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The regulation of cell survival has a well-documented
role in the maintenance of homeostasis, the damage re-
sponse, and is misregulated in various disease states.
Cancer, in particular, is one disease in which the failure
to maintain an intact apoptotic response is associated
with disease progression and treatment failure (Cory and
Adams 2002). Apoptosis is regulated, in part, through
dependence upon growth factors and cytokines. For ex-
ample, the survival of lymphoid cells is closely con-
trolled by specific cytokines, which provide an intricate
selection process to determine the cells that should be
maintained and those that should not. Whereas this cy-
tokine and growth factor addiction can be thought of as
an effective means for controlling populations of normal
proliferating cells, cells do occasionally escape this de-
pendence, often through specific defects in the capacity
to undergo apoptosis, or the upstream signal transduc-
tion pathways that regulate apoptosis, and the result can
be tumorigenesis. Thus, understanding how the cyto-
kine and growth factor signaling pathways regulate sur-
vival is an integral step toward the development of ef-
fective cancer treatments.
Growth factors and cytokines signal survival through

their cognate receptors, activating signaling pathways of-
ten composed of protein kinase cascades, the most no-
torious of which include the Map kinases, Jak/Stat, PI3
kinase/Akt, and IKK/NF�B. Through the phosphoryla-
tion of specific substrates, survival activity can be mani-
fest in a myriad of ways spanning regulation of transcrip-
tion through direct modification of apoptotic effectors.
There are a large number of growth factors and cyto-

kines, some of which provide survival signals specific to
certain cell types, whereas others posses more ubiqui-
tous survival functions. Many share a number of com-
mon kinase signaling pathways, and it is merely the
mechanism of pathway activation that determines speci-
ficity of the survival signal. There is also cross-talk, over-
lap, and redundancy to many survival signaling path-

ways that impose layers of complexity to the process of
defining the crucial mechanisms of survival regulation
in normal and diseased cells. In this issue, Fox et al.
(2003) use a genomics approach to explore the role of one
serine/threonine kinase, Pim-2, in growth factor-medi-
ated apoptotic resistance in hematopoeitic cells.

Pim-2 is regulated by IL-3

To identify the mechanism of survival signaling by in-
terlukin-3 (IL-3) in lymphoid cells, Fox et al. (2003) used
microarray gene expression profiling to screen the IL-3-
dependent lymphoid B-cell line FL5.12 for alterations in
gene expression upon IL-3 withdrawal. FL5.12 cells are
exquisitely IL-3 dependent and undergo apoptosis when
factor deprived, but can be rescued by over expression of
pro-survival members of the Bcl-2 family such as Bcl-2 or
Bcl-xL. Of the 9500 genes examined, in IL-3-deprived
cells the most down-regulated gene was pim-2, as con-
firmed by Northern analysis of the pim-2message (Fox et
al. 2003). Pim-2 thereby emerged as a particularly inter-
esting candidate for a mediator of survival signaling by
IL-3.

Pim kinases and cancer

Pim-2 is a member of a family of serine/threonine pro-
tein kinases that consists of two other members, Pim-1
and Pim-3 (Mikkers et al. 2002). Pim-2 protein levels and
kinase activity were depressed dramatically in FL5.12
cells upon IL-3 withdrawal, and Pim-2 inhibits apoptosis
normally induced in cells deprived of IL-3 (Fox et al.
2003). Finally, Pim-2 knock-down experiments, or over-
expression of a Pim-2 dominant-negative mutant, pre-
vented effective survival signaling by IL-3, supporting a
role for Pim-2 as a mediator of apoptosis inhibition by
IL-3.
The implication of Pim-2 in cytokine survival signal-

ing is of particular interest in light of its previous known
role in promoting lymphomagenesis. In work largely pio-
neered by Anton Berns and colleagues (Allen and Berns
1996), retroviral insertional mutagenesis initially identi-
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fied pim-1, and then later pim-2 and pim-3, as genes co-
activated with myc in murine lymphoid tumors (Breuer
et al. 1989; van der Lugt et al. 1995; Mikkers et al. 2002).
Conformation of the role of pim-1 or pim-2 collaboration
with myc in B-cell tumorigenesis was demonstrated in
Eµ-pim-1 or Eµ-pim-2 and Eµ-myc doubly transgenic
mice in which oncogene expression occurs in the B-cell
lineage. Whereas Eµ-myc mice develop lymphomas by 3
mo of age (Adams et al. 1985), Eµ-pim-1–Eµ-myc or Eµ-
pim-2–Eµ-myc compound transgenic mice display
greatly accelerated formation of lethal B-cell tumors, to
which they succumb perinatally (Verbeek et al. 1991;
Allen et al. 1997). Interestingly, both pim-1 and pim-2
are known to be responsive to cytokines, and some evi-
dence suggests a role for Pim-1 in survival signaling. The
mechanism by which Pim kinases promote the develop-
ment of lymphoid tumors, however, remains to be de-
termined. The new evidence presented by Fox and col-
leagues (Fox et al. 2003) suggests that Pim-2 functions to
promote cell survival mediated by IL-3, and that inap-
propriate Pim-2 activation may block apoptosis, thereby
providing a possible mechanism for enhancement of
Myc oncogenisity.

Myc, apoptosis, and lymphomagenesis

Deregulation of myc has long been known to promote
cell proliferation and oncogenesis, but in the process,
renders cells profoundly growth factor dependent
(Askew et al. 1991; Evan et al. 1992). Whereas normal
cells growth arrest when deprived of the appropriate
growth factors and cytokines, those with deregulated
myc continue to proliferate and undergo apoptosis.
Thus, tumor formation induced by deregulated myc is
greatly facilitated by abrogation of apoptosis, which can
be accomplished by overexpression of an anti-apoptotic
protein such as Bcl-2 (Vaux et al. 1988; Strasser et al.
1990; Fanidi et al. 1992).
Bcl-2 and its surrogate Bcl-xL block apoptosis by inter-

acting with pro-apoptotic members of the Bcl-2 family,
either the BH3-only proteins such as Bad, Bim, Bid, and
Puma, or the downstream effectors of cell death Bax and
Bak (Cory and Adams 2002). Induction or activation of
BH3-only proteins either antagonizes the function of
pro-survival members of the Bcl-2 family such as Bcl-2,
or directly activates pro-apoptotic Bax and Bak. Either
way, the integrity of the mitochondrial outer membrane
becomes compromised, promoting the release of apopto-
genic factors such as cytochrome c and Smac/Diablo that
facilitate the activation of downstream caspases, thereby
promoting apoptotic cell death. Mutational events that
inactivate apoptosis upstream, at, or downstream of mi-
tochondria have all been implicated in the development
of human tumors. Bcl-2 overexpression, in particular,
plays a major role in the genesis of many human tumors,
and understanding alternate means for apoptotic block-
ade that occur in other tumors is an important area of
investigation.
The p53 tumor-suppressor protein is an effector of ap-

optosis in response to deregulated myc, and analogously

to Pim-2 activation, p53 deficiency greatly accelerates
lymphomagenesis of the Eµ-myc transgenic mice
(Eischen et al. 1999; Schmitt et al. 1999). Furthermore,
some evidence suggests that it is the apoptotic activity of
p53 that is responsible for suppression of Myc-mediated
lymphomagenesis (Schmitt et al. 2002). Although the
precise mechanisms by which p53 induces cell death,
and there may be many, has not been definitively deter-
mined, it is a potent transcriptional activator of the gene
encoding the pro-apoptotic BH3-only protein Puma, the
loss of which impairs p53-mediated apoptosis (Yu et al.
2003). Direct demonstration of the p53-mediated apopto-
tic pathway responsible for tumor suppression, however,
awaits the generation of a p53 effector-deficient mouse
that displays a tumor-prone phenotype.

How does Pim-2 promote survival?

The functional complementation of Eµ-myc tumorigen-
esis with Bcl-2 or Pim-2 gain-of-function, or p53 loss-of-
function models suggests that a common ability to sup-
press apoptosis may be critical for tumorigenesis. It is
interesting to note that Pim-2 overexpression promotes
survival long term and not only to IL-3 deprivation, but
to a myriad of other toxic stimuli (Fox et al. 2003). This
suggests that at least one Pim-2 target is common to
many apoptotic pathways. A good starting point would
be to determine whether Pim-2 blocks apoptosis signaled
through mitochondria, and if so, whether it promotes
survival by acting upstream or downstream of mitochon-
dria. The pro-apoptotic BH3-only protein, Bad, is, in fact,
phosphorylated by Pim-2 (Fox et al. 2003), a process
known to prevent Bad-Bcl-xL interaction and apoptosis
(Datta et al. 2002). It will be of interest to determine
whether Bad deficiency is functionally equivalent to
Pim-2 gain-of-function in terms of apoptosis inhibition
and enhancement of Eµ-myc lymphoid tumorigenesis.
The implication from the observation that both Pim-2

activation and p53 deficiency cooperate with deregulated
myc, is that inappropriate Pim-2 activation could inter-
fere with this Myc-mediated, p53-dependent apoptotic
process. Given this p53-dependence of Myc-mediated ap-
optosis, it will be worthwhile to test Pim-2 for inhibition
of p53-mediated apoptosis (Fig. 1). If so, Pim-2 could pre-
vent either the induction of Puma by p53 or prevent
Puma pro-apoptotic function. Alternatively, Pim-2 may
inhibit other proposed mechanisms for p53-mediated ap-
optosis.
Another Bcl-2 family member worth examining as a

Pim-2 target is Bim (Fig. 1). Pro-apoptotic Bim is a BH3-
only protein that is a Bcl-2 antagonist (Bouillet et al.
2001), and Bim has been shown to be regulated by phos-
phorylation (Weston et al. 2002; Lei and Davis 2003).
Interestingly, Bim is also up-regulated at the mRNA and
protein level upon IL-3 withdrawal (Shinjo et al. 2001),
and cells from bim-deficient mice are resistant to apo-
ptosis induced by cytokine depravation (Bouillet et al.
1999, 2001). Furthermore, cytokine withdrawal has been
shown to reduce bim transcription through inactivation
of the transcription factor forkhead via the PI3 kinase/
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Akt pathway (Dijkeers et al. 2002). It will be of interest
to test whether Bim is a substrate of Pim-2, and whether
Pim-2 survival function can occur in the background of
bim deficiency.
By whatever means Pim-2 promotes survival signaling

by cytokines, Pim-2 may be considered a target for anti-
cancer drug discovery. Pim-2 is clearly not identical in
function to Bcl-xL, which extends viability, despite a de-
cline in cell metabolism (Plas and Thompson 2002).
Rather, Pim-2 acts in a manner more similar to Akt, in
that both maintain survival, cell size, and metabolism;
however, Pim-2 does not seem to work through the Akt
pathway (Fig. 1). Thus, parallel and perhaps overlapping
or redundant survival pathways may be activated by
growth factors and cytokines. At least two Akt sub-
strates, Bad and the translation inhibitor 4E-BP1, are also
phosphorylated by Pim-2 (Fox et al. 2003). The extent of
the overlap between the Pim-2 and Akt pathways can be
determined with the further elucidation of downstream
targets for both (Fig. 1). Finally, as Pim-2 and Akt path-
ways are activated in human tumors, this may necessi-
tate the search for inhibitors of both pathways to over-
come the constitutive and inappropriate survival signal-
ing that is a common property of many human cancers.
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