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■ INTRODUCTION

Targeted agents and personalized medicine for cancer are the
topics of much discussion and research in the medical
community and pharmaceutical industry. Success in this area
began with the first molecular target, the estrogen receptor, and
its inhibitors such as tamoxifen (ICI 46474). Subsequently, a
number of drugs have been approved that block oncogene
induced signal transduction such as imatinib (STI 571)1 and
others that affect proteins that regulate gene function
exemplified by Vorinostat (SAHA). Other classes of targeted
agents induce cells to undergo apoptosis like bortezomib (PS-
341)2 and a number of commercialized agents with function
similar to that of sunitinib (SU 11248)3 were designed to block
angiogenesis. Clearly, drugs designed to inhibit precise
molecular targets or specific signaling pathways represent a
valid approach for cancer therapeutics.
Particularly, the deregulation of kinase function has emerged

as a very active area of research, as it is one of the major
mechanisms by which cancer cells avoid normal constraints on
growth and proliferation. Additionally, the presence of an ATP-
binding pocket makes these proteins easily amenable to
medicinal chemistry efforts. In this Miniperspective we will
discuss the inhibitors of the Pim kinase family that have been
publically disclosed and their potential development as useful
therapeutic agents in oncology. The Pim family has also been
implicated in inflammation,4 and a Pim-1 inhibitor was shown
to attenuate of allergen-induced airway hyper-responsiveness
and inflammation;5 however, this is beyond the scope of this
Miniperspective.
The Pim kinases, Pim-1, -2, and -3, are a class of

constitutively active serine/threonine kinases that are highly
homologous (60−70%) in their kinase domains and have been
implicated in several normal biological process including cell
survival, proliferation, differentiation, and apoptosis. However,
when these processes become disrupted or hyperactivated, they
express several hallmarks of cancer. The name Pim arises from
the original pim-1 gene as the proviral insertion site of the
Moloney murine leukemia virus induced T-cell lymphoma.6

Pims are notably involved in signaling mechanisms associated
with tumorigenesis. Mechanistic studies have shown that high
expression levels of Pims are associated with hematologic and
epithelial cancers in humans; thus, they can serve as potential
therapeutic targets to address numerous unmet medical needs.7

Several classes of inhibitors have been described in the
literature, and yet only two molecules have progressed to the

clinic so far.8,9 It is noteworthy that for a long time, only
inhibitors of Pim-1 were available despite the fact that
increasing evidence suggests that all family members should
be concurrently inhibited for optimal efficacy. For example, it
has been shown that simultaneous inhibition of Pim-1 and Pim-
2 is necessary to overcome the oncogenic signaling by protein
tyrosine kinases in leukemia.10 Only recently have examples of
molecules able to modulate all isoforms (pan-Pim kinase
inhibitors) been disclosed, representing one of the most
interesting developments in the field. It is our desire to provide
here a better understanding of the biology associated with Pim-
regulated signaling pathway and to promote additional research
on these associated inhibitors to discover and develop
compounds that have suitable drug properties and the ability
to benefit patients.
The concept of simultaneous inhibition of multiple pathways

may have its roots in traditional combination chemotherapy but
has applicability in targeted or multitargeted drug development
as well. In fact, a significant proportion of the kinase inhibitors
approved for cancer therapy today are multikinase targeting
agents that are able to simultaneously modulate several
biological processes of the disease. Although many of these
drugs were not deliberately created for their multitargeting
profile, a more rational design of molecules with multiple
predefined targets has emerged. In this Miniperspective we will
provide some discussion on the potential of the development of
Pim kinase inhibitors with dialed in activity and selectivity
properties to specifically target kinases known to be involved in
cross-compensatory signaling for the disruption of cancer
networks.

■ PIM BIOLOGY

The Pim kinases isoforms are a three-membered collection of
constitutively active enzymes belonging to the CAMK (calm-
odulin dependent kinase) group.7,10 They are involved in
tumorigenesis, cell survival, and regulation of signaling
pathways including proliferation, migration, and metabolism
(Figure 1). This kinase family is highly homologous with the
kinase domains being very closely related in the linker region
and the ATP binding site. Pim-1 and Pim-2 kinases have two
and three isoforms, respectively, due to the use of alternative
translation initiation sites.7 The functional significance of
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different isoforms is not yet completely understood; however,
certain findings, such as the involvement of nucleus- associated
p34, but not p44, isoform of Pim-1 in drug resistance, highlight
the potential differences in substrate specificity.10 Pims are
constitutively active Ser/Thr kinases that were shown to be
dispensable for embryonic development and survival, as mice
deficient in all three kinase are viable, albeit display a significant
reduction in body size, indicating that Pim kinases are
important for growth.7,10 All three Pim kinases have several
common substrates; however, several targets that are unique to
a particular member of the Pim family have been identified, as
in case of C-X-C chemokine receptor type 4 (CXCR4) for Pim-
1.7,10

Pim kinases have short half-lives for both mRNAs and
proteins, indicating that their activity is largely regulated on
transcription and translation levels. However, in certain
instances, such as in chronic myelocytic leukemia (CML) cell
line K562, the half-life of Pim-1 protein was found to be
significantly increased pointing at the possible regulatory post-
translational modification.10 Alternatively, this observation can
be potentially explained by the protection from proteosomal
degradation through stabilizing interaction with Hsp90,11 as
K562 cells were shown to have a higher expression of Hsp90
than normal blood cells.12 While Pim kinases do not require
activation for their function, phosphorylation of Pim-1 on
Tyr218 by tyrosine kinase ETK was shown to increase Pim-1
kinase activity.10 The signaling pathways that regulate the

expression of Pims are quite diverse and are cell/tissue type
dependent, with transcription factors STATs, NF-κB, and
HOXA9 being primarily involved in Pim mRNA synthesis
(Figure 1).10

Numerous lines of evidence denote Pim kinases as proto-
oncogenes. Pim-1 is up-regulated in B-cell non-Hodgkin’s
lymphoma, and this is generally correlated with poor prognosis.
In addition, overexpression of Pim-1 is also noted in acute
myeloid leukemia (AML) and nonhematologic cancers such as
prostate.7,10 Pim-2 has aberrant overexpression in several types
of lymphomas, leukemias, multiple myeloma, and prostate
cancer.7,10 Pim-3 is implicated in tumors including those of the
liver, pancreas, colon, and stomach.7,10

The expression of Pim-1 and Pim-2 has been shown to be
directly regulated by oncogenes commonly associated with
malignant transformation, i.e., Bcr-Abl, Flt3-ITD, JAK2 V617F,
MLL-ENL, and MLL-AF9.10 Furthermore, Pim kinases were
shown to be crucial mediators of mitogenic and prosurvival
signaling by these oncogenes.10 Transgenic mice overexpressing
Pim-1 under the control of the upstream immunoglobulin
enhancer with downstream proviral long-term repeat were
shown to develop spontaneous lymphomas, albeit with long
latency. Moreover, transgenic mice coexpressing both Eμ-Myc
and Eμ-Pim-1 succumb to lymphomas in utero or at birth,
suggesting a synthetic lethal consequence of co-up-regulated
Myc and Pim-1.7,10 High levels of Myc are known to induce
apoptosis. By up-regulating Pim kinases, cancer cells counteract

Figure 1. Role of Pim kinases in oncogenic signaling.
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this proapoptotic stimuli, as Pim kinases are known to
positively regulate the antiapoptotic machinery, in part by
phosphorylating and thus inactivating proapoptotic member of
Bcl-2 family, Bad.7,10 Furthermore, Pims were shown to
phosphorylate Myc directly, thus inhibiting its degradation.7,10

Recent studies suggest that phosphorylation of histone H3 by
Pim-1, which stimulates RNA polymerase II-driven tran-
scription of Myc target genes, can also play an important role
in Pim-1/Myc cooperation.7,10 Another interesting discovery
came from the report that indicated a potential feedback loop
by showing that expression of Pim-3 is directly regulated by
Myc.13 In line with its role in apoptosis suppression, Pim-1 was
also shown to cooperate in tumorigenesis with overexpression
of Bcl-2 or loss of Fas ligand.10

In addition, Pim kinases are involved in cell cycle progression
facilitating G1/S and G2/M transitions and thus contribute to
aberrant cell growth. Accordingly, Pim-1 phosphorylates
Cdc25A, which promotes G1/S cell cycle transition.7,10

Furthermore, cyclin-dependent kinase inhibitors p21/CIP1
and p27/KIP1, which inhibit G1/S cell cycle progression, are
deactivated by Pim-1, and this in effect removes the braking
mechanism to promote uncontrolled proliferation.7,10 Also, the
G2/M transition is accelerated by inactivation of Cdc25C and
phosphorylation of C-TAK1.7,10 Accompanying increased
proliferation, the Pim kinases act as antiapoptotic factors.
Increased level of the Pim kinases inactivates the proapoptotic
factor Bad, a member of the BH3 family of proteins,
predominantly by phosphorylation on Ser 112.7,10

Genetic manipulations demonstrated that all three members
of the Pim family are capable of compensatory function.
Deletion of Pim-1 in Eμ-Myc background leads to the
activation of Pim-2, while selective induction of Pim-3 was
evident in Eμ-Myc/Pim-1−/−/Pim-2−/− mice.14 These finding

should be considered during the design of specific inhibitors of
Pim kinases, as these results highlight the necessity to target all
three Pim kinases in order to prevent induction of
compensatory mechanisms.
Cancer cells are known to resist treatment through activation

of compensatory signaling pathways. One of the well described
compensatory interactions is between Pims and Akt, another
kinase that is heavily implicated in suppression of apoptosis and
in carcinogenesis and that shares the recognition motif: Arg at 5
and 3 positions with the Pim kinases.15 Numerous
phosphoproteomics screens identified multiple substrates that
are commonly phosphorylated by both Pims and Akt, with the
most frequently cited being Ser112 on Bad.16 In addition, Pim-
2 was shown to regulate translational control in AML by
phosphorylating 4E-BP1 on Ser65, a residue traditionally
identified as a substrate for mTORC1, a kinase complex that
is activated by Akt signaling.17 Another kinase that is involved
in the regulation of pathways affected by Pims is CK2 (Figure
2). Like Pims, CK2 is a constitutively active Ser/Thr kinase that
is commonly overexpressed in cancer that was also shown to
regulate the stability of Myc protein by direct phosphoryla-
tion.18 While CK2 has a distinct recognition motif compared to
Pim kinases and hence does not phosphorylate the same
residues as Pims, it has been shown to regulate the same
pathways that are known to be linked to carcinogenesis. Like
Pim kinases, CK2 plays a prominent role in suppression of
apoptosis by increasing the expression and/or stability of
antiapoptotic proteins such as Mcl-1 and survivin, as well as
through the inhibition of caspase activity.19 CK2 may also
negatively affect the activity of 4E-BP1, potentially through the
stimulation of the PI3K-Akt-mTOR pathway,20 and like Pims
may positively regulate NF-kB-driven transcription.21 Both
Pim-1 and CK2 were shown to be activated by hypoxia, and

Figure 2. Signaling crosstalk between Pim and CK2 kinases. Solid lines designate direct modulation. Dotted lines designate indirect modulation.
Dashed lines designate interaction with unknown function.
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such activation can be linked to chemoresistance.22,23

Furthermore, both kinases were shown to promote drug
resistance through the activation of members of the ABC
transporter family.24,25 In addition to co-regulating the
pathways, CK2 can potentially have an impact on the
expression of Pims themselves, as it has been shown to
mediate the JAK-STAT signaling transduction26 and be an
important player in the activation of Hsp90 machinery,27 which
is implicated in the stabilization of Pim proteins.11

Taking into consideration the potential development of
resistance to the inhibition of Pim kinases through activation of
compensatory signaling pathways by Akt and/or CK2, one can
see a good rationale for combining selective inhibitors that
target these pathways individually or a discovery and develop-
ment of inhibitors with dialed in activity against all of these
kinases. While the latter approach is more challenging from the
medicinal chemistry perspective, it removes the need for drug−
drug interaction studies and allows for a simpler preclinical and
clinical development plans.

■ STRUCTURE OF THE PIM KINASES

Several independent groups have reported the crystal structure
of Pim-1 in the presence or absence of their inhibitors.15,28−31

The structural studies revealed several unique features of Pim-1
that differentiate it from other kinases of known structures.
Most notably, the presence of a proline at position 123, critical
for ATP binding in other kinases, does not allow the formation
of the canonical second hydrogen bond between the hinge
backbone and the adenine moiety of ATP, making the Pim
kinases family unique in the way they interact with ATP and
consequently ATP mimetic inhibitors.31 In addition, the
insertion of an additional residue in the Pim-1 hinge results
in structural changes in the hinge region due to the unique
hinge sequence ERPEPV. Another important difference
between Pim-1 and other kinases is the presence of β-hairpin

in the N-terminal lobe of the protein. Apart from these features,
the Pim-1 kinase structure adopts a classic bilobal protein
kinase domain architecture with the two-lobe kinase fold
separated by a deep, intervening cleft. The N-terminal lobe is
composed primarily of β-sheets, whereas the C-terminal lobe is
composed primarily of α-helices. The two domains are
connected via the hinge region (residues 121−126). The
catalytic domain of the Pim-1 kinase covers the region of amino
acid positions 38−290 comprising a conserved glycine loop
motif at amino acid positions 45−50, a phosphate binding site
at amino acid positions 44−52 and 67, and a proton acceptor
site at amino acid 167. The replacement of a lysine at position
67 by a methionine results in a kinase inactive Pim-1 mutant.
The crystal structure of Pim-2 has been reported recently and

revealed high structural similarity with Pim-1 with several
notable changes, such as the absence of the C-terminal αJ helix
in Pim-2.32 Both Pim-1 and Pim-2 assume an active
conformation in the presence or absence of ATP. The crystal
structures of Pim showed that this constitutive activity is due to
an extensive network of hydrophobic interactions and hydrogen
bond between the unphosphorylated activation segment and
the catalytic loop keeping the ATP pocket open and
maintaining its active conformation.
The crystal structure of Pim-3 protein has not yet been

reported. However, because of the high sequence similarity
between the Pim proteins, it is expected that Pim-3 kinase will
have a structure similar to those described for Pim-1 and Pim-2.
While unique architecture of Pim kinases’ ATP-binding site

allows identification of highly selective Pim inhibitors, there is
enough similarity with other kinases of interest for the creation
of inhibitors that target several parallel signaling pathways. For
example, a comparison of Pim-1/DAPPA complex structure
with a structure of CK2/IQA complex revealed a good overlap
in the key residues associated with carboxylic moiety of the
ligands between Pim-1 and CK2.33 In line with that, several

Figure 3. Representative structures of different classes of PIM inhibitors discussed in previous reviews.36,37
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classes of compounds capable of inhibiting both Pims and CK2
have been reported.33−35

■ INHIBITORS OF THE PIM KINASES
The involvement of the Pim kinases in key hallmarks of cancer
has triggered a search for small molecule ATP-competitive
inhibitors susceptible to lead to new targeted oncology drugs. A
large number of these inhibitors (representative structures 1−8
in Figure 3) were discussed in recent, comprehensive
reviews.36,37 Many of the first generation molecules were only
inhibitors of the Pim-1 isoform, the Pim-2 isoform being
notably more difficult to target likely because of its low Km for
ATP. An effort toward the identification of modulators of the
other isoforms has emerged in order to counteract potential
compensatory mechanisms arising from the inhibition of only
one Pim (vide supra). For example, the dual Pim-1/Pim-2
inhibitor pyrazine 6 was identified by Pim-2 HTS of the
corporate compound collection of Boerhinger Ingelheim.33 The
SAR revealed that the carboxylic acid was essential for
inhibition of the target, and a series of potent analogues
bearing different basic amine side chains on the left-hand side
were identified. A kinase selectivity assessment of 6 in a panel
of 49 kinases showed that the molecule was remarkably
selective, with the notable exception of protein kinase CK2,
whereby 6 inhibited the two isoforms CK2α and CK2α′ with
IC50 values of 663 and 701 nM, respectively. Although the
binding mode of 6 to Pim-1 was studied in detail by
crystallography, no cellular activities of any analogues were
disclosed, limiting their usefulness.
Another promising class of Pim inhibitors is represented by

benzo[4,5] thieno[3,2-d]pyrimidin-4(3H)-one 7, analogue of a
series of potent pan-Pim kinase inhibitors discovered by
scientists at Abbott.38 Starting from a novel HTS hit, this group
used structure-based drug design to optimize the series and
carry out extensive SAR studies. This class achieved high

potency for the three isoforms concomitant with a remarkable
kinase selectivity profile. Several analogues showed cytotoxicity
against leukemia cell lines K-562 and MV-4-11 at low
micromolar and submicromolar levels. The molecules inhibited
the phosphorylation of the Pim target Bad at Ser112 in K562
leukemia and LnCaP prostate cancer cells, strongly indicating
that the molecules exerted their antiproliferative effect through
the inhibition of the Pim kinases. The PK profile of 7 was
promising in mice with a high oral absorption and a reasonable
in vitro ADME profile, making these compounds excellent
druglike tools to study the biology of the Pim kinases.
N - ( ( 1 - M e t h y l p i p e r i d i n - 4 - y l ) m e t h y l ) - 3 - ( 3 -

(trifluoromethoxy)phenyl)imidazo[1,2-b]pyridazin-6-amine 8
(SGI-1776) (Figure 3) was the first Pim kinase inhibitor to
reach clinical trials, in spite of being a relatively weak inhibitor
of Pim-2.39 Although its inventors identified the imidazo[1,2-
b]pyridazine core by virtual screening of 1.5 million
compounds,40 this potent Pim inhibitor scaffold had been
discovered earlier by others.15,41 Further scaffold optimization
led to 8 as a lead compound that showed dose dependent
inhibition of Pim-1 (IC50 = 7 nM), Pim-2 (IC50 = 363 nM), and
Pim-3 (IC50 = 69 nM). The molecule was selective in a panel of
over 300 kinases and was shown to exhibit inhibitory activity
against two other kinases: Flt-3 (IC50 = 44 nM) and haspin
(IC50 = 34 nM).
A number of biological studies of the drug in various

oncology contexts have been published. Compound 8 reduced
phosphorylation of known Pim substrates involved in cell cycle
progression and apoptosis (p21 and Bad), resulting in a cell
proliferation inhibition of various prostate cancer cells at low
micromolar concentrations.40 The same authors reported that
the drug was able to reduce cell viability in multidrug resistant
prostate cancer cell line and was able to resensitize chemo-
resistant cells to taxane based therapies. Siu et al.42

demonstrated that treatment of DU-145 and PC3 prostate

Figure 4. Representative structures of PIM kinase inhibitors published since 2010.
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cancer cells with 8 or another specific Pim inhibitor induced
up-regulation of the MIG56 gene that encodes a negative
regulator of EGFR signaling. These properties resulted in a
synergistic effect with gefitinib, suggesting possible combination
therapies to increase the efficacy of EFGR kinase inhibitor
drugs. In renal cell carcinoma (RCC), 8 treatment decreased
phosphorylated and total c-Myc levels and significantly reduced
tumor burden in RCC animal models when used in
combination with sunitinib.43

In the context of leukemia, 8 induced apoptosis in chronic
lymphocytic leukemia (CLL) cells in a concentration depend-
ent manner through a mechanism believed to involve Mcl-1
reduction.39 The drug also exerted a potent cytotoxicity against
AML cells and activity in MV-4-11 xenograft models. Drug
treatment reduced the phosphorylation of 4E-BP1 (Thr 36/Thr
37) and c-Myc (Ser62) in AML cell lines, and this was
correlated with a significant reduction in Mcl-1 levels.44

However, the increased antiproliferative activity in cells carrying
the Flt-3-ITD mutation strongly suggests that the inhibition of
Flt-3 by the drug may also play an important role in its cellular
effects. In correlation with this hypothesis, a recent publication
by Hospital et al.45 reported the inhibition of Flt-3
autophosphorylation on tyrosine residues in MOLM-14 AML
cells treated with 8, similar to that observed after treatment
with the specific Flt-3 inhibitor AC-220. With Flt-3 being
known to regulate the expression of Pim kinases in
leukemia,46,47 potent Flt-3 inhibition by a drug will necessarily
create ambiguity in the interpretation of the cellular effect of
Pim inhibition and as such should probably be avoided to
clearly understand the mechanism of a drug. The recent
discovery of structurally close inhibitors 1,2,3-triazolo[4,5-
b]pyridines, which are cell-active and devoid of potent Flt-3
inhibition (compound 9, Figure 4),48 should provide useful
tools for differentiating the effect of Pim and Flt-3 inhibition by
8. A paper by Fathi et al.49 recently suggested that the
simultaneous modulation of Flt-3 and Pim might be beneficial
in overcoming the emergence of resistance to Flt-3 inhibition,
implying that a dual inhibitor of Flt-3 and Pim such as 8 might
still be more beneficial for certain types of cancer. The phase 1
clinical trial of 8 was discontinued in November 2010 because
of dose limiting cardiac QTc prolongation,8 a likely result of the
hERG inhibition observed in vivo.48 This unfortunate with-
drawal due to off-target activity leaves the floor open for a new
generation of molecules with improved properties.
During the past 2 years, several novel inhibitors of the Pim

kinases have emerged from the literature, including compound
9 discussed above (Figure 4). Benzofuran 2-carboxylic acid 10
was discovered by fragment based screening followed by X-ray
structure guided optimization.50 Compound 10 was found to
be selective in a 442 kinase panel, and its binding mode to Pim-
1 was elucidated by crystallography. Although the molecule has
appealing in vitro PK/ADME properties, no cellular activities of
the molecule or its analogues were reported. With the aim of
discovering very selective inhibitors, Huber et al.51 prepared
several derivatives of a 6,7-dichloroindole scaffold known to
bind kinases in an unusual way. Screening of the resulting
molecules in a thermal stability shift assay allowed the discovery
of 7,8-dichloro-1-oxo-β-carboline 11 which inhibited Pim-1 and
Pim-3 with IC50 values below 100 nM and displayed good
selectivity.51 This compound showed antiproliferative activity in
the low micromolar range against various cell lines and
inhibited the phosphorylation of 4E-BP1 in MV-4-11 cells.
Compound 12, which was discovered independently by another

research group,52 shared some structural similarity with 11 by
also bearing an indole ring. However, no cellular activity of the
latter molecule was revealed. Finally, optimization of a
screening hit led to the discovery of 13,53 which showed
great activity against Pim-1 (IC50 = 3 nM) and Pim-3 (IC50 =
13 nM). The activity of this molecule against Pim-2 was
remarkably low (IC50 = 1.1 μM), although the potent inhibition
of Flt-3 (IC50 = 47 nM) may account in part for the potent
antiproliferative activity of the molecule against MV-4-11 cells,
similar to 8. This compound, however, was reported to have
lower hERG inhibition, addressing a major issue of the former
clinical candidate.
The molecules discussed below (14−17, Figure 4) are recent

examples of pan-Pim inhibitors able to potently inhibit the
three isoforms of the enzyme. The benzo[4,5] thieno[3,2-
d]pyrimidin-4(3H)-ones (7, Figure 3) discussed above also
belong to this class of molecules. Using structure-based drug
design, scientists at Exelixis converged toward a very similar
series of molecules in which the sulfur atom of the scaffold was
replaced by an oxygen atom. The resulting pan-Pim inhibitors
exemplified by 14 (Figure 4) showed good kinase selectivity,
cellular potency, and good oral exposure.54 Interestingly, the
molecule displayed some CK2 inhibition, noted also for other
Pim inhibitors in this series (vide infra). Scientists from
Novartis reported the discovery of 15 and its analogues by
structure-guided optimization of an HTS hit.55 Compound 15
potently modulated the three Pim isoforms and revealed a good
kinase selectivity profile.
(E)-5-Chloro-3-((5-(3-(4-methyl-1,4-diazepane-1-carbonyl)-

phenyl)furan-2-yl)methylene)indolin-2-one 16 (CX-6258), dis-
covered through the optimization of a screening hit by
Haddach et al.,56 is another example of a publically disclosed
pan-Pim inhibitor. The molecule inhibited the three Pim
isoforms with IC50 values below 25 nM and showed an
excellent selectivity profile in a 107-kinase panel. Although the
molecule modulated Flt-3 activity in an enzyme assay, it was
inactive against this enzyme in a cellular context. Compound 16
caused dose dependent inhibition of the phosphorylation of the
prosurvival proteins Bad and 4E-BP1 at their respective Pim
specific sites. In vitro, the drug produced synergistic cell killing
in combination with doxorubicin and paclitaxel in prostate
cancer PC3 cells, validating a potential use of pan-Pim kinases
inhibitors in combination with chemotherapy. In vivo, 16
reduced tumor growth in a xenograft model of leukemia (MV-
4-11, tumor growth inhibition TGI = 75% at 100 mg/kg) and
prostate cancer (PC3, TGI = 51% at 50 mg/kg). A novel class
of potent 7-(4H-1,2,4-triazol-3-yl)benzo[c][2,6]naphthyridines
exemplified by 17 was discovered by modifying the potent
protein kinase CK2 inhibitor 5-(3-chlorophenylamino)benzo-
[c][2,6]naphthyridine-8-carboxylic acid (CX-4945).57 The
resulting compounds were very potent inhibitors of the Pim-
1 and Pim-2 isoforms and, to a lesser extent, inhibitors of Pim-
3. The molecules inhibited cell proliferation of various cancer
cell lines at submicromolar concentrations and modulated the
phosphorylation of Bad at Ser 112. A certain level of Flt-3
inhibition was present in enzymological assays of the molecules
but absent in a cellular context.
Replacing the left pyridine ring in 17 (Figure 4) by various

five membered rings such as in thiophene 18 (Figure 5)35

maintained potent activity against Pim and surprisingly restored
inhibition of protein kinase CK2 while suppressing Flt-3
inhibition. The resulting dual inhibitors of CK2 and the Pims
displayed antiproliferative activity against several solid and
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blood cancer cell lines. CK2 and the Pim kinases share a
relatively similar ATP binding pocket, allowing the rational
design of dual inhibitors of the kinases. This interesting
convergence of structure and the signaling crosstalk of the
enzymes (see Figure 2) can be exploited for the rational design
of dual inhibitors, an approach that was discussed in detail by
Lopez-Ramos et al. in a work describing the discovery of dual
CK2/Pim inhibitor 19 (Figure 5).34 Unfortunately this
compound was not cell-permeable. Multikinase inhibition
creates opportunities for a multiprong targeting of the
hallmarks of cancer, and dual inhibitors of CK2/Pim may
supplement the arsenal of existing therapeutic oncology agents.
However, this innovative concept needs more validation and in
particular potent dual CK2/Pim inhibitors with good drug
properties, which will allow hypothesis testing in vivo.
Finally, a number of remarkable inhibitors with undisclosed

structures were presented in various conference posters. Array
Biopharma described a molecule (structure not disclosed) with
potent inhibitory properties for Pim-1 (IC50 = 0.4 nM) and
Pim-3 (IC50 = 1.7 nM) and moderate inhibition for Pim-2 (IC50
= 81 nM).58 The compound reduced tumor growth of TEL-
JAK2/BaF3 subcutaneous tumors in nude mice at 100 mg/kg
(TGI = 54%) and 200 mg/kg (TGI = 75%). Scientists at
Genentech reported that their pan-Pim inhibitor GNE-652
(structure not disclosed) had picomolar biochemical potency,
an excellent selectivity profile, and favorable ADME proper-
ties.59 The molecule showed excellent in vivo efficacy in
combination with the PI3K inhibitor 4-(2-(1H-indazol-4-yl)-6-
((4-(methylsulfonyl)piperazin-1-yl)methyl)thieno[3,2-d]-
pyrimidin-4-yl)morpholine (GDC-0941). Selvita discovered a
novel series of Pim kinase inhibitors of which analogue SEL24-
B58 (structure not disclosed; IC50 of 31 nM (Pim-1), 154 nM
(Pim-2), 182 nM (Pim-3)) showed in vitro synergy with
inhibitors for PI3K, mTOR, JAK1/2, and Bcl-2.60 The molecule
was orally efficacious in a xenograft model of AML (MV-4-11)
and was well tolerated. Finally, a significant progress in the Pim
field was achieved by AstraZeneca scientists who described
AZD1208 (structure not disclosed),61 an orally available,
potent, and highly selective pan-Pim kinase inhibitor. The
compound reduced the phosphorylation of Bad, 4E-BP1, and
p70S6K. AZD12078 suppressed the growth of tumors in AML
(MOLM-16 and KG-1a) xenograft models of cancer.
AZD12078 is currently investigated in a phase 1 clinical trial
in AML patients.9

■ CONCLUSION
There is overwhelming evidence that the Pim kinases represent
a promising class of drug targets for oncology. Many of the
biology and medicinal chemistry studies discussed here strongly

suggest that ATP-competitive pan-Pim kinase inhibitors can be
used for the treatment of various disorders such as CML, AML,
CLL, B-cell non-Hodkin’s lymphoma, multiple myeloma, RCC,
and prostate, liver, pancreas, colon, and stomach cancers.
Modern understanding of compensatory signaling by different
kinases underscores the practical necessity of combining several
inhibitors. In that context, some of the studies described above
suggest that patients may also benefit from the combination of
Pim kinases inhibitors with existing drugs such as modulators of
the Akt-PI3K pathways, taxanes, gefitinib, and other inhibitors
of the EGFR pathway, sunitinib or doxorubicin among others.
As more Pim inhibitors progress into the clinic, the list of
possible combination is likely to increase, requiring the design
of drugs with profiles with limited potential for drug−drug
interactions.
An alternative to combination is the discovery of molecules

that possess dialed in activity and selectivity against multiple
kinases of interest for the complete blockade of the oncogenic
signaling. A prime example of this approach is the design of
dual inhibitors of CK2 and Pim. Another potentially beneficial
strategy is to design the inhibitors that are capable of co-
inhibiting Pim and Akt signaling, as these kinases share a
substantial amount of common substrates and were shown to
be actively involved in compensatory signaling.16 The fact that
several compounds, such as natural flavonoids or their synthetic
derivative LY294002, were shown to have activity against Pim,
CK2, and PI3K,28,62,63 a kinase that regulates Akt signaling,
demonstrates the feasibility of this approach. However, a
multitargeting approach does not come without a price, as
promiscuous kinase inhibitors have been associated with
unwanted side effects. Indeed, following the discovery that
multitargeted inhibitors sunitinib and sorafenib cause cardio-
toxicity,64 Hasinoff and Patel investigated the connection
between the selectivity of kinase inhibitors and their ability to
damage cardiomyocytes in vitro. Their findings demonstrated
that combined tyrosine kinase and serine−threonine kinase
selectivity scores were highly correlative with the myocyte-
damaging effects of the kinase inhibitors,65 highlighting a
potential drawback of multitargeting approach. While Pim
kinases were not among the 12 kinases that were specifically
identified in the screen as being linked to the damage of
cardiomyocytes, Pim-1 kinase was shown to play a significant
role in the preservation of myocardial structure after myocardial
infarction.66 Pim-3 was also found to be induced by ischemia−
reperfusion injury; however, the reports on its ability to protect
the myocardial tissue have been mixed.67,68 In addition to Pim-
1, Akt, but interestingly not CK2, was also shown to play an
important role in the protection of heart from the injury.69,70

Because of that, suitable preclinical toxicology studies should be
undertaken when administrating agents capable of simultaneous
inhibition of Pim and Akt signaling to high-risk cardiovascular
patients.
It is surprising that only two Pim inhibitory agents have

reached clinical trials and unfortunate that no human proof of
concept data were generated because of the early withdrawal of
the first drug 8.8 However, the pace of discovery of novel Pim
inhibitor has dramatically accelerated in the past 2 years, and a
new generation of potent molecules without hERG inhibition
and appropriate pharmacologic profiles will likely generate Pim
kinase inhibitors drugs suitable for human cancer therapy.

Figure 5. Structures of dual Pim/CK2 inhibitors.
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