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ABSTRACT

Expression of the Mr 33,000 human Nm-i protein is induced in hema
topoietic cells by a variety of growth factors and cytokines. We have
introduced the human pim-1 cDNA via retroviral transduction into inter
leukin (IL)-3-dependent FDC-P1 cells and examined the resulting pheno

type. Compared with cells infected with a neo-encoding retrovirus (FD/
neo), cells infected with a pim-1-transducing virus (FD/hpim) showed

longer survival or autonomous growth in suspension culture in the ab
sence of IL-3, as well as IL-3-independent clonogenic growth in semisolid
medium. The unique murine Mr 44'000 Pim-1 protein, as well as human
proteins with short C- or N-terminal truncations, also was biologically

active. This effect of Nm-i expression was associated with a decrease in
apoptotic cells and an increase in G@JG1-phasecells, and the increase in
G@/G1-phase cells caused by enforced expression of Pim-1 was due to a

decrease in apoptosis rather than to a decrease in transit ofthe G1-S-phase
checkpoint. The Pim-1 kinase appears to function primarily as a survival
factor in factor-dependent FDCP.1 cells subjected to either cytokine
withdrawal or exposure to cytotoxic agents.

INTRODUCTION

GM-CSF3 and the related cytokines IL-3 and IL-S can induce
proliferation, terminal differentiation, or a mixture of response phe
notypes in different cell populations. Identifying the molecular events
responsible for these varying responses is of considerable interest.
Several papers have appeared that assign response phenotypes or
secondary signaling events to different domains of the receptor chains.
The cytoplasmic portion (particularly the membrane-proximal 38
amino acids) of the GM-CSF receptor a chain is necessary for

generation of a proliferative signal ( 1, 2), as well as for sustained
elevation of c-myc mRNA. Similar regions of the common f3 chain are

also necessary for proliferation and are associated with binding and

activation of Janus kinase 2, as well as expression of c-myc (3). A
more distal domain of the f3 chain was associated with activation of

ras and the Raf- I and mitogen-activated protein kinases, but it was not

strictly necessary for initiation of DNA synthesis (4).

We have reported previously that a frequent event associated with

induction of a proliferative signal by GM-CSF and !L-3 was expres

sion of the Pim-l protein, a cytoplasmic serine-threonine kinase (1, 5).

Mitogenic signals from other growth regulators, the receptors of
which were unrelated to that of GM-CSF, did not induce expression

ofpim-l mRNA (5). The same domains of the GM-CSF receptor a (1,
2) and 13(4) chains that were responsible for proliferation and c-myc
expression were also associated with expression of pim-l . These
observations suggested that the Pim-l kinase may play an important
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role in the development of a mitogenic signal transduced through
receptors of the hematopoietin receptor superfamily.

The pim-l gene was identified originally as a frequent site of
retroviral insertion during experimental lymphomagenesis. Through a

series of studies in pim- 1 transgenic mice, it was demonstrated that the

kinase acts as a true, although weak, oncogene (6, 7). pim-l acts
synergistically with c-myc, N-myc, and bcl-2 to dramatically induce
lymphomas of both B and T cells (6â€”8). Little is known of its
function in normal tissues, however. The kinase is found primarily in

hematopoietic and germ cells and is expressed transiently in response
to certain mitogens (5, 9). A recent report demonstrated that bone
marrow mast cells derived from mice with homozygous deletions of
the pim-l gene showed impaired responsiveness to IL-3 while prolif
erating normally in response to SCF (10). Furthermore, Pim-1 protein
levels determine the size of the early B lymphoid compartment in

bone marrow (1 1). Human cells express a single Mr 33,000 Pim-l
protein. Murine cells express both a Mr 44,000 and a Mr 33@000

species (12). The larger protein results from the use of an alternate
upstream start site that is absent in the human gene.

To directly examine possible roles for the human Mr 33,000 Piml
kinase in cytokine-directed proliferation, we have introduced the
human pim-l cDNA into factor-dependent murine myeloid cells. We

report here that enforced expression of the Pim-l kinase acts to inhibit
apoptosis and to enhance proliferation, primarily by acting as a

survival factor.

MATERIALS AND METHODS

Cell Lines and Culture. The factor-dependent murine cell line FDC-P1
was used for these studies. Low-passage cells, which were fully dependent on
IL-3 or GM-CSF for proliferation and survival, were provided kindly by Dr.
Scott Boswell (Indiana University, Indianapolis, IN). Higher-passage cells,
which showed some spontaneous development of factor-independent clones,

were obtained from Dr. Larry Rohrschneider (Fred Hutchinson Cancer Re

search Center, Seattle, WA). A M-CSF-responsive subline (Mad 1) was also

obtained from Dr. Rohrschneider (13). Low-passage cells were used for all
experiments unless specifically stated. All of these cell lines were maintained
in RPM! 1640 with 10% iron-supplemented calf serum (Sigma Chemical Co.)

and cytokines as described below.

Studies of the growth of various cell populations used both survival meas

urements and a cloning assay in methylcellulose. In the former, trypan blue
negative cells were counted with a hemocytometer. For the latter, target cells

were washed free of growth medium and cytokines and then plated in RPMI

1640 containing 10% iron-supplemented calf serum and 1% methylcellulose.
Cytokines were added as needed. Colonies (aggregates of 30 or more cells)
were scored with an inverted stage microscope 5â€”8 days after plating.

Reagents. Murine IL-3 was used in the form of medium conditioned by the

WEHI-3 cell line. One batch of medium was used throughout and was shown
to have 2.8 ng/ml IL-3 by direct comparison with recombinant IL-3 in a cell

growth assay on 32D cells. Recombinant murine M-CSF was provided kindly
by Dr. Nic Nicola (Walter and Eliza Hall Institute, Melbourne, Victoria,

Australia).

Construction of Pim-transducing Retroviruses. Wild-type and mutant
pim-l cDNAs were introduced into FDC-Pl cells by means of retroviral

transduction. Suitable retroviruses were constructed by ligating cDNAs (pee

pared by PCR amplification with Pfu polymerase) into the plasmid pLXSN
(14). Human cDNAs used the human pim-l clone pCI (Ref. 15; courtesy Dr.
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Fig. 1. Retroviral transduction of the human pim-l gene; immunoblot of Pim-l protein.

Cells were deprived of growth factor for 6 h, then treated (+) or not (â€”)with IL-3
(WEHI-conditioned medium, 10% v/v. for 2 h). Cytokine treatment induces expression of
both the Mr @â€˜@Â°Â°Â°and the Mr 33,000 endogenous murine Pim-l proteins (Lanes 2 and 4).
The FDlhpim cells constitutively express the Mr 33,000 human Pim-l kinase (Lanes 5 and
6. arrow).

Tim Meeker, University of Kentucky, Lexington, KY) as a template, whereas
the murine Mr44,000 pim-l construct used a munne cDNA (courtesy of Dr. A.
Berns, Netherlands Cancer Institute, Amsterdam) as template. In each case, the
5' primer incorporated an idealized Kozak sequence (GCCGCC) immediately
upstream of the translation initiation codon. In the case of the murine M@
44,000 pim-l construct, the original CI'G translation start site was also
changed to ATG. All cDNAs were sequenced fully to ensure that the coding
regions contained no unintended mutations. The plasmids were introduced via
electroporation into the ecotrophic packaging line PE5O1, and the medium

from those cells was used to infect the amphotrophic packaging cell line
PA317. Clones of the resultant PA317 cells were characterized with regard to
expression of the appropriate Pim-l proteins or mRNA and with regard to
evidence of production of infectious retrovirus.

Infection of Target Cells. Retroviral transduction of the wild-type or
mutant human pim-l cDNAs was performed by cocultivation of the target and
packaging cell lines for 48 h. Control cells were infected with a retrovirus
containing no insert (FD/neo). Following cocultivation with the packaging
lines, the infected target cells were selected in G4l8 (1 mg/ml) for 2â€”5days
and then used as bulk cultures directly for experiments. At least two pools of
transduced cells, derived from separate infections, were used for each series of

experiments. In addition, clones of FD/neo and FD/hpim cells were selected
for one experiment by plating the cells in methylcellulose immediately after
infection. After 7 days, the individual colonies were picked and expanded for

study.
Immunoblotting. Presenceof the humanMr33,000 proteinwas detected

by a combined immunoprecipitation/immunoblotting procedure, as described
previously (5). The antibody also detected the Mr 33,000 and 44,000 murine
Pim-l proteins.

In Vitro Kinase Reactions. All buffers and solutions contained a mixture
of protease inhibitors (phenylmethylsulfonyl fluoride, pepstatin, benzamidine,
aprotinin, and leupeptin). For in vitro kinase reactions, cells (approximately
2 X 107/assay) were lysed in a buffer consisting of 50 mM Tris (pH 7.5), 0.5
mM MgC12,0.2 M NaCl, 10 mM EDTA, 20 mM sodium PP1,50 mM sodium
fluoride, and 1% Triton X-I00 (lysis buffer). Cells were disrupted with 50
strokes in a Dounce tissue homogenizer, and the lysate was then clarified by

centrifugation at 11,000 rpm for 15 mm in an SS-34 rotor (Sorvall). Superna
tants were incubated on ice for 3â€”4h with a 1:100 dilution of anti-Pim-l
antibody or irrelevant immune serum, then rotated with PAA beads for I h.
The antigen/antibodylPAA conjugates were then pelleted, washed once with

PlM@I AND APOPTOSIS

lysis buffer, washed twice with kinase buffer 150 mM Ins (pH 7.5), 10 mM

magnesium acetate, 50 mM NaF, 1 mM DY!', and I nmi EGTAJ including 0.1%

Triton X-lOO, and incubated for 30 mm at 30Â°Cin 50 @lof kinase buffer
including 0.25 M [y-32P]ATP. The pellets were washed twice with lysis buffer,

and 100 @tlof 50 mM Iris (pH 7.5)11% SDS buffer were added. After boiling
for 2 mm, the samples were centrifuged, and 400 p@lof lysis buffer including

2% Triton X-l00 were added to the supernatants. Once again, appropriate

antibody was added to samples at a 1:100 dilution for a second immunopre
cipitation overnight at 4Â°C. After the second precipitation with PAA, samples

were washed three times with lysis buffer, and the immune complexes were
released into 50 p1 of Laemmli SDS sample buffer. Kinase reaction products
were then resolved by SDS-PAGE.

RT-PCR. Cells were examinedfor evidence of GM-CSFor IL-3 mRNA
by means of RT-PCR. Total RNA was extracted by means of TRISOLV
reagent (Biotecx). Five @.tgof total RNA were reverse transcribed with Mob
ney munne leukemia virus reverse transcriptase using a commercially avail

@â€” able kit (Superscript; Life Technologies, Inc.). The resulting cDNA was

amplified using Taq polymerase. GM-CSF and (3-actin primers were purchased
from Stratagene. IL-3 primers were synthesized locally and had the following
sequences: sense, 5'-TGCTCTTCCACCTGGGAC-3', and antisense, 5'-

CCACGGTTCCACGGTI'AG-3'. FDC-Pl cells containing transduced human
pim- 1 cDNAs were also examined for expression of human pim-l mRNA by

RT-PCR, using the following primers: sense, 5'-AGTAACAGGTGGQC
CCGCTA-3', and antisense, 5'-GTCATGCTCGAAAGGAATATC-3'. All
PCR products were identified by agarose gel electrophoresis and ethidium
bromide staining.

Flow Cytometry. DNA histogram analysis was performed by fixing cells
in cold 70% ethanol. Subsequently, the fixed cells were washed once with PBS

and then stained with propidium iodide [50 @g/mlin sodium citrate buffer (pH
7.8) with 0.1 mg/mI RNase]. DNA content of cells was measured on the FL2
channel of a FACScan instrument, and compartments were determined from
the data with the CELLFIT program.

Apoptosis. Apoptotic cells were measured by flow cytometry of propidium

iodide-stained cells. The fraction of cells with less than 2n DNA/cell was taken
to be the apoptotic population (16). In addition, nuclear morphology was
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Fig. 2. Pim-l kinase activity. Pim-l protein was isolated from cytokine-deprived
FD/neo cells (Lanes 1) and FD/hpim cells (Lane 2) and from IL-3-treated FDCP-1 cells
(Lanes 3 and 4) by immunoprecipitation (Lane 3, irrelevant antibody; Lanes 1. 2, and 4,
anti-Pim-l antibody) and then subjected to an in vitro kinase reaction to permit autophos
phorylation. FD/neo cells contain Mr 44.000 Pim-l protein, whereas the FD/hpim cells
have both Mr 33,000 and M, â€˜@@Â°Â°Â°phosphorylated Pim-l (arrows). The Pim-l proteins
are specifically precipitated by the Pim-l antibody (Lanes 3 and 4).
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examined on the propidium iodide-stained cells. Apoptotic cells were those in
which nuclei showed peripheral or homogenous condensation and nuclear
fragmentation.

RESULTS

Retroviral Transduction of the Human pim-1 Gene into
FDC-Pl Cells. FDC-P1 cells and FD/neo cells contained no immu
nologically detectable Pim-1 protein when deprived of growth factor
for a period of 6 h (Fig. 1, Lanes 1 and 3). Treatment of these cells
with IL-3 led to prompt, sustained expression of the endogenous
murine Mr 33@000and 44,000 Pim-l proteins (Fig. 1, Lanes 2 and 4).
In contrast, FD/hpim cells contained easily detectable Mr 33,000
human Pim-l protein even when deprived of IL-3 (Fig. 1, Lane 5).
Addition of mitogen to these cells still resulted in expression of the
endogenous Mr 44'000 murine Pim-l protein (Fig. 1, Lane 6). It is
likely that some murine Mr 33,000 protein was also present. These
data suggest that the presence of abundant Mr 33,000 Nm-i protein
does not provide a negative feedback signal to inhibit further pim-1
expression.
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Both the Mr @@Â°Â°Â°murine and the Mr 33@000human or murine
Pim-1 proteins are active kinases, although the smaller species show
only weak autophosphorylation (12). In vitro kinase reactions showed
autophosphorylation only of the Mr 44'000 species in IL-3-deprived
FD/neo cells (Fig. 2, Lane 1), whereas both Mr 33,000 and 44,000
kinases were detected in FDlhpim cells (Fig. 2, Lane 2), suggesting
that the transduced human Mr 33,000 pim-l cDNA encoded a biolog
ically active kinase.

Enforced Expression of Mr 33,000 Human Pim-1 Protein En
hances IL-3-independent Survival and Proliferation. The human
Mr 33@000 Pim-l protein was expressed via retroviral transduction in

both low-passage FDC-P1 cells (Fig. 3, A and C) and high-passage
FDC-Pl cells (Fig. 3, B and C). In the former case, FD/neo cells died
in the absence of IL-3. FD/hpim cells also died when deprived of
growth factor, but did so at a slower rate (Fig. 3A), and small numbers
of viable cells persisted for several days. The difference in survival
between the FD/neo and FDlhpim cells was statistically significant
when compared by t test for all time points after 7 h of IL-3 depri
vation. FD/neo and FDlhpim cells prepared in high-passage FDC-P1

5350

,â€˜.;

LowPassage HighPassage

C-

U)
ci)
C-)
0
0
0

a)
C
0
0
C)

Fig. 3. Effect of Pim-l expression on survival and proliferation of FDCP-l cells. The pim-l or neo cDNAs were introduced into low-passage (A) or high-passage (B) FDCP-l cells.
Following IL-3 removal, viable cells in suspension culture were enumerated serially. Alternately, clonogenic cells were enumerated following culture in methylcellulose in the absence
of IL-3 (C). Each point is the mean (bars, SD) of triplicate determinations from one of two similar experiments.
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cells also showed different survival following IL-3 withdrawal (Fig.
3B). FD/neo cells again showed progressive cell death following
removal of growth factor. FD/hpim cells, however, grew steadily
without added cytokine. The cell survival was significantly different
between the two cell lines when compared by t test for each point after
18 h of IL-3 withdrawal.

Pools of retrovirally transduced cells likely contain cells that ex
hibit a range of protein expression and response phenotypes. To
ascertain that the identified effects were closely associated with Nm-i
protein expression, we studied individual clones of FD/neo and FD/

hpim cells. Five clones of FDlhpim cells all expressed detectable
Nm-i protein 6 h after IL-3 withdrawal (Fig. 4A), whereas FD/neo
cells did not (data not shown). The clones were then studied for
survival after removal of growth factor. All clones of FD/hpim cells
demonstrated prolonged factor-independent survival compared to the
FD/neo clones, and the two groups did not overlap after approxi
mately 20 h following removal of cytokine (Fig. 4B).

Every cell population consists of cells with reproductive potential
(cionogenic cells) and postmitotic cells. To examine whether the
Nm-i protein was acting on both clonogenic and nonclonogenic cells,
we measured the ability of FD/neo and FDlhpim cells (from both
high-passage and low-passage parental cells) to form colonies in
semisolid medium without added growth factors (Fig. 3C). Low
passage FD/neo cells did not form detectable colonies in the absence
of IL-3 (frequency, <0.002Ji0@ plated cells), and low-passage FD/
hpim cells produced a small but reproducible number of colonies in
the absence of cytokine (0.3/l0@ plated cells). When high-passage
FD/neo cells were plated in methylcellulose factor-independent cob
omes were obtained, but the high-passage FDlhpim cells produced
about 12 times more IL-3-independent colonies than did the control
cells. This difference was highly significant (P < 0.005 when the two
populations were compared by t test). IL-3-independent colonies
derived from FD/hpim cells (either low- or high-passage) appeared to
be fully autonomous and could be passaged serially in methylcellulose
for a least 30 doublings (data not shown). FDC-Pl cells can develop
growth-factor independence by both autocrine and nonautocrine
mechanisms. In the former case, autonomous production of IL-3 or
GM-CSF has been shown to occur. We examined FD/hpim cells for
expression of mRNA for either of these growth factors by RT-PCR
(data not shown). Neither FD/neo nor FD/hpim cells expressed IL-3
message. Both cell lines expressed GM-CSF mRNA when stimulated
with IL-3, but cytokine message was not detected in either cell line in
the absence of this stimulus. We further examined medium condi
tioned by either cell line for IL-3- or GM-CSF-like mitogenic activ
ities, using factor-dependent indicator cell lines. No mitogenic activity
for 32D cells (IL-3 responsive), MPRO cells (GM-CSF responsive),
or parental FDC-P1 cells was identified (data not shown).

Alternate and Tnmcated Pim-l PrOteins Also Prolong Survival
of FDC-P1Cellsin the Absenceof IL-3. To furtherclarifytherole
of the Nm-i kinase in the above biological effects, we prepared
cDNAs encoding Nm-i proteins with NH2- and COOH-terminal
truncations (Fig. 5A) and expressed these mutant proteins in FDCP-l

cells. We also expressed the unique murine Mr 44,000 N1t1 1 protein,
which results from translation at an alternate start site. Infection of
FDC-Pl cells with retroviruses incorporating these variant and mutant
cDNAs resulted in enforced expression of appropriate Pim-l proteins
(Fig. 5B) or mRNAs (Fig. SC). It was not possible to detect carboxyl
truncated Nm-i proteins with our COOH-terminal anti-Nm-i anti
body.

The Nm-i kinase consists of 11 subdomains that are common to all
kinases (17), with about 20 additional amino acids on either end.
These â€œtailsâ€•have no obvious homology to other known proteins.
Truncation of the COOH-terminal 22 amino (FD/pim29l) acids re
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Fig. 4. Survival of clones of FD/neo, FD/hpim cells. A. immunoblot of Pim-l protein
(arrow) in clones of FD/hpim cells. Equal amounts of lysate protein were used for each
immunoprecipitation, followed by immunoblotting with anti-Pim-l antibody. The Mr
44,000 band in Lane I results from reactivity of the antibody with ovalbumin from the
molecular weight markers, which leaked from an adjoining lane (antibody was raised
against an ovalbumin-coupled synthetic peptide). B, survival of FD/neo and FD/hpim cells
after removal of IL-3. Cells were cultured in cytokine-free medium at 1.4â€”2.0X l0@/ml,
and viable cells were enumerated serially by direct counting. Each point is the mean of
triplicate determinations. Relative cell number at time 0 is assigned a value of 100. cI,
clone; exp. experiment.
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suited in a construct, the expression of which led to prolonged survival
similar to that seen with the wild-type Mr 33,000 Piml protein (Fig.
SD). Remarkably, enforced expression of the murine Mr 44,000 Pim-l
proteins (FD/pim44) or an amino-terminal truncation of the human
Nm-i protein (FD/pimNT) resulted in cell survival that was substan
tially greater than that seen with autonomous expression of the wild
type Mr 33,000 human Nm-i kinase.

Enforced Expression of the Mr 33,000 HUiflan Pim-1 Kinase
Inhibits Apoptosis Associated with IL-3 Withdrawal. Autono
mous expression of Nm-i protein acted to increase cbonogenic growth

5351

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/23/5348/2465250/cr0570235348.pdf by guest on 19 M

ay 2023



_1@

ci)
.0
E
C

a)
C)

a)
>

cci
a)

Fig. 5. Biological activity of variant and mutant Pim-l proteins. A. schematic diagram of variant and mutant Pim-l proteins. In the pim44 mutant. amino acids 85â€”397are identical
to amino acids 1â€”313of the M@33,000 protein (hpim). B, immunoblot of Pim-l protein expression in FDC-Pl cells containing variant mutant Pim-1 proteins. Cells were deprived of
IL-3 for 8 h prior to assay. C, expression of human pim-l mRNA by RT-PCR. Cells were deprived of IL-3 for 8 h prior to assay. D. survival of FDC-Pl cells expressing variant and
mutant Pim-I proteins. Cells were cultured in cytokine-free medium at 1.6â€”2.2X l0@/ml,and viable cells were enumerated serially by direct counting. Each point is the mean (bars,
SD) of triplicate determinations from one of four similar experiments. Relative cell number equal to 100 is the cell count at time 0.
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of a small proportion of FD/hpim cells, but the magnitude of this
effect seemed too small to account for the prolonged survival after
IL-3 withdrawal. Thus, we examined whether Pim-1 could increase
cell survival by inhibiting the onset of apoptosis. Serial DNA histo
grams of FD/neo or FD/hpim cells following cytokine withdrawal
showed a gradual increase in the proportion of cells with less than 2n
DNA per cell (Fig. 6A). These cells have been shown to be undergo
ing apoptosis (for a review, see Ref. 16). The increase in apoptotic
cells was confirmed by direct examination of the nuclear morphology
of the propidium iodide-stained cell samples (Table 1). Coincident
with the increase in apoptosis was a decrease in cells in@ , S. and
G2-M phases. At each time point after LL-3withdrawal, FD/hpim cells

showed less apoptosis (<2n DNA/cell; Fig. 6A) and a higher propor
tion of cells in GO/GI (Fig. 6B). In contrast, the proportion of
S-phase and G2-M-phase cells was similar between the two cell
lines at each point (Fig. 6, C and D). The differences in apoptotic
and GdG1 phases between the FD/neo and FDlhpim cells were
statistically significant when analyzed by ANOVA (in each case,
P < 0.02 for no difference). The differences for G2-M phase were
only of borderline significance (P = 0.12), whereas those for S
phase were not significant (P = 0.72). In addition to the ANOVA
analysis, we compared data from FDlhpim cells with those from
FD/neo cells by paired t test. At each of the follow-up time points,
the FDlhpim pools had significantly less apoptotic, hypodipboid
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cells (<2n DNA/cell; P@ 0.05 for no difference, at each point)
than did the FD/neo pools. The proportion of G@/G1 cells was
significantly greater in the FDlhpim group than in the FD/neo
population (P 0.05 for no difference) at three of four analysis
points. At the fourth ( 12 h after IL-3 withdrawal), the difference
was of borderline significance (P = 0.06 for no difference).

TableI Morphologicalassessmentof apoptosisin FD/neoand FD/hpimcellsafter
IL-3 withdrawal

Enforced Expression of pim-l Does Not Enhance GdGI to
S-Phase Transit. Expression of Nm- 1 protein was associated with an
increase in the proportion of GdG1 cells (Fig. 5). At least some of this

increase could be accounted for by a decrease in apoptotic (less
than 2n DNA per cell) cells. Conceivably, Pim-l protein could also
lead to an increase in G@/G1cells by inhibiting transit of the G1-S
checkpoint. To examine this possibility, we expressed the human
Pim-l protein in Maci 1 cells, an FDCP-l subline. Maci 1 cells
have spontaneously acquired expression of the c-Fms protein and
will proliferate at least transiently in response to M-CSF. We have
shown previously that although M-CSF is nearly as potent a
mitogen for Maci 1 cells as is IL-3, only the latter cytokine induces
expression of pim- 1 message (5).

When deprived of IL-3 for 16 h, Mad llhpim cells expressed
easily detectable Mr 33,000 human Pim-l protein (Fig. 7A). In
contrast, the kinase was undetectable in similarly treated Maci 1/
neo cells. Addition of M-CSF to the cells at this point led to a
marked decrease in the G@/G1 pool over a period of about 20 h

a M@ (Â±SD) percentage of apoptotic cells, as determined by morphological exam
inationof three 100-celldifferentialcounts.

b Comparison between groups were made by t test; NS, not significant.

5353

-.-@FDh@.o@
-.,-- FDThPIm

.-.. FD/n.o

Time after 1L3withdrawal (hrs)
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(Fig. 7B). Simultaneously, there was an increase in S-phase com
ponent, as cells transited the G1-S-phase checkpoint (Fig. 7C).
Neither the rate nor magnitude of these changes was different
between the FD/neo and FDlhpim cells.

DISCUSSION

The Pim-l protein, a cytoplasmic serine/threonine kinase, has been
characterized primarily as a definite, although weak, oncogene that
can participate in viral and chemical lymphomagenesis (6, 7). Fur
thermore, both immortal and fresh myeloid leukemia cells can auton
omously express the Pim-l protein (5, 18). Few data exist, however,
to describe the mechanism of its actions or its role in normal hema
topoiesis. Our previous studies (5) suggested that pim-l played a role
in proliferative signals derived from a restricted group of mitogens,
the receptors of which were members of the hematopoietin receptor
superfamily. This possibility has been demonstrated directly in a
report (10), which showed impaired responsiveness of marrow mast
cells from pim-l-deficient mice to stimulation with IL-3, but normal
proliferation in response to SCF. The fact that the pim-l-deficient
mast cells were still able to respond somewhat to IL-3 suggests that

the role of pim- 1 may be assumed by other signaling molecules. The
product of the highly homologous pim-2 gene (19) may be such a
mediator.

Our data demonstrate that enforced expression of the Pim-l protein
is associated with enhanced IL-3-independent survival and cbonogenic

proliferation in murine myeloid cells. It appears that a high proportion
of the clonogenic cells infected with pim-1-transducing retrovirus
both express the protein and exhibit a phenotype ofprolonged survival
in the absence of IL-3. Thus, it appears likely that the Pim-l protein
has a direct role in inhibiting cell death following cytokine withdrawal
from FDC-Pl cells.

Although expression of Pim-l proteins is highest in germ cells and
hematopoietic cells, many other cell types can apparently express
small amounts of the kinase when assayed by sensitive autophospho
rylation methods (10) and at times by immunoblotting (20). FD/neo

cells deprived of IL-3 still contained some Mr 44,000 Piml protein
measurable by in vitro kinase reaction but not by immunoblotting.

Previous reports have shown that both the Mr 33,000 and 44,000

murine proteins are able to acts as phosphotransferases for exogenous

substrates under in vitro conditions (12). Our data demonstrate that
both forms also are biologically active when expressed at high levels
in mammalian cells. Indeed, we find enhanced antiapoptotic activity
associated with expression of the Mr 44,000 protein. The larger kinase

differs from the Mr 33,000 protein in several respects. It has a
prolonged half-life and is more active at autophosphorylation (12).

The short, approximately 20-amino acid â€œtailsâ€•outside of the
conserved kinase domain appear to be unnecessary for Pim-l protein
biological effects. Remarkably, the NH2-terminal truncation appeared
to actually have greater biological effect than the full-length Mr
33,000 protein and appeared as active as the longer Mr 44,000 kinase.
We are currently investigating the biochemical basis for this differ
ential effect. It is not immediately clear whether the Mr 44,000 kinase
and the @2terminal-truncated proteins have intrinsically greater
phosphotransferase activity. FDC-Pl cells transduced with the Mr
44,000 and NH2 terminal-truncated-pim-l cDNAs appeared to have
somewhat greater overall levels of Pim-l protein than did the FD/
hpim cells, which expressed the full-length human Mr 33,000 kinÃ¸.5e.
In the case of the Mr 44,000 kinase, this higher level may result from
the longer half-life of the protein ( 12). This also suggests that the NH2
terminal-truncated Pim-l protein might also have enhanced stability.

Our initial experiments demonstrate that this is in fact the case.4 These
observations also suggest that changes in kinase protein levels may be
one of the major regulatory features of Nm-i phosphotransferase
activity. This hypothesis may also account for some of the oncogenic

activity of the Mr 33,000 human protein, because a recent publication

(20) reported that the Pim-l protein in a human leukemia cell line
demonstrated enhanced stability compared to the enzyme in normal
peripheral blood mononuclear cells. Because the sequence of the
pim-l cDNA from that cell line appears to be â€œnormalâ€•(15), the
prolonged stability may result from mutations in the proteolytic path
way that breaks down the enzyme.

Another indication of the potentially important role of the quantity

4 M. Lilly, unpublished observations, 1997.
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of Nm-l protein in its biological effect is apparent from the in vitro
kinase data. FD/neo cells deprived of IL-3 still had substantial Mr
44,000 Pim-l kinase activity, although the protein was not detectable
by immunoblot.Enforcedexpressionof the Mr33,000humanPim-l
protein dramatically increased the total immunologically detectable
Nm-i protein, but it increased the amount of autophosphorylated
kinase very little. However, a clear survival effect resulted. These data
demonstrate that apparent biological activity is more closely related to

total immunologically detectable Nm-i protein than to the amount of
autophosphorylation. Further confirmation of this conclusion has
come from our ongoing studies of phosphorylation sites in the Pim-l
protein. Mutation of the major autophosphorylation site of the Mr
33,000 enzyme (serine-i89) prevents autophosphorylation, but it does
not eliminate the ability of the enzyme to phosphorylate histones or to
inhibit apoptosis.4

The phenotype of overexpressed Nm-i protein in FDCP-l cells is
likely related to the processes by which pim-l functions as an onco
gene. Certainly, inhibition of apoptosis, associated with prolonged
survival or factor-independent proliferation, is an event of potential
importance in the process of cellular transformation. We have noted
small numbers of tumors arising in syngeneic mice injected with
FD/hpim cells (approximately 20% of animals), whereas none have
been seen in mice receiving FD/neo cells.4 Because clonogeneic cells

recovered from the FDlhpim tumors were neomycin resistant, it is

clear that they originated from the injected cells. These data again
emphasize thatpim-l can function as a true, although weak, oncogene.

Two previous reports have examined the effects of Pim-l expres
sion on apoptosis (10, 21). Our data differ substantially from these
studies. In the first, marrow mast cells derived from mice lacking
pim-i showed delayed apoptosis on IL-3 withdrawal, compared with
those derived from wild-type mice. In the other study, enforced
expression of Nm-i enhanced apoptosis in a marine myeloma cell
line. Undoubtedly, at least some of these apparent discrepancies result
from the differing cellular backgrounds in which Pim-l function was
studied. FDCP-l cells likely contain a variety of activated genes,
because they are immortalized, and they show a definite incidence of
leukemic transformation when introduced into appropriate hosts. The
pim-l gene is known to cooperate with a variety of other genes in
lymphomagenesis (see below), and it is likely that the spectrum of
associated activated genes in a particular cell determines whether
Nm-i inhibits or promotes apoptosis. The variable effects of Pim-l
expression in inhibiting or enhancing apoptosis are reminiscent of the
actions of the c-myc gene. Interestingly, the myc family includes
several genes that interact strongly with pim-l to promote lym
phomagenesis (6). Thus, it may be that Pim-type kinases share similar
activities in regulating the actions of Myc proteins.

A recent report identified variable expression of the Pim-l protein
during the cell cycle (20). Highest expression was noted during late
G1, with a lesser peak during G2-M, and the lowest levels during S

phase. The authors speculated that Nm-i would be involved in reg
ulating some phase of the cell cycle. We have not detected any effect
of Nm-i protein in modulating G1-S checkpoint transit in response to
M-CSF (a cytokine that does not induce expression of pim-l) in
Macli cells (as found in this study) nor in FDC-Pi cells treated with
SCF.4 Macil cells will proliferate for at least a few days in response
to M-CSF, and it is possible that other molecules, which can replace
the need for pim-i, are activated by that mitogen. We have seen,
however, that the effect of Nm-i expression in decreasing apoptosis
in IL-3-deprived FDC-Pl cells can be accounted for by an increase in

0'l cells. Because S and G2-M phases were not significantly

different between FD/neo and FD/hpim cells, it appears that the kinase
did not decrease loss of cells from these compartments to apoptosis.
We note, however, that, in the absence of a stimulus to transit the cell
cycle, the cells may not have demonstrated a differential effect on
Nm- 1 on these latter compartments. These data in aggregate suggest
that the pim- 1 gene may encode a survival factor that acts in@
rather than as a mitogenic or progression factor that shortens cell cycle
transit. We are investigating these possibilities further in 3T3 cells
expressing a variety of wild-type and mutant pim-l constructs.
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