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Abstract

The initiation and progression of human cancer is frequently linked to the uncontrolled activation
of survival kinases. Two such pro-survival kinases that are commonly amplified in cancer are PIM
and Akt. These oncogenic proteins are serine/threonine kinases that regulate tumorigenesis by
phosphorylating substrates that control the cell cycle, cellular metabolism, proliferation, and
survival. Growing evidence suggests that cross-talk exists between the PIM and Akt kinases,
indicating that they control partially overlapping survival signaling pathways that are critical to the
initiation, progression, and metastatic spread of many types of cancer. The PI3K/Akt signaling
pathway is activated in many human tumors, and it is well established as a promising anticancer
target. Likewise, based on the role of PIM kinases in normal and tumor tissues, it is clear that this
family of kinases represents an interesting target for anticancer therapy. Pharmacological
inhibition of PIM has the potential to significantly influence the efficacy of standard and targeted
therapies. This review focuses on the regulation of PIM kinases, their role in tumorigenesis, and
the biological impact of their interaction with the Akt signaling pathway on the efficacy of cancer
therapy.
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1. Introduction

Solid and hematopoietic cancers utilize intercellular signaling cascades mediated by
oncogenic kinases to maintain tumor cell growth and survival. In normal cells, the activity of
these kinases is tightly controlled, whereas their sustained activation promotes apoptotic
resistance and uncontrolled proliferation. PIM and Akt are serine/threonine kinases that are
frequently activated in human cancers, and they phosphorylate overlapping substrates to
activate common pathways that control various physiological processes that ultimately
dictate the balance between cell survival and apoptosis. As a result, these kinases represent
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promising targets for cancer therapy and they are the focus of intense drug development
efforts. Understanding how these kinases control distinct and overlapping signal
transduction pathways is important for designing rational drug combinations and improving
the efficacy of PIM and Akt inhibitors in the clinic.

The Proviral Integration site for Moloney murine leukemia virus (PIM) kinases were
initially discovered through a viral-insertion screen for genes that enhance the development
of lymphoma in the Eu-myctumor model. The PIM family of serine/threonine kinases
consists of three isoforms (PIM1, PIM2, and PIM3) that are highly conserved throughout
evolution (Nawijn et al., 2011). Separate genes located on different human chromosomes
encode the PIM isoforms, and they share high sequence homology at the amino acid level,
PIM1 and PIM2 are 61% identical and PIM1 and PIM3 are 71% identical (Baytel et al.,
1998). Multiple reports have demonstrated functional redundancy between PIM kinase
isoforms both in vitro and in vivo (Mikkers et al., 2004; Bullock et al., 2005; Narlik-
Grassow et al., 2012). Alternative translation initiation sites have been described for PIM1
and PIM2, giving rise to isoforms with different molecular weights. The PIM1 kinase
encodes 33 and 44 kDa isoforms that display comparable kinase activity (Saris et al., 1991).
However, the longer isoform of PIM1 was demonstrated to bind to the SH3 domain of the
ETK/BMX tyrosine kinase, localizing it to the plasma membrane, whereas the shorter
isoform is primarily localized in the cytosol and nucleus (Xie et al., 2006). PIM2 exists as
three isoforms (34, 37, and 40 kDa), but no differences in protein function or interaction
have been described. PIM3 has only been described as a single isoform (Nawijn et al.,
2011). The PIM kinase isoforms are ubiquitously expressed, although some tissue specificity
has been described: PIM1 is highly expressed in hematopoietic cells, gastric, head and neck,
and prostate tumors (Bachmann et al., 2006; Cibull et al., 2006); PIM2 is highly expressed
in lymphoid and brain tissues (Cohen et al., 2004; Mikkers et al., 2004); and PIM3 is highly
expressed in breast, kidney and brain tissues (Feldman et al., 1998). In contrast to a majority
of serine/threonine kinases, including Akt, the activity of PIM kinases is not regulated by
cellular localization or post-translational modification. X-ray crystallography structural
analyses of PIM1 revealed that this protein contains a conserved catalytic domain but lacks a
regulatory domain (Qian et al., 2005). Therefore, it is thought that PIM kinases are
constitutively active when expressed in cells, and their activity is directly correlated with
their expression level.

The PKB/AKkt family of serine/threonine protein kinases play a central role in signaling
downstream of phosphatidylinositol 3-kinase (P13K) (Cantley, 2002). The Akt gene was
originally discovered as a transforming retrovirus isolated from the AKR mouse strain,
which spontaneously developed many types of cancer. Subsequently, the oncogene encoding
this virus was discovered and termed v-Akt. Thus, the later identified human analogues were
named accordingly (Staal, 1987). Akt is a member of the AGC kinase family, which mediate
a wide array of important cellular functions, and whose dysregulation is strongly associated
with the pathogenesis of many human diseases, most notably cancer (Pearce et al., 2010).
The activation of Akt is controlled by phosphorylation at two conserved residues known as
the activation loop, which is controlled by the upstream kinase PDK-1 (phosphoinositide
dependent kinase-1) (Toker & Newton, 2000), and the hydrophobic motif, which is regulated
by the mTORC2 complex (Sarbassov et al., 2005a,b), as well as other kinases (Warfel et al.,
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2011; Xie et al., 2011); phosphorylation at both of these sites is necessary maximal
activation of the enzyme. Once activated, Akt phosphorylates defined substrates throughout
the cell, ultimately inducing pro-proliferation and anti-apoptotic signaling pathways
(Cantley, 2002). The structure and function of Akt have been reviewed in great detail (see
Vivanco & Sawyers, 2002; Hanada et al., 2004).

2. Regulation of Proviral integration site for Moloney murine leukemia

virus kinase expression

2.1. Transcriptional regulation

The expression of PIM kinases is largely regulated at the transcriptional level. The PIM
kinases are downstream of multiple oncogenic tyrosine kinase receptors, including Janus
kinase (JAK) (Wernig et al., 2008) and FMS-like tyrosine kinase 3 (FLT3) (Kim et al.,
2005). The JAK/STAT pathway plays a critical role in regulating the expression of PIM
genes. The JAK/STAT pathway represents an alternative to the second messenger signaling
system, which is required for the activation of Akt, PKC, and other oncogenic kinases. In
response to cytokine binding to cell surface receptors, the JAK kinases phosphorylate
receptor domains in the cytoplasm, creating intercellular binding sites for STATs. STAT
proteins then bind to the phosphorylated receptors, are phosphorylated by JAKs, and
subsequently form dimers and translocate to the nucleus. Once in the nucleus, they initiate
the transcription of STAT-responsive genes (Shuai & Liu, 2003). STATSs can also be directly
phosphorylated and activated by receptor tyrosine kinases, such as the epidermal growth
factor receptor (EGFR), as well as non-receptor tyrosine Kinases, such as c-src (Quesnelle et
al., 2007). STAT3 and STATS specifically bind to promoter sequences in PIM1, enhancing
its transcription and ultimately protein expression in response to a variety of growth factors
and cellular mitogens, such as interferons, interleukins, and other chemical messengers that
activate STAT-mediated transcription (Fig. 1) (Yip-Schneider et al., 1995; Matikainen et al.,
1999). Interestingly, PIM1 binds and activates suppressors of cytokine signaling (SOCS)
proteins, which inhibit STAT phosphorylation by binding and inhibiting JAKs or competing
with STATs for phospho-tyrosine binding sites on cytokine receptors (Peltola et al., 2004);
thus, PIM1 functions as part of a negative feedback loop that serves to damper JAK/STAT
signaling. In addition to STATS, several other transcription factors influence the expression
of PIM isoforms, including nuclear factor kappa-B (NFx-B) and kriippel-like factor 5
(KLF5) in response to CD40 and DNA damage, respectively (Zhu et al., 2002; Zhao et al.,
2008). Notably, PIM3 transcription is enhanced in EWS/ETS-induced malignant
transformation of NIH 3T3 cells, and the Ets-1 transcription factor constitutively binds to the
promoter of PIM3 in pancreatic cancer cells, which may explain the high basal expression of
this PIM isoform in pancreatic cancer (Deneen et al., 2003).

2.2. Regulation of messenger RNA and protein stability

At the translational level, PIM expression is regulated in large part by mRNA stability. PIM
MRNA transcripts have a very short half-life due to the presence of several destabilizing

AUUU(A) sequences located in the 3’ UTR. Initial studies on the PIM kinases revealed that
the activation of pim genes in MuLV-induced lymphomas occurred due to selective proviral
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integration into their 3 UTR sequences, which resulted in the removal of the destabilizing
motifs and increased PIM expression (Domen et al., 1987). In addition, PIM mRNAs contain
long GC-rich regions near the 5’ UTR, which suggests that they are “weak” transcripts that
require cap-dependent translation (Wang et al., 2005). As a result, overexpression of elF4E,
which allows for assembly of the elF4F complex, binding to the 5’-m’G cap structure and
translation initiation, is sufficient to significantly enhance PIM1 protein expression (Hoover
etal., 1997).

Because the PIM kinases are constitutively active and have very short protein half-life (<5
min), regulation of protein stability is critical for their cellular function and activity. PIM
protein stability is largely controlled through ubiquitination and proteasomal degradation
(Fig. 1). While the relevant E3-ligase complexes that mediate PIM kinase degradation
remain unclear, other factors controlling their stability have been described. Binding to the
cellular chaperone proteins HSP90 and HSP70 regulate PIM stability by altering its
proteasomal degradation (Mizuno et al., 2001; Shay et al., 2005). Interestingly, the binding
of PIM1 to Hsp70 occurs primarily when PIM1 is conjugated to ubiquitin, suggesting that
PIM1 degradation may be regulated by E3 ubiquitin ligases associated with HSP70 (Shay et
al., 2005). There is also evidence that PIM activity and stability are regulated by
phosphorylation. One study reported by ETK tyrosine kinase phosphorylates PIM1 at Y218,
which is located in the activation loop, increasing its activity (Kim et al., 2004). In addition,
dephosphorylation of PIM kinases by the serine/threonine phosphatase, PP2A, promotes
their ubiquitination and subsequent proteasomal degradation (Losman et al., 2003; Ma et al.,
2007). Taken together, these reports suggest that while PIM may be constitutively active in
cells, phosphorylation by itself or other kinases can influence PIM activity and function.

3. Proviral integration site for Moloney murine leukemia virus and protein

kinase B kinase signaling in cancer

An investigation of the amino acid sequence specificity of PIM1 substrates revealed that
PIM1 prefers to phosphorylate peptides with the following motif: K/R—X-X-X-S/T-X (X is
neither a basic group nor a large hydrophobic residue) (Friedmann et al., 1992). Further
screening of peptide libraries identified the consensus sequence that bound to PIM kinases,
ARKRRRHPSGPPTA (termed “pimtide”) (Bullock et al., 2005). Notably, this consensus
phosphorylation motif is strikingly similar to that of Akt (R—X-R-X-X-S/T) (Obata et al.,
2000), indicative of the fact that these kinases recognize similar substrates and control
overlapping pro-survival signaling pathways that are critical for tumorigenesis.

3.1. Regulation of cell cycle

PIM and Akt play critical roles in regulating tumor cell proliferation by influencing cell
cycle progression. Most notably, PIM and Akt isoforms phosphorylate the cell cycle
regulatory proteins, p21"afl and p27XiP. PIM1 and Akt directly phosphorylate p21Wafl at
Thr145, stabilizing this cell cycle inhibitor, leading to its accumulation in the cytoplasm,
which increases cell proliferation (Zhou et al., 2001a,b; Wang et al., 2002; Zhang et al.,
2007). PIM and Akt regulate p27XiP expression levels at both the transcriptional and protein
levels: 1) repression of p27XiP transcription via direct phosphorylation and inactivation of the
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FoxO1la and FoxO3a transcription factors, which drive p27XiP expression and 2) direct
phosphorylation of p27XiP at Thr157, promoting its interaction with 14—3-3 proteins and
proteasomal degradation in the cytoplasm (Fujita et al., 2002; Morishita et al., 2008). In
addition, PIM kinases directly phosphorylate SKP2, the putative E3 ligase for p27, at
Thr417, which stabilizes SKP2, enhancing the proteasomal degradation of p27 (Cen et al.,
2010). Interestingly, SKP2 was reported to ubiquitinylate Akt and increase its activity in
response to EGF, indicating that a positive feedback loop may exist between PIM and Akt in
certain cellular contexts (Lin et al., 2009). PIM and Akt also phosphorylate Mdm2, the
canonical E3 ubiquitin ligase that mediates p53 degradation, at Ser166/186. Thus,
overexpression of these kinases in tumors prevents the degradation of both p53 and Mdm2,
ultimately increasing p53 expression (Zhou et al., 2001a,b; Hogan et al., 2008). PIM kinases
also promote cycle progression via direct phosphorylation and activation of the CDC25A
(Mochizuki et al., 1999) and CDC25C (Bachmann et al., 2006) phosphatases, as well as
inhibition of the CDC25A inhibitory kinase, c-Tak1 (Bachmann et al., 2004). Numerous
studies have demonstrated that pharmacological inhibitors of Akt and PIM induced cell
cycle arrest in multiple tumor types, indicative of the overlapping activity of these two
kinase families.

3.2. Regulation of survival and apoptosis

One of the primary mechanisms by which Akt and PIM kinases elicit their pro-survival
effect is via regulation of Bcl-2 family members. The Bcl-2 family is comprised of both pro-
apoptotic proteins, such as BAD and BAX, and anti-apoptotic proteins, such as Bcl-2 and
Bcl-X . PIM and Akt phosphorylate BAD at Ser112, which disrupts its association with
Bcl-2 and promotes binding to 14-3-3 and retention in the cytosol (del Peso et al., 1997;
Yan et al., 2003); ultimately, the dissociation of BAD and Bcl-2 promotes anti-apoptotic
activity (Aho et al., 2004). In addition, PIM and Akt influence the apoptotic-signaling
pathway. In the context of hypoxia, increase PIM expression was sufficient to promote
resistance to various chemotherapeutic drugs by preventing the loss of mitochondrial
membrane potential and inhibiting the activation of caspases 3 and 9 (Chen et al., 2009a,b).
Similarly, Akt inhibits caspase-induced cell death by directly phosphorylating caspase 9 at
Ser196, which inhibits its proteolytic processing and promotes resistance to apoptosis
(Cardone et al., 1998). PIM and Akt are also implicated in the regulation of apoptosis via the
JNK signaling pathway. PIM1 and Akt directly phosphorylate Ask1 at Ser83, which
decreases its ability to phosphorylate and activate its substrates, JNK and p38 (Zhang et al.,
2005; Gu et al., 2009). As a result, PIM and Akt protect cells from stress-induced apoptosis
by inhibiting caspase-3 activation.

Akt and PIM kinases also play a critical role in regulating the cell survival within the tumor
microenvironment by regulating metabolism and the response to cellular stressors. Akt has
been described as a “Warburg” kinase due to its marked influence on enzymes involved in
the switch to aerobic glycolysis, which is a hallmark of solid tumors (Robey & Hay, 2009).
Akt promotes glycolysis and oxidative phosphorylation through multiple, non-exclusive
mechanisms, including the expression and membrane translocation of glucose transporters
(Barthel et al., 1999) and effects on HK expression, activity, and mitochondrial interaction
(Gottlob et al., 2001), respectively. PIM kinases also appear to play a critical role in

Pharmacol Ther. Author manuscript; available in PMC 2016 July 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Warfel and Kraft

Page 6

regulating cellular metabolism. A recent report demonstrated that mouse embryo fibroblasts
lacking all three PIM isoforms (TKO MEFs) undergo cell death in response to activated K-
Ras (Song et al., 2014). Transduction of a constitutively active Ras, K-Ras®12V | into TKO
MEFs increased the level of cellular reactive oxygen species (ROS) to a toxic level.
Importantly, the addition of A-acetyl cysteine, a ROS scavenger, reversed the cytotoxic
effects of K-Ras®12V in TKO MEFs. Expression profiling revealed that loss of PIM altered
the cellular redox state by reducing metabolic intermediates in the glycolytic and pentose
phosphate pathways, as well as abnormal mitochondrial oxidative phosphorylation. These
findings indicate that PIM kinases play an important role in regulating cellular redox and
metabolism, particularly in the context of K-Ras-stimulated cell growth. Moreover, recent
reports indicate that both Akt and PIM are elevated in the stromal cells that surround
epithelial tumors. Stromal Akt2 is an essential regulator of invasion and in oro-pharyngeal
cancers (Cichon et al., 2013), whereas PIML1 is elevated in prostate fibroblasts, enhancing
the ability of fibroblasts to differentiate into myofibroblasts and express known markers of
cancer-associated fibroblasts (CAFs) (Zemskova et al., 2014), suggesting an important role
for this kinase in epithelial/stromal crosstalk.

3.3. Regulation of translation and cell growth

The mammalian target of rapamycin (mTOR) is an evolutionarily conserved Ser/Thr protein
kinase that serves as the catalytic component of two distinct signaling complexes in human
cells, m"MTORC1 and mTORC?2 (Sarbassov et al., 2005a,b). mTORC1, which is composed of
mTOR, Raptor, PRAS40 and mLSTS8, is a regulator of the cellular translational machinery,
cell growth and metabolism (Sengupta et al., 2010). Due to its critical role in growth,
survival and proliferation, effectors that control the mTOR pathway represent promising
cancer targets. Both Akt and PIM kinases signaling converge to control the output of the
mTOR-signaling axis via the regulation of upstream and downstream effectors (Fig. 2).
First, Akt and PIM kinases are important regulators of cellular energy levels and AMPK
activity. Transgenic mice lacking PIM or Akt isoforms display increased cellular AMP:ATP
ratio, inhibiting AMPK activation, which leads to the activation of TSC2, a negative
regulator of mMTOR (Beharry et al., 2011). The effect on AMPK activation is likely mediated
via the upstream kinase, LKB1, as phosphorylation of AMPK (Thr172), the putative LKB1
site, was insensitive to PIM inhibitors in LKB-1 deficient cell lines (Hahn-Windgassen et al.,
2005; Beharry et al., 2011). Second, both Akt and PIM directly phosphorylate an inhibitory
subunit of the mTORC1 complex, PRAS40, at Thr246. Upon phosphorylation at this site,
PRAS40 dissociates from the mTOR complex, increasing mTOR kinase activity, and
ultimately increasing mTOR-mediated phosphorylation of 4EBP1 and p70S6 kinase.
Treatment with small molecule inhibitors of Akt or PIM reduces both PRAS40 and 4EBP1
phosphorylation (Kovacina et al., 2003; Zhang et al., 2009). In addition, PIM2 and Akt
directly phosphorylate TSC2 on distinct sites (Ser1798 and Ser939/Thr1462, respectively),
relieving its suppression of TORC1 (Manning et al., 2002; Lu et al., 2013). Therefore, PIM
and Akt inhibitors may elicit a synergistic or cooperative activating effect on TSC2,
suppressing mTORC1 signaling. In addition, PIM controls mRNA translation at several
different levels in an mTOR-independent manner. For example, in prostate cancer cells,
transient overexpression of PIM kinases is sufficient to maintain 4EBP1 phosphorylation
and translational activity in the presence of mTOR inhibitors or growth factor withdraw. In
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addition to phosphorylation of 4EBP1, PIM enhances the expression of eukaryotic initiation
factor 4E (elF-4E), the limiting component of the cap-dependent translation initiation
complex, at the protein level (Hammerman et al., 2005). Thus, PIM expression can
overcome 4EBP1-mediated inhibition of translation by generating an excess of elF-4E.
Moreover, PIM1 controls translation by regulating the phosphorylation of elF-4B on Ser406
(Cen et al., 2014). Interestingly, Akt and PIM regulate elF-4B through phosphorylation of
separate sites that control its ability to bind to the elF3 translation initiation complex: Aktl
preferentially phosphorylates elF-4B at Ser422, whereas PIM1 directly phosphorylates
Ser406.

4. Proviral Integrations of Moloney virus kinases in cancer

4.1. Proviral Integrations of Moloney virus kinases promote carcinogenesis

Anton Berns and colleagues originally identified the p/im1 gene as an integration site of the
Moloney murine leukemia virus during a screen of viral carcinogenesis (Selten et al., 1984),
and all three PIM isoforms were identified as genes co-activated with myc in murine
lymphoid tumors (Nawijn et al., 2011). The Pim Kkinases are overexpressed in a wide variety
of human tumors of both hematological and epithelial origin. PIM1 expression is correlated
with tumor aggressiveness, and it is a marker of poor prognosis in several tumor types,
including leukemia and prostate cancer (Dhanasekaran et al., 2001; Shah et al., 2008; Liu et
al., 2010). Despite their frequent amplification in human tumors, the PIM kinases are
considered weak oncogenes. Initial studies to validate the oncogenic activity of PIM
revealed that transgenic mice overexpressing PIM1 in T- and B-cells developed spontaneous
lymphomas with low incidence and high latency (van Lohuizen et al., 1989). Similarly,
overexpression studies in prostate cancer cell lines revealed that PIM1 alone was not
sufficient to transform benign cells (Kim et al., 2010). However, the overexpression of PIM
enhanced the tumorigenic capabilities of prostate cancer cell lines that are representative of
later stages of disease (i.e., PC3 and DU145 cells) both in vitro and in vivo (Chen et al.,
2005).

The most substantial evidence supporting the cooperative oncogenic property of PIM
kinases is illustrated by its synergism with c-MYC. Myc is a proto-oncogene whose
overexpression triggers apoptosis in normal cells. Thus, for myc to act as an oncogene, anti-
apoptotic signals are required to prevent myc-induced apoptosis. In addition to the loss of
tumor suppressor genes, such as p53 and PTEN, Akt and PIM kinases have been described
as potent suppressors of MY C-induced apoptosis. For example, whereas Ep-myc mice
develop lymphomas by three months of age (Adams et al., 1985), the formation of these
tumors is greatly accelerated in Ep-pim-I-Eu-myc or EQ-pim-2-EQ-myc compound
transgenic mice. In fact, lymphomas are prenatally lethal in these compound mice (Verbeek
etal., 1991; Allen et al., 1997). Moreover, PIM levels are directly correlated with the onset
of MY C-driven lymphoma; lymphomas occurred prenatally or at birth in PIM1/MYC
bitransgenic mice, where lymphangiogenesis was dramatically delayed in MYC transgenic
mice lacking all three PIM isoforms (Moroy et al., 1991). Importantly, evidence suggests
that PIM1 cooperates with MY C to promote a malignant phenotype in human tumors as
well, as PIM1 is the most frequently co-expressed gene in MY C-positive human prostate
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cancer. Mechanistic studies have shed light on several mechanisms to explain the synergism
between MY C and PIM. PIM1 and PIM2 phosphorylate MY C on S62 and Ser329,
respectively, inhibiting MY C protein degradation, increasing protein levels, and enhancing
its transcriptional activity (Zhang et al., 2008; Kim et al., 2010). MYC has been shown to
form a complex with PIM1, recruiting PIM to the E-boxes targeted by MYC, where PIM
phosphorylates histone H3 at Ser10, stimulating the transcription of a subset of MYC-
specific genes (Zippo et al., 2007). Thus, PIM kinases can contribute to tumorigenesis by
enhancing MY C-regulated oncogenic signaling pathways.

4.2. Proviral Integrations of Moloney virus kinases as a therapeutic target

Investigations into PIM expression in human cancer revealed that PIM1 levels are elevated
in lymphoid and myeloid leukemia and lymphomas (Cuypers et al., 1986; Nieborowska-
Skorska et al., 2002; Adam et al., 2006), suggesting that these neoplasms may respond to
PIM kinase inhibitors. In particular, PIM mRNA is increased in acute myeloid leukemia
(AML), presumably due to constitutive activation of the FLT3 tyrosine-kinase receptor, a
transcriptional activator of PIM that is constitutively activated in 15-30% of all AML cases
(Nakao et al., 1996). In models of AML, forced expression of PIM1 increased resistance to
FLT3 inhibition-mediated cytotoxicity and apoptosis. In contrast, expression of a dominant-
negative PIM1 accelerated cytotoxicity in response to FLT3 inhibition and inhibited colony
growth of FLT3/ITD-transformed BaF3 cells (Kim et al., 2005). Therefore, constitutively
activated FLT3 signaling up-regulates Pim-1 expression in leukemia cells, and PIM is a key
contributor to FLT3-induced proliferative and antiapoptotic pathways. In addition,
expression of the CXCR-4 receptor is an independent prognostic marker of relapse in AML
patients. A recent study revealed a correlation between PIM1 and CXCR-4 levels in the blast
cells of AML patients, and ex vivo treatment of patient cells with a PIM inhibitor
significantly reduced CXCR-4 expression (Grundler et al., 2009). Thus, PIM might regulate
leukemia cell migration and potentially influence patient prognosis by modulating CXCR-4
expression. PIM is also reported to mediate the development of several B-cell tumors,
including B cell non-Hodgkin's lymphoma (NHL), diffuse B-cell lymphoma, Burkitt's
lymphoma, mantel-cell lymphoma, and multiple myeloma (Huttmann et al., 2006; Zhukova
luetal., 2011). Specifically, PIM1 and PIM3 expressions are increased in
lymphoproliferative diseases associated with Epstein—Barr virus (EBV) or Kaposi sarcoma-
associated herpes virus (KSHV). PIM kinases play a critical role in the reactivation of these
tumor-associated viruses by enhancing the activities of the viral transactivator, EBNA2, and
the latency associated nuclear antigen (LANA), respectively (Rainio et al., 2005; Cheng et
al., 2009).

Microarray analyses and immunohistochemical studies demonstrated that PIM isoforms are
elevated in various solid tumors, including prostate, pancreatic, gastric, liver and colon
cancers. Transcription analyses performed in prostate cancers showed no or weak PIM1
expression in benign lesions and moderate to strong PIM1 expression in over 50% of
prostate cancer samples, correlating with a poor therapeutic outcome (Dhanasekaran et al.,
2001). Indicative of a potential role in the early development of prostate cancer, PIM1 is
highly expressed in prostate intraepithelial neoplasias (Dhanasekaran et al., 2001). In
prostate cancer cell lines, PIM1 expression is also correlated with resistance to
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chemotherapy (Chen et al., 2009a,b; Mumenthaler et al., 2009). While all 3 PIM isoforms
have been reported to be overexpressed in several types of cancer, including germ cell-
derived tumors, isoform specific expression has been correlated with several tumor types:
PIM1 expression represents a potential prognostic marker in prostate and pancreatic cancers
(Dhanasekaran et al., 2001; Reiser-Erkan et al., 2008); PIM 2 expression is commonly
associated with B-cell derived malignancies (Huttmann et al., 2006); and increased PIM 3
expression has been linked to tumors of the pancreas, liver, hepatocellular carcinoma and
Ewing's sarcoma (Deneen et al., 2003; Fujii et al., 2005). Thus, despite their functional
redundancy, specific PIM isoforms are associated with individual disease types, suggesting
that isoform specific inhibitors could have activity in these malignancies.

4.3. Clinical efficacy of Proviral Integrations of Moloney virus inhibitors

Since their discovery, the development of small molecule PIM inhibitors as an anticancer
strategy has been a priority in both academic and industrial settings. A majority of PIM
kinase inhibitors were designed to target the ATP binding pocket of PIM1, and most
inhibitors block the activity of all three PIM isoforms, with PIM2 being the least sensitive.
However, due to their functional redundancy, inhibiting all PIM isoforms will likely be the
most efficacious strategy in the context of cancer therapy. Mice lacking all PIM isoforms
display very modest defects in growth and hematopoiesis, suggesting that pan-PIM kinase
inhibitors (Mikkers et al., 2004) should not cause severe side-effects. In cell based assays
and in vivo models, PIM inhibitors are active in leukemia and lymphoma cell lines, although
responses have also been reported in various solid tumor models. To date, hundreds of PIM
inhibitors comprising different chemical classes have been described for academic use.
Information regarding the structure and selectivity of various PIM inhibitors has been
reviewed elsewhere in great detail (Narlik-Grassow et al., 2014). Despite the growing
number of PIM inhibitors described in the literature, few have been tested in human clinical
trials; as the focus of this review article is on PIM biology and signaling, we chose to
highlight compounds that have been tested in the clinical setting.

The first generation PIM-inhibitor, SGI-1776, inhibited all PIM isoforms, and it exhibited
good antitumor activity in vitro and in vivo. In preclinical models, SGI-1776 markedly
inhibited cMYC, Cyclin D1, and MCL-1, and it was sufficient to restore sensitivity in PIM2-
mediated rapamycin resistant cells in vivo (Hospital et al., 2012). A phase 1 clinical trial was
initiated in patients with castration-resistant prostate cancer or relapsed/refractory NHL
(NCT00848601). However, this trial was terminated prematurely due to cardiotoxicity. It is
not known whether this side effect could be associated with the reported cardioprotective
role of PIM1 (Fischer et al., 2011).

Second generation Pim-inhibitors, such as LGB321 and LGH447 are generally ATP
competitive inhibitors with IC50 values in the low nanomolar range. Preclinical studies in a
panel of cancer cell lines demonstrated that LGB321 had limited activity in cell lines derived
from solid tumors, whereas it dramatically inhibited hematological cancer cells, including
ALL, AML, and in particular, multiple myeloma where IC50 values were in the picomolar
range (Garcia et al., 2014). Moreover, LGB321 synergized with cytarabine in the KG-1
AML xenograft model, for which modulation of pharmacodynamics markers predicts
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efficacy (Garcia et al., 2014). A phase | clinical trial evaluating the LGH447 activity in
relapse/refractory myeloma is currently underway (NCT02144038).

AZD1208 is a thiazolidine that is highly selective for all PIM isoforms, with IC50 values in
the low nanomolar range. AZD1208 inhibited the growth of 5 of 14 acute myeloid leukemia
(AML) cell lines, and its sensitivity correlated with Pim-1 expression and STAT5 activation
(Keeton et al., 2014). Moreover, this inhibitor significantly reduced growth in a dose
dependent manner in both AML cell lines and xenograft tumor models. AZD1208 decreased
phosphorylation of Bad, 4EBP1, p70S6K, and S6, as well as increased cleaved caspase 3
and p27 in human primary AML cells. In addition, this drug was recently reported to
dramatically inhibit myc-driven prostate cancer growth and functioned as a radiation
sensitizer by enhancing the p53 pathway (Kirschner et al., 2015). AZD1208 was evaluated in
phase 1 clinical trials for AML (NCT01489722), as well as advanced solid tumors and
malignant lymphoma (NCT01588548).

4.4. Implications for therapeutic resistance

Resistance to targeted and chemotherapeutic drugs is a significant clinical problem for the
treatment of cancer patients, and it is frequently linked to the activation of survival pathways
and multi-drug efflux transporters. In addition to their role in promoting cell proliferation
and survival, PIM kinases mediate therapeutic resistance in multiple cellular contexts
through several mechanisms (Fig. 3). Notably, PIM kinases promote the expression and cell
surface of multi-drug resistance associated ATP-binding cassette (ABC) proteins. ABC
transporters function as efflux pumps for multiple chemotherapeutic drugs, including
anthracyclines, taxanes, and vinca alkaloids, and their overexpression is strongly associated
with clinical drug resistance (Mahadevan & Shirahatti, 2005). PIM1 directly phosphorylates
the G-subfamily ABC transporter, breast cancer resistance protein (BCRP; ABCG2), at
Thr362, promoting its multimerization and cell surface translocation (Xie et al., 2008). In
addition, PIM isoforms regulate the expression of a multidrug transporter associated
therapeutic resistance, p-glycoprotein (Pgp), which is frequently overexpressed in a diverse
array of malignancies. PIM1 phosphorylates Pgp at Ser683, protecting it from ubiquitination
and proteasomal degradation, as well as enhancing its glycosylation and subsequent cell
surface expression. PIM1 knockdown or inhibition decreased Pgp expression and sensitized
Pgp-overexpressing cells to doxorubicin (Xie et al., 2010). Thus, PIML1 is a regulator of
efflux-mediated drug resistance, and inhibiting Pim-1 provides a novel approach to
sensitizing cancer cells to chemotherapies.

In the laboratory, Pim kinase inhibitors act synergistically with several targeted
chemotherapies in solid tumors. For example, the expression of Bcl-2 family members is
associated with resistance to standard therapy. ABT-737, an inhibitor of Bcl-2, Bcl-x_and
Bcl-w, has shown promising apoptotic activity in several solid tumor cell lines. However,
this compound is incapable of binding to the Bcl-2 like protein, Mcl-1, and increased
expression of this protein promotes resistance to ABT-737. A small molecule PIM inhibitor,
SMI-4a, was synergistic when combined with ABT-737 in prostate cancer therapy in vitro
and in vivo (Song & Kraft, 2012). The synergism of these agents can largely be attributed to
the ability of PIM inhibitors to decrease Mcl-1 expression. Overexpression of Mcl-1 blocked
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the apoptotic activity of ABT-737. Pim inhibitors also transcriptionally increased the levels
of the BH3 protein, Noxa, by activating the unfolded protein response (UPR), which
increased the expression of the pro-apoptotic transcription factor, CHOP (Song & Kraft,
2012), which inhibited the remaining levels of MCL-1. Through these dual affects, PIM
inhibitors effectively enhanced the activity of ABT-737.

Agents targeting multiple proteins involved in the PI3K/Akt/mTOR signaling axis have
performed well in clinical trials, and inhibition of MTOR in particular has proven efficacious
in solid tumors, such as breast and kidney cancer and sarcomas. Several agents targeting
mTOR are routinely used in clinical practice. However, the use of small molecule inhibitors
to block this pathway has been challenging, with up-regulation of reciprocal feedback
pathways contributing to treatment failure (Faivre et al., 2006). In particular, the
upregulation of receptor tyrosine kinases (RTK) is frequently observed in response to Akt
inhibition. A recent study by Cen and colleagues demonstrated that GSK690693, a pan-Akt
inhibitor, increased the expression of PIM1, as well as multiple RTKs in prostate cancer
cells. Moreover, siRNA or chemical inhibitors of PIM kinase activity abrogated Akt
inhibitor-induced upregulation of RTKs in prostate cancer cells by controlling cap-
independent translation via internal ribosome entry. Combination therapy with Pim and Akt
inhibitors synergistically blocked prostate tumor growth in vitro and in vivo (Cen et al.,
2013). Similarly, in vitro studies evaluated the efficacy of combined PIM (AZD1208) and
Akt (AZD5363) inhibitors in AML. While either agent alone displayed limited activity, a
synergistic cytotoxic association was observed with the combination, and this effect was
correlated with decreased phosphorylation of mTOR substrates (AEBP1 and S6K) and
decreased Mcl-1 expression (Meja et al., 2014). These data define a mechanism by which
PIM1 mediates resistance to Akt inhibition and provide further rationale for combining PIM
and Akt inhibitors in anticancer therapy. Of particular relevance to solid tumor biology, PIM
kinase expression is dramatically enhanced in response to hypoxia through both HIF-1-
dependent and -independent mechanisms. Hypoxia is frequently observed in solid tumors
due to regions of poor and/or aberrant vasculature, and it is strongly associated with
enhanced survival, proliferation, therapeutic resistance, and ultimately, poor patient
prognosis in solid tumors (Semenza, 2003; Warfel & El-Deiry, 2014). A recent report
demonstrated that HIF-1a induces PIM2 expression via binding to hypoxia-responsive
elements (HREs) within the PIM2 promoter. In turn, PIM2 binds to a transactivation domain
of HIF-1a and acts as a co-factor to enhance HIF-1-mediated transcription in response to
hypoxia. This positive feedback loop between PIM2 and HIF-1a increased glucose
metabolism and cell survival in HepG2 cells, suggesting that PIM kinases might be
important for full activation of HIF-1 (Yu et al., 2014). Alternatively, PIM1 is up-regulated
in response to hypoxia in a HIF-1-independent manner. Hypoxia prevents the ubiquitin-
mediated proteasomal degradation of PIM1, although the mechanism underlying this
observation remains unclear (Chen et al., 2009a,b).

PIM kinases play an important physiological role in mediating the prosurvival effects
associated with hypoxia. For example, overexpression of PIM1 increased NIH3T3 cell
transformation exclusively under hypoxic conditions, suggesting that hypoxia-mediated
expression of PIM1 is critical for the transformation of solid tumors (Chen et al., 2009a,b).
Alternatively, sSiRNA knockdown or overexpression of a dominant negative PIM1 reduced
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xenograft tumor growth and angiogenesis, as well as increased the efficacy of
chemotherapies in drug-resistant, hypoxic prostate cancer cell lines. Alternatively, forced
overexpression of PIM1 is sufficient to drive therapeutic resistance to cisplatin under
normoxic conditions (Chen et al., 2009a,b). Thus, given the correlation between hypoxia,
PIM kinases and therapeutic resistance, further studies are warranted to elucidate the
importance of PIM kinases in regulating cellular responses to hypoxia and determine the
utility of PIM kinase inhibitors in this context.

5. Summary and perspectives

In many tumor types, prosurvival kinases represent a sought after target for drug
development. While the PI3K/Akt pathway inhibitors have been validated in preclinical and
clinical trials, resistance remains a major obstacle to their effective use. Based on their
activity in the cell cycle and apoptosis, their frequent overexpression in cancer and their
association with enhanced tumor growth and chemoresistance, the PIM kinases represent a
promising target for anticancer drug discovery. As PIM inhibitors now are entering the
clinic, several questions remain regarding how to most efficiently apply these agents.
Growing evidence suggests that PIM kinase inhibitors are most effective when used in
combination with chemo- or targeted therapies. While preclinical data indicates that PIM
inhibitors can be effective as single agents in some tumor types, in cell and animal models,
their antitumor effect is greatly enhanced by the combination with targeted therapies,
particularly PI3K/Akt/mTOR inhibitors. Notably, PIM inhibitors have the ability to reverse
drug-resistant phenotypes in preclinical models, especially in the context of tumor hypoxia.
Because PIM inhibitors have not demonstrated significant toxicity in preclinical models
when applied alone, it will be critical to determine the appropriate dosage for combination
therapies to maximize target inhibition while minimizing toxicity. As for multiple other
chemotherapeutic agents, the results of ongoing clinical trials are needed to determine
whether tumor cells will develop resistance to PIM kinases inhibitors. As might be expected
due to their overlapping role in the regulation of survival signaling pathways, PIM kinases
promote resistance to Akt inhibitors. Thus, the combination of Pim and Akt inhibitors
appears to be a promising option for anticancer therapy. To further develop PIM inhibitors,
predictive biomarkers that will allow for selection of patient populations that will benefit
most from PIM inhibitors are needed. Basic research to improve our knowledge of PIM
substrates and PIM-dependent gene expression will help identify biomarkers for Pim
inhibitor activity that can be used in the clinic. Future research on PIM kinases and their
involvement in mechanisms of drug resistance is needed to recognize the full potential of
PIM inhibitors as a strategy for cancer therapy.

Abbreviations

AML acute myeloid leukemia
AMPK AMP activated protein kinase
CXCR-4  C-X-C chemokine receptor type 4

EGFR epidermal growth factor receptor
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EBV Epstein—Barr virus

FLT3 FMS-like tyrosine kinase 3

HRE hypoxia-responsive element

JAK Janus kinase 2

KSHV Kaposi sarcoma-associated herpes virus
Pgp p-glycoprotein

PIM Proviral Integrations of Moloney virus
PI13K phosphatidylinositol 3-kinase

PDK-1 phosphoinositide dependent kinase-1
mTOR mammalian target of rapamycin

STAT Signal Transducer and Activator of Transcription
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Fig. 1.
Regulation of PIM expression at the mMRNA and protein levels. In the presence of cytokines

and growth factors, cytokine receptors and RTKs induce the transcription of PIM isoforms
through various transcription factors, and in response to hypoxia, PIM2 is transcriptionally
activated by HIF-1. At the protein level, PIM kinases are rapidly degraded by the
proteasome under normal conditions. Dephosphorylation of PIM by PP2A and binding to
HSP70 promote PIM ubiquitination and degradation, whereas PIM is stabilized in the
presence of HSP90 and under hypoxic conditions.
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Akt and PIM kinases control translation and cell growth through distinct and overlapping
mechanisms. PIM and Akt phosphorylate multiple substrates (phosphorylation sites noted in
yellow ovals) upstream and downstream of mMTORC1 to control the output of the mTORC1

signaling axis.
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Fig. 3.
PIM substrates regulate cellular processes that are critical for tumor progression and
therapeutic resistance, making PIM a promising target for cancer therapy.
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