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Hematopoietic growth factors mediate the survival
and proliferation of blood-forming cells, but the mecha-
nisms through which these proteins produce their ef-
fects are incompletely known. Recent studies have iden-
tified the pim family of kinases as mediators of cytokine-
dependent survival signals. Several studies have
identified substrates for the pim-1 kinase, but little is
known about the other family members, pim-2 and
pim-3. We have investigated potential functions for the
pim-2 kinase in factor-dependent murine hematopoietic
cells. We find that pim-2 mRNA and protein expression
are regulated by cytokines similarly to pim-1. Three
PIM-2 protein isoforms are produced in cytokine-
treated cells. All three forms are active kinases, and the
short (PIM-2(34 kDa)) form is the most active at enhanc-
ing survival of FDCP1 cells after cytokine withdrawal.
This pro-survival function involves inhibition of apopto-
sis and caspase activation. Enforced expression of PIM-
2(34 kDa) kinase does not appear to regulate expression
of BCL-2, BCL-xL, BIM, or BAX proteins. However, the
kinase can phosphorylate the pro-apoptotic protein BAD
on serine 112, which accounts in part for its ability to
reverse Bad-induced cell death. Our results indicate that
pim-2 functions similarly to pim-1 as a pro-survival kinase
and suggest that BAD is a legitimate PIM-2 substrate.

Hematopoietic cells are dependent on peptide growth factors
for survival and proliferation. The hematopoietic cytokine
granulocyte-macrophage colony-stimulating factor, and the re-
lated cytokines interleukin-3 (IL-3)1 and IL-5, can induce a
spectrum of responses in target cells, including proliferation,
differentiation, and prevention of apoptosis. The signaling
events that regulate these several phenotypic responses are of
great interest, and many mediators of these responses are
being characterized.

Among the signaling intermediates implicated in hematopoi-
etic cell survival is the pim-1 serine/threonine kinase (1). pim-1
expression is regulated by hematopoietic growth factors (2, 3).
Furthermore, the kinase enhances factor-independent survival
of hematopoietic cells, in part through a bcl-2-dependent path-
way (4, 5). The pim-1 gene product is a true oncogene, in that
its enforced expression in transgenic mice leads to an increased
incidence of tumors (6, 7). Potential PIM-1 substrates include
proteins active in cell cycle regulation and transcription, such
as Cdc25 (8), PAP-1 (9), HP1 (10), NFATc1 (11), PTP-U2S (12),
and the c-myb transcriptional co-activator p100 (13).

pim-1 belongs to a kinase family that has three members:
pim-1 (1), pim-2 (14), and pim-3 (15). These related enzymes
show substantial homology, but differ in their tissue expression
(16). It is unknown to what extent the various family members
differ in their biochemical effects. The pim-2 gene was identi-
fied as a frequent site for retroviral insertion in experimental
lymphomas, both in normal and pim-1-deficient mice (14). The
pim-2 gene also encodes a cytoplasmic serine threonine kinase
whose expression is regulated by hematopoietic cytokines (14–
17). Like the PIM-1 kinase, there are multiple isoforms of
PIM-2 protein (three in the mouse and potentially two in hu-
mans) due to the use of the alternative translation start codon,
CTG (18).

Functional similarity between pim-1 and pim-2 gene prod-
ucts has been inferred from studies of transgenic mice. Both
pim-1 and pim-2 induce lymphomas alone or in synergy with
c-myc (6, 14). Furthermore, the relatively weak phenotype as-
sociated with disruption of the pim-1 gene (19) suggests that its
functions may be largely assumed by related molecules, such as
the highly homologous pim-2 gene. Little is known, however, of
the biochemical and molecular events through which the PIM-2
kinase may act. We have therefore sought to characterize the
effect of PIM-2 protein in immortalized hematopoietic cells and
identify potential molecular events modulated by this kinase.

Our data indicate that PIM-2 kinase inhibits apoptosis in-
duced by various stimuli. Furthermore, we implicate phospho-
rylation of BAD as a possible mechanism through which the
enzyme may inhibit apoptosis. These data demonstrate that
enforced expression of the pim-2 gene produces effects similar
to those identified for pim-1 in immortalized hematopoietic
cells.

EXPERIMENTAL PROCEDURES

Cell Lines and Culture—The IL-3-dependent murine hematopoietic
cell lines FDCP1 (obtained from Dr. Scott Boswell, Indiana University)
and 32Dcl3 (obtained from Dr. Irv Bernstein, Fred Hutchinson Cancer
Research Center) were used for this study. Cells were cultured in
RPMI1640 medium with 10% (v/v) iron-supplemented calf serum, and
10% (v/v) medium conditioned by the WEHI-3B cell line (a convenient
source of IL-3). Jurkat cells (ATCC) were grown in RPMI 1640 medium
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with 10% iron-supplemented calf serum. All cells were maintained at
37 °C in 5% CO2. HeLa, NIH3T3, and U2OS cells were maintained in
McCoy’s medium plus 10% iron-supplemented calf serum.

Plasmids and cDNA Clones—The cDNA for the short form of murine
PIM-2 protein (PIM-2(34 kDa)) was cloned from an FDCP1 cell cDNA
library by PCR, using the published sequence for primer design. The
cDNAs for long (PIM-2(40 kDa)) and medium (PIM-2(38 kDa)) forms
were cloned by a similar approach from a murine spleen library (Strat-
agene). The cDNA for kinase-inactive PIM-2 was prepared by introduc-
ing a K61A mutation into the cDNA for both short and long forms of
murine PIM-2 (long or short PIM-2(K61A)), by a PCR-based technique.
In each case the start codon was changed to ATG, and was preceded by
an idealized Kozak sequence. All cDNAs were ligated into the mamma-
lian expression plasmid pCDNA3 (Invitrogen), then sequenced com-
pletely to ensure the absence of unintended mutations. A mammalian
expression plasmid for a GST/murine BAD chimeric protein (pEBG/
Bad) was obtained from New England Biolabs, and point mutations
resulting in an S112A mutation were introduced into pEBG/Bad by
standard molecular techniques. A puromycin resistance plasmid
(pPGK/puro) was kindly provided by Dr. Glenn Begley. A mammalian
expression plasmid for human pim-1 was prepared by subcloning the
coding region from pLXSN/hpim33 (4) into plasmid pCDNA3. For bac-
terial expression of the recombinant enzymes, the cDNA for the short
form of PIM-2 was cloned into the plasmid pET15b, as was the cDNA for
the short form of PIM-1.

Transient Transfections—Transient transfection of human HeLa,
U2OS, and murine NIH3T3 cells were performed in six-well plates.
Near-confluent cells were transfected using 0.5–1.0 �g of each plasmid
and FuGENE 6 transfection reagent, according to the manufacturer’s
protocol. Twelve hours later the medium was replaced with serum-free
medium. After an additional 36 h of culture the cells were lysed and
utilized for immunoblot analysis.

Human Jurkat T cell leukemia cells were also utilized for transient
transfection assays. Mammalian expression plasmids (10 �g of each
test plasmid, plus 2.5 �g of a dsRed-encoding plasmid (Clontech)) were
added to 5 � 106 Jurkat cells in 0.4-ml serum-free medium, followed by
electroporation (Gene Pulser I; 960 microfarads and 270 V). The cells
were then cultured in complete medium for 24 h and analyzed by FACS
analysis for expression of the dsRed marker transgene.

Construction of Stable Cell Lines—FDCP1 and 32Dcl3 cell lines
stably expressing pim-2 constructs were prepared by electroporation.
Ectopic expression of the PIM-2 isoforms was verified by immunoblot-
ting (see below).

FDCP1 cells stably expressing neo or pim-2(34 kDa) constructs were
further transfected by electroporation with pEBG/Bad and pPGK/puro
to produce additional cell lines. Puromycin-resistant clones were exam-
ined for GST/BAD expression by immunoblotting. Positive clones were
then utilized for biochemical and cell growth experiments.

Cell Survival and Apoptosis Assays—For enumeration of surviving
cells, trypan blue-negative cells in 0.9 mm3 of suspension were counted
in triplicate with a hemocytometer. Apoptosis was detected by an an-
nexin V binding assay, using commercially available reagents (Onco-
gene Sciences). Cells were stained with both an annexin V-fluorescein
isothiocyanate conjugate and propidium iodide. The proportion of cells
that were fluorescein isothiocyanate high but PI low was taken to be the
early apoptotic population. Populations were quantitated by two-color
flow cytometry, using a BD Biosciences FACScan instrument.

Anti-PIM-2 Monoclonal Antibody—A monoclonal antibody to murine
PIM-2 protein was prepared as follows. BALB/c mice were immunized
with recombinant murine PIM-2(40 kDa) protein. The antigen was
produced in Escherichia coli as a 6-His-tagged fusion protein, utilizing
the bacterial expression plasmid pET15b (Novagen). The recombinant
protein was purified by affinity chromatography on a cobalt resin (Tal-
on, Clontech) and was shown to consist of a single band on Coomassie
Blue-stained SDS-PAGE gel. Following fusion and selection, clones
were screened by ELISA assay. Positive wells contained antibodies that
reacted with recombinant murine PIM-2 protein but not recombinant
human or murine PIM-1 protein. Positive clones were screened further
by immunoblotting and immunoprecipitation. One clone, 1D12 (IgG1),
was selected for its ability to detect murine PIM-2 protein by both of
these methods.

Northern Blotting—mRNAs for pim-1 and pim-2 were detected by
Northern blotting. 30 �g of total RNA were resolved on formaldehyde-
agarose gels, transferred to nylon membranes, and probed with 32P-
labeled cDNA probes. For pim-2 detection the probe consisted of a
full-length murine pim-2 cDNA. The pim-1 probe consisted of an EcoRI-
BamHI fragment of the cDNA excised from pLXSN/hpim33 (4). A
600-bp fragment of the chicken �-actin cDNA was utilized as the control

probe. Probes were nick-labeled with [32P]dCTP using a commercially
available kit (Bio-Rad).

Western Blotting—Cells were collected, washed in phosphate-buff-
ered saline, and lysed in either 1% Triton lysis buffer (20 mM Tris, pH
7.5, 100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM NaF, 1 mM

Na3VaO4, 20 �g/ml leupeptin, 10 �g/ml pepstatin, 10 �g/ml aprotinin)
by vortexing, or in Chaps lysis buffer (50 mM Pipes/NaOH, pH 6.5, 2 mM

EDTA, 1.0% Chaps, 5 mM DTT, 20 �g/ml leupeptin, 10 �g/ml pepstatin,
10 �g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride) by three
freeze/thaw cycles. Lysate protein was then measured (BCA method;
Pierce), and lysates were mixed with an equal volume of 2� Laemmli
buffer. Equal amounts of total protein were added to each well for
electrophoresis in 10% SDS-polyacrylamide gels and then transferred
to polyvinylidene fluoride membranes (Millipore Corp.). Membranes
were blocked, then incubated with primary antibodies, followed by
incubation with horseradish peroxidase-linked secondary antibodies.
Antibody-antigen complexes were detected using chemiluminescence
(Pierce). The following primary antibodies were used: anti-PIM-2 (de-
scribed above), anti-BCL-2 (Santa Cruz Biotechnology), anti-BCL-xL
(Santa Cruz Biotechnology), anti-BAX (Santa Cruz Biotechnology), anti-
BIM (Chemicon), anti-procaspase 3 (Santa Cruz Biotechnology), anti-
active caspase 3 (Cell Signaling), goat anti-BAD (Santa Cruz Biotech-
nology; for transfected BAD proteins), mouse monoclonal anti-BAD (BD
Transduction Laboratories; for endogenous BAD), and anti-phospho-
Ser112 BAD, anti-phospho-Ser136 BAD, and anti-phospho-Ser155 BAD
(Cell Signaling).

In Vitro Kinase Assay—HeLa cells were transiently transfected with
an expression plasmid for PIM-2(34 kDa) protein. Expressing cells were
harvested then lysed in IP lysis buffer (1 mM DTT, 10 mM NaF, 1 mM

Na3VaO4, 20 mM Tris, pH 7.5, 100 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, 20 �g/ml leupeptin, 10
�g/ml pepstatin, 10 �g/ml aprotinin). Alternatively, PIM-2 proteins
were produced by in vitro translation, using pCDNA3-based plasmids
and a commercial kit (TNT T7 Quick, Promega), followed by dilution of
the reaction products in IP lysis buffer. In either case PIM-2 was
immunoprecipitated with anti-PIM-2 antibodies. Immune complexes
were washed with IP lysis buffer once, high salt IP buffer (IP buffer
with 500 mM NaCl) twice, low salt IP buffer (IP buffer without NaCl)
once, and then twice with PK wash buffer (20 mM MOPS, pH 7.4, 10 mM

�-glycerophosphate, and 1 mM DTT). Reactions were done in 20-�l
volumes, in kinase assay buffer (20 mM MOPS, pH 7.4, NaCl 150 mM,
12.5 mM MgCl2, 1 mM MnCl2, 1 mM EGTA, 10 mM �-glycerophosphate,
1 mM DTT, 0.5 �M protein kinase inhibitor peptide (PKI), 10 �M ATP)
supplemented with 1 �l of [�-32P]ATP (PerkinElmer Life Sciences) and
1 �g of GST-BAD recombinant protein as a substrate. Reactions were
incubated at 30 °C for 30 min. Kinase reactions were then diluted to 1
ml with stop buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10 mM EDTA,
10 mM EGTA, 10% glycerol), and the supernatants were transferred to
25 �l of GST-agarose bead in a new tube. Samples were incubated with
rocking at 4 °C for 1 h. Then beads were washed with stop buffer for
three times. The GST-BAD retained on the beads was then dissolved in
Laemmli buffer and resolved by SDS-PAGE. The dried gels were visu-
alized by autoradiography. Alternately kinase reactions were per-
formed in buffer with 100 �M “cold” ATP but no radioactive ATP. In this
case the phosphorylated substrate protein was analyzed by immuno-
blotting with anti-phospho-BAD antibodies.

The PIM-2 kinase assay was also performed in ELISA format. Wells
of a polystyrene 96-well plate were coated with GST-BAD protein.
Following blocking with bovine serum albumin, recombinant 6-His-
PIM-1(33 kDa) or 6-His-PIM-2(34 kDa) protein was added in the above
kinase buffer with cold ATP. The kinase reaction was allowed to pro-
ceed for 1 h at 30 °C. Wells were then washed extensively. Phosphoryl-
ated substrate was then detected by addition of anti-phospho-BAD S112
antibody (1:1000) for 1 h at room temperature. The second antibody was
a peroxidase-coupled anti-mouse IgG. Color development utilized Tur-
bo-TMB reagents (Pierce). Reactions were read on an ELISA plate
reader at 450 nm.

For estimation of enzyme kinetics with the ELISA kinase assay,
time-course experiments were performed in ELISA plates coated with
different concentrations of substrate (0.5–2.0 �g/well). Enzyme concen-
trations were 100 ng of kinase per reaction. Enzyme protein concentra-
tion was measured with the BCA assay method (Pierce). Initial velocity
(Vi) was estimated by the term, d(A450)/dt, measured over the first 12
min of the reaction. Subsequent time points were also measured to
ensure that the reaction rate was linear for at least 18 min. Two
separate experiments, utilizing separate enzyme preparations, were
performed, and the results were examined by Lineweaver-Burk analy-
sis. In addition the Michaelis-Menten data were analyzed by non-linear
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regression, using the program PRISM (GraphPad Software), to obtain
the estimates of Vmax and Tm.

RESULTS

Expression of pim-2 mRNA and Protein Is Regulated by
Cytokines in a Similar Pattern to That of pim-1—The ability of
pim-2 to functionally compensate for the lack of pim-1 (14)
suggests also that the expression of these two genes might be
regulated in a similar fashion. To test this possibility, we cul-
tured FDCP1 cells without IL-3 for 4 h and then stimulated
them with a variety of cytokines for an additional 2 h. Northern
blotting showed that both pim-1 and pim-2 mRNAs were in-
duced by IL-3 and to a lesser extent by IL-4 (Fig. 1). By
contrast, stem cell factor and IL-1� were unable to induce
expression of either message.

To determine if PIM-2 protein levels correlated with pim-2
mRNA expression, we developed a specific anti-PIM-2 mono-
clonal antibody. The 1D12 antibody identified PIM-2 protein
with no detection of PIM-1 in immunoblots of transiently trans-
fected HeLa cells (Fig. 2). FDCP1 cells expressed three PIM-2
forms, as expected (14), with the intermediate form being most
abundant. PIM-2 protein levels closely paralleled the changes
in mRNA (Fig. 1). FDCP1 cells deprived of cytokine had little
PIM-2. IL-3 treatment induced a marked increase in the kinase
protein. Prolonged exposure of the blot showed that IL-4 min-
imally induced expression of PIM-2, but stem cell factor and
IL-1� failed to promote expression of the kinase (not shown).

Transfection of Murine Hematopoietic Cells with pim-2 Ex-
pression Plasmids—To identify potential biological effects me-
diated by pim-2, we expressed the various isoforms, as well as
an inactive kinase, in two factor-dependent murine hematopoi-
etic cells, FDCP1 and 32Dcl3. In each case enforced expression
resulted in a marked increase in the corresponding isoform
protein (Fig. 3A; 32D cell data not shown). Levels of the PIM-

2(38 kDa) protein in both cell lines were somewhat lower than
for the other two forms. Expression of the kinase-dead long
PIM-2(K61A) mutant was also detected. Expression of the
transgene products did not decrease after IL-3 withdrawal in
the FDCP1-derived cells or in 32Dcl3-based cell lines.

The half-life of the expressed transgene proteins in stably
transfected FDCP1 cells was measured after cycloheximide
blockade of new protein synthesis (Fig. 3, B and C). The PIM-
2(38 kDa) protein exhibited an extremely short half-life (10–15
min), whereas the PIM-2(40 kDa) was somewhat longer (about
30 min). In contrast, PIM-2(34 kDa) had a half-life in excess of
60 min. Endogenous PIM-2 proteins were not seen due to the
short exposure times for the films.

PIM-2 Enhances Survival of Hematopoietic Cells after IL-3
Withdrawal or Doxorubicin Treatment—Both FD/neo and 32D/
neo cells died in the absence of IL-3. Cells expressing pim-2
transgenes also died, but at a slower rate (Fig. 4; 32D cell data
not shown) with some viable cells persisting for several days.
The three isoforms of PIM-2 showed different survival effects.
The shortest form (PIM-2(34 kDa)) was the most active isoform
at inhibiting cell death, resulting in little change in cell number
for up to 70 h of cytokine deprivation. However, the long and
medium forms of PIM-2 were less active at delaying cell death.
As expected, a kinase-dead K61A mutant did not promote
factor-independent survival and actually appeared to enhance
death during the initial observation period. In this respect the
K61A mutant acts similarly to a dominant-negative PIM-1
protein, which also increases cell death during cytokine with-
drawal (5).

The pim-1 kinase has been implicated in resistance to geno-
toxic stresses such as ionizing radiation and cytotoxic drugs
(20). We found that enforced expression of the active PIM-2(34
kDa) kinase also enhanced resistance to doxorubicin in FDCP1
cells, leading to a 2-fold increase in the ID50 for that agent (data
not shown), compared with FD/neo cells.

PIM-2 Inhibits Apoptosis and the Activation of Caspase 3
Associated with IL-3 Deprivation—Cell death in hematopoietic
cells following cytokine withdrawal is thought to result from
apoptosis, or programmed cell death. We have previously dem-
onstrated that the pim-1 kinase inhibits the onset of apoptosis

FIG. 1. Northern, Western blots of pim-2 expression. Top panel,
Northern blot of cytokine-treated FDCP1 cells or untreated K562 cells,
probed with murine pim-2 cDNA probe. Second panel, Northern blot
probed with human pim-1 cDNA probe. Third panel, Northern blot
probed with chicken �-actin cDNA probe. Bottom panel, immunoblot of
FDCP1 or K562 cells, blotted with anti-PIM-2 monoclonal antibody. All
cells were deprived of IL-3 for 4 h, then cultured with cytokines as
follows: lane 1, no cytokine � 2 h; lane 2, rmIL-3 10 ng/ml � 2 h; lane
3, rhIL-1� 10 ng/ml � 2 h; lane 4, rmIL-4 10 ng/ml � 2 h; lane 5, rmSCF
100 ng/ml � 2 h.

FIG. 2. Immunoblot of HeLa cell lysates. HeLa cells were tran-
siently transfected with mammalian expression plasmids for either
human pim-1(33 kDa) (lane 1) or murine pim-2(34 kDa) (lane 2). Ly-
sates were subjected to immunoblotting with either monoclonal anti-
PIM-1 antibody (clone 19F7; left panel) or monoclonal anti-PIM-2 (clone
1D12; right panel).
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following IL-3 removal in FDCP1 cells (4). Thus we questioned
if the survival effects of PIM-2 protein resulted from decreased
apoptosis. Because the greatest pro-survival effects were asso-
ciated with enforced expression of the PIM-2(34 kDa) protein,
subsequent studies focused on this kinase isoform. Apoptotic
cells were measured by flow cytometry in FD/neo and FD/
Pim-2(34 kDa) cells following IL-3 withdrawal. FD/neo cells
had an increased proportion of cells within which were annexin
V-positive and propidium iodide-negative, consistent with an
increase in apoptosis (Fig. 5A).

A mitochondria-mediated mechanism of caspase activation is
involved in apoptosis induced by genotoxic drugs and growth
factor withdrawal. We have examined whether overexpression
of PIM-2 can regulate the activation of caspase 3 (Fig. 5B). IL-3
deprivation led to a decrease in the 34-kDa caspase 3 precursor
in FD/neo cells, accompanied by a concomitant increase in the
17-kDa active fragment. In contrast, cleavage of caspase 3
precursor was remarkably inhibited by the overexpression of
PIM-2 in FD/Pim-2(34 kDa) cells. These data demonstrate that
pim-2 prevents cells from undergoing apoptosis by inhibiting
caspase 3 activation.

PIM-2 Phosphorylates BAD Both in Vitro and in Vivo and
Inhibits Apoptotic Effect of BAD—To study the mechanism of
how pim-2 inhibits caspase 3 activation, we examined its ef-
fects on the expression or activity of several members of the

FIG. 4. Survival of FDCP1 cells stably transfected with pim-2.
Pools (at least two clones) of FDCP1 cells expressing the three forms of
PIM-2, a kinase-inactive form of the long PIM-2 protein (pim2(K61A)),
or neo, were washed and cultured without IL-3. At the indicated times
surviving cells were enumerated by Trypan Blue exclusion. Each point
represents the mean � S.D. of triplicate determinations from one of
three similar experiments.

FIG. 3. Immunoblots of pim-2 transgene expression in stably-transfected FDCP1 cells. A, transgene expression. Lane 1, untransfected
FDCP1 cells cultured without IL-3 � 6 h; lane 2, untransfected cells maintained in IL-3; lanes 3–7, transfected FDCP1 cells cultured without IL-3 �
6 h. B, half-life estimation for PIM-2 proteins. Transfected FDCP1 cells growing in IL-3 were treated with cycloheximide (20 �g/ml) for the
indicated periods. Equal numbers of cells were then lysed and analyzed for PIM-2 proteins by immunoblotting with anti-PIM-2 monoclonal
antibody. C, decay curves for PIM-2 proteins. Video densitometry was performed on bands of immunoblots in B.
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BCL-2 family of survival proteins. FD/neo and FD/Pim-2(34
kDa) cells were examined by immunoblotting after culturing
them in the presence or absence of IL-3. Neither IL-3 with-
drawal nor enforced expression of pim-2 led to changes in
expression of BCL-2 or BAX. By contrast, IL-3 withdrawal was
associated with decreased expression of BCL-xL and increased
expression of BIM, but PIM-2 did not affect their expression
any further (data not shown).

We have previously seen that the PIM-1 protein can antag-
onize the effects of BAX protein expression, independently of
bcl-2 expression (5). This suggested that PIM-1 could regulate
the activity of other pro-apoptotic BCL-2 family proteins, such
as BAD (5). Indeed we have seen direct evidence that PIM-1
kinase can phosphorylate BAD.2 We therefore asked if the
PIM-2 kinase could phosphorylate, and thereby inactivate the
BAD protein, as well. IL-3 removal leads to rapid dephospho-
rylation of BAD, and onset of apoptosis in some factor-depend-
ent hematopoietic cells (21). The phosphorylation consensus
sequences for pim kinases are similar to those of AKT and
cAMP-dependent (protein kinase A) kinases (22). Because
these kinases can phosphorylate BAD, it seemed possible that
PIM-2 could do so as well.

PIM-2 proteins were purified by immunoprecipitation from
U2OS cells transfected with expression plasmids for either
wild-type or kinase inactive PIM-2(34 kDa) proteins. The en-
zymes were then assayed in an immunocomplex kinase assay
for their ability to phosphorylate recombinant GST-BAD pro-
tein. Anti-PIM-2 immunoprecipitates from wild-type kinase
transfectants were able to phosphorylate GST-BAD, whereas
anti-prostate-specific antibody immunoprecipitates (isotype-
matched negative control antibody) failed to do so (Fig. 6A).
Recombinant GST protein alone was not phosphorylated by the
immunoprecipitated kinase. To characterize the reaction fur-
ther, we subjected PIM-2-phosphorylated GST-BAD protein to
immunoblotting with anti-phospho-BAD antibodies (Fig. 6B).
GST-BAD protein phosphorylated by wild-type PIM-2(34 kDa)
protein reacted strongly with antibodies recognizing BAD phos-

phorylated on serine 112. Anti-PIM-2 immunoprecipitates from
cells transfected with a plasmid encoding a kinase-dead short
PIM-2(K61A) could only minimally phosphorylate the sub-
strate, probably due to small amounts of other BAD kinases
coprecipitating with PIM-2. Immunoprecipitates containing a
kinase-inactive long form of PIM-2 were similarly inactive
(data not shown). PIM-2 appears to selectively phosphorylate
GST-BAD on serine 112, because the phosphorylated substrate
did not react with antibodies specific for serine 136 or serine
155 phosphorylation.

Because the PIM-2 isoforms differed in their ability to sup-
port survival of cytokine-deprived FDCP1 cells, we directly
determined their relative kinase activity. Proteins for the three
PIM-2 isoforms were expressed by in vitro translation then
purified by immunoprecipitation. When used in an in vitro
kinase reaction, all were able to phosphorylate GST-BAD on
serine 112. The kinase activity of the 40-kDa form toward that
substrate was about 22% lower than that of the 38-kDa form, a
significant difference (p � 0.03 for no difference). Not surpris-
ingly, the K61A mutant 34-kDa protein had no detectable
kinase activity, again suggesting that the minimal activity
seen in panel B was due to coprecipitating kinases. The kinase-
dead long (40-kDa) form also lacked detectable ability to phos-
phorylate BAD (data not shown).

We have previously noted that PIM-1 protein can phospho-
rylate BAD.2 To compare the relative efficiency of the two
kinases for the same substrate, we prepared 6-His-PIM-2(34
kDa) protein along with 6-His-PIM-1(33 kDa). The freshly pre-
pared kinases were utilized immediately in an ELISA-format-
ted kinase reaction with GST-BAD as the substrate. The re-
combinant PIM-2 protein phosphorylated GST-BAD in the
ELISA format. Time-course experiments showed that the ini-
tial reaction rate typically was linear for at least 18 min (Fig.
7A). As expected, with longer incubation the reaction rate de-
clined. A series of time-course experiments was performed,
with differing quantity of substrate in the wells. The initial
reaction rate (measured over the first 12 min) was then com-
pared with substrate concentration by Lineweaver-Burk anal-
ysis (Fig. 7B). The resulting linear plot confirmed that the
Pim-2 enzyme demonstrated kinetics consistent with Michae-

2 T. L. T. Aho, J. Sandholm, K. J. Peltola, H. P. Mankonen, M. Lilly,
and P. J. Koskinen, manuscript submitted.

FIG. 5. Apoptosis in FD/neo, FD/Pim-2(34 kDa) cells following IL-3 withdrawal. A, apoptosis assay. Cells were cultured without cytokine
for the indicated time then subjected to flow cytometry analysis to detected apoptotic cells (annexin V high; propidium iodide low). Bars indicate
the mean � S.E. for three independent experiments (each performed in triplicate). B, immunoblot to detect procaspase 3 and activated caspase 3
following IL-3 withdrawal. FD/neo and FD/Pim2(34 kDa) cells were washed free of IL-3 then cultured without cytokine for 16 h. Cells were then
lysed in CHAPS buffer and analyzed by immunoblotting with the indicated antibodies. Antibodies were utilized sequentially, beginning with
anti-active caspase 3 and finishing with anti-�-actin. The blot was washed and reblocked between antibody probes.

PIM-2 Phosphorylates BAD45362

 at F
IN

E
LIB

 - T
urku U

niv, on June 16, 2011
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


lis-Menten predictions. It was also apparent from the Lin-
eweaver-Burk plot that the lines for PIM-2 and PIM-1 were
parallel, and therefore the slopes (Km/Vmax) were equal. This
suggests that PIM-1 and PIM-2 may be equivalent kinases for
phosphorylating GST-BAD protein. True Vmax values could not
be calculated from the ELISA-derived data, because the reac-
tion rate is described in terms of change of color (d(A450)/dt)
rather than the more traditional millimoles/liter/min. The ap-
parent Vmax and Tm values can be used only as relative indices
to compare PIM-1 and PIM-2 but not for comparisons with
values for other kinases, as recorded in the literature. Non-
linear regression analysis of the Michaelis-Menten data
showed no significant differences in the estimated Vmax and Tm

for the two kinases in either of the two experiments (data
not shown).

We next examined the phosphorylation of BAD by PIM-2 in

vivo, using a transient transfection system. U2OS and 3T3 cells
were transfected with expression plasmids for PIM-2(34 kDa)
and GST-BAD, alone or in combination (Fig. 8). In the presence
of PIM-2, GST-BAD was heavily phosphorylated on serine 112
in both cell lines. Interestingly, in U2OS cells there was addi-
tional phosphorylation of serine 136 and serine 155. In con-
trast, in 3T3 cells only serine 112 was phosphorylated in the
presence of PIM-2. Expression of the pim-2 transgene product
was much higher in the U2OS cells, however.

We also stably co-transfected FD/neo and FD/Pim-2(34 kDa)
cells with a GST-BAD mammalian expression construct and a
puromycin resistance plasmid. A GST-BAD fusion protein was
expressed, because we were unable to isolate stable lines ex-
pressing wild-type BAD proteins. Presumably the GST-BAD
fusion protein has somewhat less death-promoting activity
than the wild-type BAD protein, allowing stably expressing

FIG. 6. In vitro phosphorylation of GST-BAD by PIM-2. A, autoradiograph of 32P-labeled GST-BAD. The PIM-2 was immunoprecipitated
from transiently transfected U2OS cells by anti-PIM-2 antibody (P) or an isotype-matched control antibody (N), then mixed with either
recombinant GST or GST-BAD proteins. After radioactive in vitro kinase reaction, the substrates were separated by SDS-PAGE and visualized by
autoradiography. The lower band represents degradation products and aborted proteins. B, immunoblot of GST-BAD phosphorylated in vitro by
PIM-2. Anti-PIM-2 immunoprecipitates (lanes 2, 4, and 6) or irrelevant immunoprecipitates (lanes 1, 3, and 5) were used to phosphorylate
GST-BAD. Substrate was then immunoblotted with anti-phospho-Bad or anti-GST antibodies. C, comparative activity of PIM-2 proteins as BAD
kinases. The 34-, 38-, and 40-kDa PIM-2 proteins, or the short PIM-2(K61A) protein were produced by in vitro translation, and purified by
immunoprecipitation. The resulting enzymes were used for an in vitro kinase reaction, and the phosphorylated GST-BAD substrate protein was
then detected by immunoblotting with an anti-phospho-BAD S112 antibody. D, quantitative analysis of GST-BAD phosphorylation by PIM-2
proteins. For each experiment anti-phospho-BAD(S112) band density was normalized by comparing it to the PIM-2 protein band density. In each
experiment the normalized density for GST-BAD phosphorylated by PIM-2(38 kDa) was assigned an arbitrary value of 100. This served as an
internal reference to compare the normalized phospho-BAD band densities (and hence kinase activities) of the other enzymes. Finally, the results
of three to six experimental comparisons were averaged and presented as mean � S.D. Relative kinase activity of PIM-2(40 kDa) versus PIM-2(38
kDa) (six comparisons), and of PIM-2(34 kDa) versus PIM-2(38 kDa) (three comparisons), were analyzed by paired t tests.
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clones to be identified. Puromycin-resistant clones were exam-
ined for expression of GST-BAD by immunoblotting with an
anti-BAD antibody. Several clones of FD/Pim-2(34 kDa)/Bad
and FD/neo/Bad cells were isolated, and three clones of each
were pooled. Enforced expression of GST-BAD in FD/neo cells
enhanced death, compared with FD/neo/puro cells (Fig. 9).
However, enforced expression of PIM-2 protein was able to
overcome the exaggerated death effect of GST-BAD.

We therefore examined the extent of GST-BAD phosphoryl-
ation in the stable transfectants after IL-3 withdrawal (Fig.
10A). FD/neo/Bad cells grown in IL-3 demonstrated phospho-
rylation of GST-Bad on serine 112. Phosphorylation decreased
after withdrawal of IL-3. The FD/Pim-2(34 kDa)/Bad cells had
markedly increased phosphorylation of GST-BAD, which
changed little after IL-3 withdrawal. Phosphorylation of BAD
on serine 136 or serine 155 was not detected under these
conditions.

Finally we sought to determine if ambient amounts of PIM-2
could phosphorylate endogenous BAD (Fig. 10B). FDCP1 cells
stably expressing either neo, PIM-2(34 kDa) protein, or long
PIM-2(K61A) protein were deprived of IL-3 for 10 h. Whole cell
lysates were then used for immunoblotting. The endogenous
BAD protein was detected in all samples. In three independent
experiments, BAD showed slight but reproducible phosphoryl-
ation on serine 112 in FD/neo cells. FD/Pim-2(34 kDa) had

greatly increased phosphorylation of endogenous BAD. In con-
trast, cells with kinase-dead PIM-2 had no detectable phospho-
rylation of endogenous BAD.

PIM-2 Inhibits BAD-induced Cell Death in Part through
Phosphorylation of BAD on Serine 112—To determine if phos-
phorylation of BAD on serine 112 played a role in the ability of
PIM-2 to inhibit BAD-induced cell death, we sought to co-
express PIM-2 and a mutant GST-BAD that could not be phos-
phorylated on serine 112. However, we were unable to isolate
FDCP1-based cell lines with these characteristics. The GST-
BAD(S112A) proteins were invariably truncated (data not
shown). We therefore chose to transiently co-express PIM-2
and GST-BAD or GST-BAD(S112A) in Jurkat T-cells (Fig. 11).
This cell line was used because it can be transfected more
efficiently than FDCP1 and has previously been used for stud-
ies of BAD kinases. Cells were also transfected with an expres-
sion plasmid for the fluorescent protein DsRed (Clontech) to

FIG. 8. Phosphorylation of GST-BAD by PIM-2 in transiently
transfected cells. U2OS or NIH3T3 cells were transiently transfected
with the indicated plasmids (0.5 �g of each) in 60-mm plates. pCDNA3
plasmid was added to ensure that each transfection contained the same
total amount of plasmid DNA. 48 h after transfection, cells were lysed
and subjected to immunoblot analysis with the indicated antibodies.
Twenty micrograms of lysate protein was loaded per lane.

FIG. 9. Survival of FDCP1 cells expressing GST-BAD and
PIM-2 after IL-3 withdrawal. Pools of stable transfectants (three
clones each) were cultured without IL-3. At the indicated times, sur-
viving cells were enumerated by Trypan Blue exclusion. Each point
represents the mean of triplicate determinations from one of two sim-
ilar experiments.

FIG. 7. Phosphorylation of GST-BAD by PIM-2: ELISA-based
kinase assay. A, time course of phosphorylation. A 96-well plate was
coated with 1.5 �g/well GST-BAD overnight, then the plate was blocked
with bovine serum albumin. 100 ng of 6-His-PIM-2 protein was added in
100 �l of kinase buffer, 10 �M ATP, and the reaction was allowed to
proceed for 1 h at 30 °C. The reactants were then aspirated, and the
reaction was stopped by washing the wells with 10 mM EDTA in Tris-
buffered saline. Phosphorylated substrate was detected by developing
the plate with successive incubations with anti-phospho-BAD(S112)
antibody, goat anti-mouse IgG-peroxidase, and TMP-based color re-
agents. Each point is the mean � S.D. of triplicate determinations from
a typical experiment. B, Lineweaver-Burk analysis of enzyme reaction
time course data. Kinetic measurements were obtained as in A, but with
substrate concentrations ranging from 0.5 to 2.0 �g/well. Vi is d(A450)/dt
obtained from first 12 min of enzyme activity time course. 6-His-PIM-2
and 6-His-PIM-1 were used at 100 ng/well.
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mark transfected cells. Twenty-four hours later the transfected
cells were analyzed by flow cytometry. Between 1.35 and 4.29%
of cells transfected with a DsRed plasmid alone were highly red
fluorescent. Adding the GST-BAD expression plasmids mark-
edly reduced the number of red fluorescent cells, demonstrat-
ing that the two GST-BAD proteins equally induced cell death
in the transfected cells. In contrast, co-transfection with a
pim-2 expression plasmid increased the number of red fluores-
cent cells, reflecting the ability of the kinase to promote sur-
vival of the transfected population. Cells were also transfected
simultaneously with plasmids encoding PIM-2(34 kDa) and
GST-BAD or GST-BAD(S112A), along with the DsRed expres-
sion plasmid. Enforced expression of PIM-2(34 kDa) protein
was markedly better at preventing cell death in the presence of
GST-BAD protein, compared with its ability to reverse the
effects of the GST-BAD(S112A) protein (p � 0.026 for no dif-

ference). These data demonstrate that antagonism of GST-BAD
by PIM-2(34 kDa) depends at least in part on the ability of the
kinase to phosphorylate GST-BAD on serine 112.

DISCUSSION

IL-3, granulocyte-macrophage colony-stimulating factor, and
related growth factors induce proliferation and differentiation
of hematopoietic cells and protect them from apoptosis. We
have shown that this family of cytokines selectively induces the
expression of pim family kinases in hematopoietic cells. The
pim kinases show tissue-specific expression (16). Few studies
have examined functional or biochemical redundancy within
the family, however. pim-1 and pim-2 appear to be regulated
similarly (2, 3, 17). Because these kinases share functional
activities (6, 14, 17), it is likely that they may also act through
similar biochemical pathways. A recent report documented
that both PIM-1 and PIM-2 can phosphorylate the SOCS-1
protein (23). With this exception, however, no studies have
identified potential PIM-2 substrates. We now report that
PIM-2 can phosphorylate and inactivate BAD and that its
efficiency as a BAD kinase resembles that of PIM-1. Although
we cannot conclude that PIM-1 and PIM-2 are equally efficient
for all substrates, these data do suggest that any unique roles
for the different kinases may result from their variable tissue
expression (16).

Three PIM-2 isoforms are apparent in FDCP1 and 32Dcl3
cells. The endogenous PIM-2(38 kDa) protein is more abundant
than the other isoforms. This parallels the results reported
from in vitro translation of the pim-2 cDNA (14). In contrast,
when expressed as a transgene, PIM-2(38 kDa) was the least
abundant form. Under these conditions protein expression
likely reflects in part kinase stability, with the 38-kDa form of
PIM-2 being less stable, and consequently expressed at a lower
level. In aggregate these data suggest that transcriptional and
translational regulation may both play an important role in the
relative levels of the various isoforms in the natural state. In
the pim-2 mRNA sequence, the translational start site AUG for
PIM-2(34 kDa) is preceded by UCCUCC, whereas the alterna-
tive start codon CUG for PIM-2(40 kDa) is preceded by
UUGGGG. For PIM-2(38 kDa) the start codon is preceded by
UCCACC. Compared with the usual Kozak sequence GCC(G/
A)CC, the start codons for PIM-2(40 kDa) and PIM-2(34 kDa)
are preceded by poor Kozak consensus sequences. This obser-
vation, combined with the fact that the CUG codon for PIM-
2(38 kDa) is in a more favorable translational context, may
help to explain the levels of endogenous PIM-2 isoforms.

FIG. 10. Phosphorylation of BAD
proteins by PIM-2 in stably trans-
fected FDCP1 cells. A, phosphorylation
of GST-BAD in FD/neo/Bad and FD/
Pim2(34 kDa)/Bad cells. Pools of stable
transfectants (three clones each) were
cultured with or without cytokine for 6 h,
as indicated. Whole cell lysates were then
prepared, and 50 �g of lysate protein was
loaded on each lane. Blots were then
probed with the indicated antibodies. B,
phosphorylation of endogenous BAD by
exogenous, endogenous PIM-2. FDCP1
cells, stably transfected with neo, PIM-
2(34 kDa), or kinase-dead long PIM-
2(K61A), were deprived of IL-3 and cul-
tured for 10 h. Whole cell lysates were
then prepared and used for immunoblot-
ting as indicated. 250 �g of whole cell
lysate was used for each lane of the blot.

FIG. 11. Dependence on S112 phosphorylation for reversal of
GST-BAD-induced death by PIM-2. Jurkat cells were transiently
transfected with the indicated plasmid. pCDNA3 plasmid was included
as needed to ensure that each transfection contained the same amount
of total plasmid DNA. 24 h later they were analyzed by FACS analysis
for expression of the transfection marker protein dsRed. Results are
normalized (mean percentage of FL2-high cells from transfections with
dsRed plasmid alone � 1.0). For each experiment, measurements were
made in triplicate, and averaged. Each bar represents the mean � S.E.
from three independent experiments.
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The biological and biochemical effects of these three isoforms
differ as well. When the pure proteins were examined with an
in vitro kinase assay, the 34- and 38-kDa forms showed similar
activity, whereas the 40-kDa was noticeably and reproducibly
deficient. As expected the K61A mutant enzymes were inactive.
It is not clear why the 40-kDa form is less active than the
shorter enzymes. Possibly the additional sequences in the 40-
kDa form constitute an autoinhibitory sequence. Because the
40- and 34-kDa forms were expressed at similar levels in the
stably transfected FDCP1 cells, it is likely that the intrinsic
differences in kinase activity accounts for the impaired sur-
vival effect of the longer kinase. The 34- and 38-kDa PIM-2
proteins showed similar ability to phosphorylate BAD in vitro,
yet the 38-kDa enzyme was slightly less active at prolonging
survival in cytokine-deprived FDCP1 cells. In this situation,
the lower level of expression of PIM-2(38 kDa)in the stably
transfected cells, compared with that of PIM-2(34 kDa), may
account for the superior survival effect of the latter kinase.

The mechanisms through which pim-2 acts to promote cell
survival and inhibit programmed cell death have not been
previously characterized. Our previous studies of the pim-1
kinase documented the involvement of bcl-2 family members
(5). Because of the strong homology between the two kinases,
they may act through similar biochemical processes. We have
previously observed that the PIM-1 kinase can phosphorylate
BAD2 and report here that the PIM-2 kinase can act similarly.
PIM-2 kinase, immunoprecipitated from transfected cells, was
able to directly phosphorylate a GST-BAD substrate in vitro, on
serine 112. In contrast, in U2OS cells transiently transfected
with both pim-2 and gst-bad expression plasmids, the substrate
was phosphorylated on serine 112, serine 136, and serine 155.
These additional phosphorylations may be the result of PIM-2
activating other kinases, rather than a direct effect of PIM-2
protein itself. Certainly the in vitro kinase reactions, which are
known to encourage promiscuous phosphorylations, did not
show detectable serine 136 or serine 155 phospho-Bad. In ad-
dition we have seen that co-transfection of a dominant-negative
akt construct, along with pim-2 and gst-bad plasmids, mark-
edly decreases the serine 136 phosphorylation of the substrate
(data not shown). We feel that this potential transactivation of
AKT (and serine 155 kinases) by PIM-2 is unlikely to be of
physiological significance. No serine 136 or serine 155 phos-
phorylation was seen in an NIH3T3 transient transfection sys-
tem, in which expressed levels of the transgenes were lower
than those seen in U2OS cells. Furthermore we found no evi-
dence of serine 136 or serine 155 phosphorylation in stable
FDCP1 cells co-expressing the two cDNAs. Thus it appears
that serine 112 is the preferred phosphorylation site on BAD,
for the PIM-2 kinase. Minimal phosphorylation at other sites
likely does not mediate a significant part of the PIM-2 effect.

Serine 112 of BAD appears to be the preferred phosphate
acceptor site for kinase reactions involving both PIM-12 and
PIM-2. The sequence surrounding serine 112 includes several
positively charged amino acids, but only distantly resemble a
consensus PIM phosphorylation site (22). Several other known
PIM-1 substrates also have atypical phosphorylation sites;
thus it is not clear how comprehensive the described consensus
sequences are for predicting PIM substrates. PIM-2 now joins
several other enzymes as known kinases for BAD (serine 112).
These include protein kinase A (24), JNK1 kinase (25), p90/
RSK kinase (26), and PAK1 kinase (27). It is not clear if
ambient levels of all of these other kinases can phosphorylate
endogenous BAD protein. Because our data show that enforced
expression of a kinase-inactive PIM-2 protein both decreases
phosphorylation of endogenous BAD and shortens cell survival
relative to that of neo-expressing cells (which retain partial

BAD phosphorylation), we can identify BAD as a legitimate
substrate for PIM-2 kinase expressed at ambient levels, as well
as when overexpressed in a test system.

Enforced expression of PIM-2 was able to overcome the
death-promoting effects of GST-BAD in both stable and tran-
siently transfected cells. However, our inability to isolate
FDCP1 stably co-expressing PIM-2 and a mutant GST-
BAD(S112A) suggested that phosphorylation of GST-BAD by
the PIM-2 kinase on serine 112 was important for this reversal.
This was directly confirmed in the transient transfection ex-
periments. Enforced expression of either GST-BAD or GST-
BAD(S112A) similarly reduced the number of successfully
transfected cells, whereas PIM-2 increased marker transgene
expression. Co-expression of the cDNAs reversed the death-
enhancing effects of both of the GST-BAD constructs. However,
reversal of the GST-BAD-induced death was much more effi-
cient than correction of the GST-BAD(S112A) toxicity. While
confirming the need of PIM-2 to phosphorylate BAD on serine
112 for maximal effects, these data also suggest that other
molecular targets may be involved. Indeed some studies ques-
tion the role of BAD in survival of cytokine-deprived hemato-
poietic cells (28, 29). The temporal correlation between de-
creased phosphorylation of endogenous BAD in the presence of
enforced expression of kinase-dead PIM-2, and enhanced cell
death (Fig. 4, 10), suggest that BAD plays some role in survival
of these cells, and that it likely mediates part of the survival
effect of PIM-2. We anticipate, however, that pim kinases reg-
ulate a variety of survival pathways. Recently, PIM-1 has been
found to phosphorylate and regulate the activity of the p21/
Waf1 protein, a key mediator of p53-dependent programmed
cell death (30). We have performed a large number of genetic
screens for PIM substrates and partners and have found many
candidates, several of which can be implicated in survival re-
sponses. Thus it is likely that many additional interactions
between PIM family kinases and survival pathways will be
identified in the future.
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