines such as the
lung carcinoma cell line, H1299 (Zhang et al., 2007).

Pim-2 kinase causes cell cycle arrest at G1/S phase
Nuclear localization is important for p21 to arrest cell cycle at G1/S. The increased p21 in the
nucleus should potentially lead to cell cycle arrest as p21 is recognized as an important cyclin-
dependent kinase inhibitor. As shown in Figure 3B and 3C, overexpression of Pim-2 kinase
leads to stabilization of endogenous p21 induced by doxorubicin treatment. In order to study
the functional consequences of Pim-2 phosphorylation of p21, we performed flow cytometric
analysis to evaluate the cell cycle distribution of HCT116 cells. As shown in Figure 7A and
7B, we found that more of the cells transfected with the wild type Pim-2 kinase appear to be
distributed in the G1 phase of the cell cycle as compared to the controls. The statistical analysis
indicates that there is significant difference between the wild type Pim-2 and the controls. This
indicates that by stabilizing endogenous p21 levels in doxorubicin-treated cells, Pim-2 kinase
promotes cell cycle arrest at the G1/S transition.

Pim-2 kinase inhibits cell proliferation through phosphorylation of p21
We found that Pim-2 kinase phosphorylates p21 on Thr145 and thereby increases its stability
in the nucleus. Cell cycle arrest exerted by Pim-2 kinase at G1/S transition indicates that Pim-2
could in fact have a negative effect on cell proliferation. To test this hypothesis, HCT116 cells
were co-transfected with p21 and Pim-2 (either WT or KD) plasmids and assayed for cell
proliferation. In addition, we also transfected cells with either empty vector or Pim-2 (WT or
KD) only. As shown in Figure 8A, cells transfected with WT Pim-2 have a lower proliferation
capacity compared to empty vector control. However, KD Pim-2 does not have any significant
effect on the proliferation of HCT116 cells. When the cells were co-transfected with p21 and
Pim-2 (either WT or KD), only WT Pim-2, not KD Pim-2, is able to inhibit the proliferation
of HCT116 cells. To determine whether Pim-2 inhibition of cell proliferation is mediated by
phosphorylation of p21, we also compared the effect of Pim-2 on cell proliferation together
with p21 WT or Thr145 mutants (T/D and T/A). As shown in Figure 8B, cells transfected with
p21 T/D only or together with Pim-2 have significant slower proliferation compared with cells
transfected with p21 T/A or p21 WT only. This result indicates that Pim-2 inhibits cell
proliferation through phosphorylating p21 on Thr145. To verify the importance of Thr145
phosphorylation of p21, we compared effects of p21 WT and its different phosphomimic
mutants on cell proliferation. As shown in Figure 8C, HCT116 cells were transfected with
equal amount of various p21 plasmids, and as expected, different proliferation rates were
detected. Compared to p21 WT, cells transfected with the p21 T/D or DD mutant have a marked
decrease in cell proliferation, whereas those transfected with p21 T/A or AA mutant have no
obvious effect. Taken together, these results indicate that Pim-2 kinase inhibit HCT116 cell
proliferation by phosphorylation of p21 on Thr145.

Discussion
It is known that both Pim-1 and Pim-2 kinase share a high degree of sequence homology,
consensus sequence for substrate phosphorylation, and functional activities in cell survival and
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proliferation. Therefore, it is likely that they act through similar biochemical pathways and can
phosphorylate the same substrates. Consistent with this notion, it has been shown that both
Pim-1 and Pim-2 can phosphorylate the SOCS-1 protein (Chen et al., 2002) and pro-apoptotic
protein BAD (Yan et al., 2003;Macdonald et al., 2006). In this report, we show that p21 is
another common substrate for Pim family members. Like Pim-1, Pim-2 kinase is able to
phosphorylate p21 on Thr145 and promote its stability. More importantly, with regard to
phosphorylation of p21, we found that Pim-1 and Pim-2 have very similar functions when
examined under identical genetic backgrounds which is further evidence that the Pim kinase
family members have redundant functions.

Although few studies have examined the functional or biochemical redundancy within the Pim
family, the expression of pim-1 and pim-2 genes appear to respond similarly to growth factors
and various cellular stresses (Wang et al., 2001). Their complementary effect observed between
pim-1 and pim-2 knock-out mice (Allen and Berns, 1996;Mikkers et al., 2004) leads to the idea
that Pim-1 and Pim-2 should have similar functions. Both Pim-1 and Pim-2 are able to
phosphorylate p21 in vitro and in vivo and enhance p21 stability in vivo when examined in two
different cell lines, the lung cancer cell line, HCT116 (p53+/+) and the colon cancer cell line,
H1299 (p53−/−). However, several differences do exist in the phosphorylation pattern of p21
by Pim-1 and Pim-2 in these two cell lines. First, Pim-1 mediates an indirect phosphorylation
of p21 on Ser146 in H1299 cells, but phosphorylation of p21 on Ser146 by Pim-2 is
undetectable in HCT116 cells. Secondly, Pim-1 phosphorylation of p21 on Ser146 in H1299
cells leads to the cytoplasmic localization of p21, but Pim-2 phosphorylation of p21 in HCT116
cells has no detectable effect on its nuclear localization. Finally, Pim-1 phosphorylation of p21
in H1299 cells promotes cell proliferation, however, Pim-2 phosphorylation of p21 inhibits
cell proliferation in HCT116 cells. Based on the similarity of substrate identification, induced
expression pattern, and functional activities reported so far between Pim-1 and Pim-2, these
differences in the phosphorylation of p21 were not expected. We suspected that the differences
in the Pim kinase phosphorylation pattern of p21 might actually involve differences in the
genetic background of the two cell lines. When we compared phosphorylation of p21 by Pim-1
and Pim-2 side by side in HCT116 cells, there was no distinction in terms of either subcellular
localization or influence on cell proliferation (data not shown). Therefore, we conclude that
Pim-2 and Pim-1 kinases do indeed function similarly in HCT116 cells, which indicates that
the Pim family members are as redundant as previously suspected.

The cellular localization of p21 has been proposed to be critical for the regulation of p21
function (Coqueret, 2003). Multifaceted functions of p21 are achieved through p21’s direct
interaction with numerous binding partners. Furthermore, the subcellular localization of p21
also plays an important part in dictating the binding partners to which p21 is exposed (Child
and Mann, 2006). The Thr145 and Ser146 sites lie adjacent to the experimentally defined p21
nuclear localization signal. Phosphorylation of p21 on either Thr145 or Ser146 has been
reported to result in the translocation of p21 from the nucleus to the cytoplasm in NIH3T3
cells, H1299 cells and MDA-MB453 cells, a breast cancer cell line (Zhou et al., 2001;Xia et
al., 2004;Zhang et al., 2007). Nevertheless, the subcellular localization of p21 appears to
depend on the cellular background. Rossig et al showed that p21 remains in nucleus after
phosphorylation by Akt in human umbilical vein endothelial cells (Rossig et al., 2001) and in
a keratinocyte transformation model, elevated Akt activity did not correlate with an enrichment
of p21 to the cytosol (Segrelles et al., 2006). Therefore, although it is unclear at present how
the cellular localization of p21 is controlled, the genetic background (i.e. differential expression
of key components in the export/import pathways and of p21 binding partners) among different
cell types appears to have dominant effect on the subcellular localization of p21.

The different outcomes on cell proliferation that are observed with p21 phosphorylation are
most likely due to the different subcellular localizations of p21 that occur between H1299 and
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HCT116 cells. Cytoplasmic localization of p21 has been reported to promote cell proliferation
and cell survival (Zhou et al., 2001;Xia et al., 2004;Perez-Tenorio et al., 2006;Zhang et al.,
2007). On the other hand, nuclear p21 would be expected to function as cell cycle inhibitor to
slow down cell proliferation. Given its important role in cell proliferation, differentiation and
survival, p21 is very likely regulated through multiple signaling pathways via various protein
kinases. To date, p21 has been reported to be regulated by several different kinases including
Akt/PKB, GSK3, MAPK p38, PKC, PKA, and Pim-1 (Li et al., 2002;Rossig et al., 2001;Kim
et al., 2002;Kashiwagi et al., 2000;Suzuki et al., 2000;Zhang et al., 2007;Rossig et al., 2001).
Pim-2 now joins this group as a known kinase of p21. It is not clear how the ambient levels of
those kinases take part in phosphorylation of endogenous p21, but it is well known that other
p21 kinases need to be activated to be functional while the Pim kinase family members are
constitutively active and ready to phosphorylate p21. Therefore, the Pim kinases appear to
provide an extra layer of concise regulation of p21 stability and function, which can have a
significant influence on cell proliferation and/or survival depending on expression levels of
these kinases.

In term of pathological mechanisms, the CDK inhibitor p21 is often responsible for stress-
induced p53-dependent and p53-independent cell cycle arrest (Gartel et al., 1996). Cell cycle
arrest permits cells to pause and to repair DNA damage, therefore, protecting cells from stress-
induced apoptosis (Gartel and Tyner, 2002). The clinical importance of p21 is demonstrated
by accumulating data that p21 can function as an anti-apoptotic factor and is involved in the
responsiveness to chemotherapy and radiotherapy (Abbas and Dutta, 2009;Abukhdeir and
Park, 2008;Gartel, 2009). Deregulated expression of p21 has been reported in a variety of
human cancers. Therefore, regulation of p21 protein levels in tumor cells will apparently an
important consideration in the clinical treatment of cancers. In this study, we found that p21
levels could be increased by Pim-2 phosphorylation in HCT116 cells and that knockdown of
Pim-2 results in decreased levels of p21. Recently, it was reported that the inhibitor of Pim
kinase, SGI-1776, induces apoptosis in chronic lymphocytic leukemia cells (Chen et al.,
2009), and resensitizes chemoresistant prostate cancer cells to taxanes (Mumenthaler et al.,
2009). Interestingly, SGI-1776 inhibits not only Pim-2 kinase activity, but also p21
phosphorylation (Mumenthaler et al., 2009), which could result in a reduced levels of p21
protein in tumor cells. The application of newly identified Pim-2 inhibitors may contribute
greatly to cancer therapy in the near future (Amaravadi and Thompson, 2005;Tao et al.,
2009;Li et al., 2009;Akue-Gedu et al., 2009;Qian et al., 2009;Lin et al., 2010).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phosphorylation of p21 by Pim-2 kinase in vitro
A) Pim-2 phosphorylation of p21 detected by an in vitro kinase assay. Recombinant GST-p21
proteins including wild type (WT), Thr145Ala (T/A), Ser146Ala (S/A) and Thr145Ala/
Ser146Ala (AA) were used as substrates for Pim-2 kinase. The in vitro kinase assay was carried
out as described in the Material and Methods. The upper panel shows the autoradiography for
kinase reaction and the lower panel is the coomassie blue stained membrane for the same
reaction. B) Western blot analysis shows the phosphorylation of p21 by Pim-2. The kinase
assay was run on various GST-p21 proteins. However, there was no 32P-γ-ATP in the reaction.
Reaction samples were separated by SDS-PAGE, transferred onto PVDF membrane and
followed by Western blots with two phospho-specific antibodies (anti-phospho-Thr145 and
anti-phospho Ser146 antibodies) and anti-p21 antibody.
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Figure 2. Pim-2 kinase phosphorylates p21 in vivo
HCT116 cells were co-transfected with Pim-2 (either wild type (WT) or kinase dead (KD))
and p21. Cell lysates were made 40 h after transfection and analyzed by Western blotting with
anti-p21, anti-phospho-Thr145, anti-phospho-Ser146, anti-Pim-2 and anti-actin antibodies.
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Figure 3. Pim-2 phosphorylation of p21 increases the stability of p21 proteins
A) Pim-2 kinase activity increases the protein level of p21. HCT116 cells were co-transfected
with HA-tagged p21 and either wild-type (WT) Pim-2-FLAG, Kinase dead (KD) Pim-2-FLAG
or control vector. Forty hours after transfection, the protein levels of p21 were assayed by
Western blotting with anti-HA antibody. Exogenous Pim-2 levels and control actin level were
measured with anti-FLAG antibody and anti-actin antibody, respectively. B) Induction of p21
and p53 by increasing doses of doxorubicin in HCT116 cells. HCT116 cells were treated with
the indicated amounts of doxorubicin for 24h. Induced p21 and p53 proteins were analyzed by
Western blot with the designated antibodies. C) Exogenous Pim-2 kinase stabilizes p21 protein
in doxorubicin-treated HCT116 cells. Either wild type (WT) Pim-2-FLAG, kinase dead (KD)
Pim-2-FLAG or control vector was transfected into HCT116 cells. Doxorubicin was added at
a final concentration of 0.5 μM to induce endogenous p21 after transfection. Cell lysates were
then analyzed via Western blot for the expression of p21, Pim-2 and actin. D) Pim-2 kinase
stabilizes p21 proteins. HCT116 cells were co-transfected with p21 and either WT Pim-2, KD
Pim-2 or control vector. Forty hours post transfection, cells were treated with 25 μg/ml
cycloheximide (CHX) and harvested at the indicated time points. The amount of degradation
of p21 and actin proteins was analyzed by Western blot with anti-p21 and anti-actin antibodies.
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Figure 4. Phosphorylation of p21 increases its stability
A) Phospho mimics of p21 increase steady levels of p21 in HCT116 cells. HCT116 cells were
transfected with equal amounts of one of the HA-tagged p21 plasmids (WT, T/D, S/D, T/A,
S/A, DD or AA). Forty hours post transfection, cells were harvested and the steady level of
the p21 proteins were evaluated by Western blot with anti-HA antibody. The membrane was
reprobed with anti-actin antibody to verify equal loading. B) Stability assay of various p21
proteins. HCT116 cells were transfected with one of the HA-tagged p21 plasmids (DD, T/D,
S/D, WT, S/A, T/A, or AA). Thirty-six hours after transfection, cells were treated with 25μg/
ml cycloheximide (CHX) and harvested at indicated time points. The stabilities of p21 and
actin proteins were analyzed by Western blot with anti-p21 and anti-actin antibodies.
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Figure 5. Pim-2 knockdown reduces endogenous level of p21
HCT116 and DU145 cells were transfected with siRNA for pim-2. Two days after transfection,
cell lysates were prepared and analyzed by the indicated antibodies to determine Pim-2 and
p21 protein levels. Actin was used as a protein loading control.
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Figure 6. Pim-2 does not change the nuclear localization of p21 in HCT116 cells
A) Pim-2 has no effect on p21 cellular localization. HCT116 cells were co-transfected with
HA-p21 and either WT Pim-2-FLAG, KD Pim-2-FLAG or control vector. Thirty-six hours
later, cells were stained with anti-HA and anti-FLAG antibodies and visualized by confocal
microscopy. Blue color depicts the nucleus stained with DAPI. Red color represents the
localization of Pim-2-FLAG while green color depicts the localization of HA-p21. B) Phospho
mimics of p21 have no effect on p21 localization. HCT116 cells were transfected with one of
the p21 plasmids (WT, T/D, S/D or AA) and localization of p21 proteins were determined as
above.
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Figure 7. Pim-2 causes cell cycle arrest at G1/S phase
A) HCT116 cells were transfected with WT Pim-2, KD Pim-2 or control vector. Twenty four
hours after transfection, 0.5 μM doxorubicin was added to induce endogenous p21. Cell cycle
analysis was carried out as described in the Material and Methods. A persistent higher
distribution in G1 phase was observed in cells that express WT Pim-2. Data represent means
± SD for three independent experiments, P< 0.01 as determined by student’s t-test. B) A typical
histogram for the cell cycle analysis is illustrated for each sample. Gated portions represent
G1, S and G2/M phases.
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Figure 8. Pim-2 inhibits cell proliferation via phosphorylation of p21
A) Pim-2 inhibits cell proliferation. HCT116 cells were transfected with Pim-2 (WT or KD)
only or co-transfected with wild-type p21 and Pim-2 (WT or KD). Forty hours post transfection,
cells were trypsinized and used for the proliferation assay as described in the Materials and
Methods. Relative proliferation rates were calculated as percentage of the sample with the
highest luminescence reading. B) Pim-2 inhibits cell proliferation via phosphorylation of p21
on Thr145. HCT116 cells were co-transfected with Pim-2 and p21 (either T/D or T/A). Forty
hours post transfection, the cell proliferation rate was determined as above. C) Phosphorylation
of p21 on Thr145 is required for the inhibition of cell proliferation. HCT116 cells were
transfected with different forms of p21 (WT, T/D, T/A, DD, or AA). Forty hours post
transfection, cell proliferation rate were determined as above. Data represent means ± SD for
four independent experiments, *=P< 0.01 as determined by student’s t-test.
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