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Abstract

PIM kinases are a class of serine/threonine kinases that play a role in several of the
hallmarks of cancerincluding cell cycle progression, metabolism, inflammation and immune
evasion. Their constitutively active nature and unique catalytic structure has led them to be
an attractive anticancer target through the use of small molecule inhibitors. This review
highlights the enhanced activity of PIM kinases in cancer that ~~n < driven by hypoxia in
the tumour microenvironment and the important role the ¢ aw errant PIM kinase activity
plays in resistance mechanisms to chemotherapy, rac..*hc-apy, anti-angiogenic therapies
and targeted therapies. We highlight an interaction of P11/ kinases with numerous major
oncogenic players, including but not limited t-. staoilisation of p53, synergism with c-Myc,
and notable parallel signalling with PI3K/A! <. We provide a comprehensive overview of PIM
kinase’s role as an escape mechanis’., *0 wrgeted therapies including PI3K/mTOR inhibitors,
MET inhibitors, anti-HER2/EGFR ‘rea.ments and the immunosuppressant rapamycin,
providing a rationale for co-ta,~evng treatment strategies for a more durable patient
response. The current siatus of PIM kinase inhibitors and their use as a combination therapy
with other targeted age-.s, in addition to the development of novel multi-molecularly

targeted single therapeutic agents containing a PIM kinase targeting moiety are discussed.
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1. Introduction

Precision medicine has heralded an era of change and challenge in the treatment of patients
with cancer. Although targeted therapies and immunotherapies have made significant
advances in the personalised treatment of patients, clinicians still face the persistence of
disease recurrence and drug resistance. A subset of patients will display innate resistance
upon treatment commencing while others will inevitably develop acquired resistance to
targeted agents over time (Spaans & Goss, 2014). Cancer cells ..*ilise multiple intercellular
signalling cascades mediated by oncogenes such as PIM kir~sc- ~0 maintain cell growth and
survival (Lilly & Kraft, 1997; Wang et al., 2001; Santio & .“oskinen, 2017). Activation of PIM
kinases is tightly regulated in normal cells however the:- sustained activation promotes
apoptotic resistance and uncontrolled proliferay in .n multiple tumour types (Fox et al.,
2003; Deneen et al., 2003). Significant c; nss’.alk between parallel proliferative pathways
provides cancer cells with an effective « ~cape mechanism where upon inhibition of a single
pathway the cells can adapt by mo.~cu.arly switching to an alternative and parallel
oncogenic signalling pathwa'* F." kinase activation has been shown to play a significant
role in this bypass signal’ing mechanism when the PI3K pathway is blocked (Cen etal., 2013;
Song et al., 2018; Rebello et al., 2018; Gately et al., 2018). Both pathways are frequently
activated in cancer, and they phosphorylate overlapping substrates that regulate the
balance between cell survival and apoptosis. Both kinases among others, represent
promising targets for cancer therapy (Tursynbay et al., 2016; Zhang et al., 2018) and are the
focus of significant drug development efforts (Jeyapal et al., 2018; Asatietal., 2019). A
better understanding of PIM kinase synergism with other signalling pathways is important to
further strengthen the rationale for co-targeted treatment strategies and combination

therapy to improve the efficacy of PIM kinase inhibitors in the clinic.



2. The PIM kinase family

2.1 Expression and function of PIM kinases

The proviral insertion site in Moloney murine leukaemia virus (PIM) proteins are a group of
evolutionarily conserved serine/threonine kinases in eukaryotes consisting of PIM1, PIM2
and PIM3. PIM1 is located on chromosome 17, PIM2 on the X chromosome and PIM3 on
chromosome 15. The amino acid sequence of these genes is very similar with PIM1 and
PIM2 sharing a 61% homology and PIM1 and PIM3 being 71% k. mologous (Narlik-Grassow
et al., 2014). This suggests some redundancy in function of t1.~ proteins (Eichmann et al.,
2000). The three protein family members are differenti..“ed by their respective genes and
composed of six exons that are transcribed into the mi."vA transcripts. While PIM3 gene is
thought to encode a single transcript, PIM1 ara "IM2 consist of 2 and 3 isoforms
respectively arising from alternative tras <la*.on initiation sites along with additional codons
at the 5’ end, leading to proteins with u.*ferent molecular masses (Saris et al., 1991). PIM1 is
highly expressed in haematopoie’ic ai.u lymphoid cells as well as prostate cells (Bachmann
et al., 2004). PIM2 is express~a.~ lymphoid and brain tissues while high expression of PIM3

can be observed in breas, .’dney and brain tissue (Mikkers et al., 2004).

In contrast to most othe- kinases, PIM kinase activity is not dependant on post-translational
modification. They are constitutively active due to an acidic residue (Asp) in the activation
loop that is capable of forming a salt bridge with basic residues of the catalytic loop. This
mimics the serine or threonine residue to be phosphorylated and hence lacks a regulatory
domain (Bullock et al., 2009). This would suggest that the kinases are regulated at the
transcriptional and translational level and via proteasomal degradation (Mondello et al.,

2014). This lack of a regulatory domain was confirmed by X-ray crystallography studies of



PIM1 (Qian et al., 2005). The Janus kinase/signal transducers and activators of transcription
(JAK/STAT) pathway is one of the key upstream transcriptional regulators of PIM kinases.
JAK/STAT signalling is an important pathway for cell processes such as cell differentiation,
division, migration, immunity and apoptosis. STAT3 and STAT5 have been found to bind to
the promotor region of PIM1 and upregulate its expression. Negative feedback can be seen
also, as PIM1 binds to and activates (via phosphorylation) the suppressor of cytokine
signalling (SOCS) proteins which act as a negative feedback reg u'ator to prevent activation
of the JAK/STAT pathway (Peltola et al., 2004). PIM kinases z e ai;0 downstream effectors of
ABL, Flt-3 and nuclear factor kappa-B (NF-kB) signalling ‘Mc~uello et al., 2014).
Constitutively activated FLT3 signalling leads to an u.vegilation in PIM1 expression and
enhances FLT3 anti-apoptotic and pro-prolifera’iv:: ~ctivity in leukemic cells (Kimet al.,
2005). PIM1 expression is upregulated b» Bk Z-A3L via STATS5 activation in leukemic cells and
is thought to play a role in BCR-ABL ..~diated cell transformation (Nieborowska-Skorska et

al., 2002).

The mRNA transcripts of PIM ge.,as are quite short-lived owing to multiple destabilizing
sequences of AUUU(A) iritu.~ 3°UTR region (Warfel & Kraft, 2015). PIM genes also require
cap-dependent translatio 1 due to G-C rich sequences near the 5’UTR which makes PIM a
‘weak’ transcript (Wang et al., 2005). Overexpression of elF4E allows for complex assembly
which binds to the 5’-m’G cap, enhancing translation of the PIM protein (Hoover et al.,
1997). Interestingly, PIM2 can phosphorylate and thus inhibit elF4E-binding repressor

4EBP1, promoting cap-dependant translation (Fox et al., 2003).

PIM protein stability is regulated through ubiquitination and subsequent proteasomal

degradation. It is believed that the chaperone protein Hsp90 binds to PIM1 and helps



stabilise it while Hsp70 when bound, leads to ubiquitination of PIM1 targeting it for
proteasomal degradation (Shay et al., 2005). PIM activity can be regulated by ETK tyrosine
kinase which phosphorylates PIM1 within the activation loop enhancing its activity (Kim et
al., 2004). However, dephosphorylation of the kinases by serine/threonine phosphatase
PP2A promotes ubiquitination and leads to degradation (Losman et al., 2003). So, while PIM
kinases are constitutively active and do not require post-translational modifications for their

activity, phosphorylation and dephosphorylation can still alter P!M’s ability to function.

A recent study by Miyakawa et al. identified a novel functirn € TIM kinases in which they
facilitate promotion of viral infectivity by counteracting *he host antiviral system. The
auxiliary protein Vpx enables lentiviruses to counterac. ‘ne intrinsic host restriction factor
SAMHD1. PIM1 and PIM3, phosphorylate HIV-2 " o¥ at Ser13 and stabilize the interaction of
Vpx with SAMHD1 thereby promoting ul iqu cin-mediated proteolysis of SAMHD1. Inhibition
of PIM kinases promotes the antiviral a.*ivity of SAMHD1, ultimately reducing viral
replication and highlights a novel . er.peutic strategy to restore the hosts antiviral

response (Miyakawa et al., 201}

2.2 PIM kinases in cance -

Activated PIM kinases have been identified in many types of cancerincluding
haematological malignancies such as myeloid and lymphoblastic leukaemias and solid
epithelial tumours such as prostate and pancreatic cancer (Amson et al., 1989;
Dhanasekaran et al., 2001; Arrouchi et al., 2019a). The PIM1 gene was initially identified via
insertion of the proviral integration sites in Moloney murine leukaemia virus (MMLV)-
induced lymphomas which resulted in over 50% of T-cell lymphomas displaying integration

near to the PIM locus (Cuypers et al., 1984). Further experiments revealed an increase in



PIM1 mRNA when the PIM1 gene in transgenic mice was supplied with an upstream
immunoglobulin enhancer and a downstream MMLV. 5-10% of the transgenic mice
developed T-cell lymphomas by 7 months as opposed to zero percent of the control mice,
providing evidence that PIM1 is an oncogene (van Lohuizen et al., 1989). MMLV proviral
integration in mice that lacked the PIM1 gene resulted in the identification of PIM2 which
was expressed in the late stages of MMLV-induced lymphomas and appeared to actas a
compensatory protein in the absence of PIM1 (Allen et al., 19¢ 7). Similarly, mice lacking
PIM1 and PIM2 genes led to the discovery of PIM3 by provirz! tag ging of the c-Myc
transgenic mice (Mikkers et al., 2002). The frequency of vi."'/-induced lymphomas in PIM1
transgenic mice is quite low while the tumours laten ' is relatively high suggesting that the
PIM genes are ‘weak’ oncogenes despite being rs~nt in many types of cancers. PIM
proteins do not appear to drive cancer si.igl -handedly, however, working in concert with
other robust oncogenes, such as c-\,~ they can considerably boost the pro-tumorigenic

effects of these oncogenes compared tc their effects alone (van Lohuizen et al., 1989).

This synergism was first sugg=s.>d when it was shown that 95% of MMLV-induced tumours
in Ep-PIM1 transgenic m'ce, engineered to overexpress PIM1 in lymphocytes resulted in an
overexpression of c-Myc r N-Myc due to insertion of the provirus (van Lohuizen et al.,
1989). Under normal conditions, c-Myc has a half-life of approximately 20 minutes,
however, experiments both in vitro and in vivo show that phosphorylation on Ser329 along
with other possible phosphorylation sites by PIM1 and PIM2 stabilises c-Myc increasing its

oncogenic transforming potential (Amati et al., 1998; Yeh et al., 2004; Zhang et al., 2008).

PIM1 is overexpressed in over half of prostate cancers (Dhanasekaran et al., 2001) and in

murine models of Myc-driven prostate cancer (Ellwood-Yen et al., 2003). Stable



overexpression of PIM1 did not result in the transformation of benign RWPE-1 cells into
malignant ones but did enhance tumorigenesis in human prostate cancer cell lines LNCaP
and DU145. PIM1 phosphorylates androgen receptor at Ser213 in hormone refractory
prostate cancerimpacting gene transcription and correlates to aggressive disease (Ha etal.,
2013). Studies have indicated that PIM1 is expressed in androgen-dependent prostate
cancer (ADPC) and castration-resistant prostate cancer (CRPC) (Holder et al., 2014).
Androgen deprivation therapy (ADT) did not affect PIM1 expre scion and it is hypothesized
that PIM1 may be important in the proliferation and differer."iatiin of prostate cancer
during ADT (Wang et al., 2017) and hence a potential ta ge: for treatment particularly in
CRPC. PIM kinase inhibitors halted the growth of hui. an _riple-negative breast cancer
tumours with elevated Myc expression in patie 1t- derived tumor xenograft (PDX) and Myc-
driven transgenic mouse models of breas ¢ ce nce. by inhibiting the oncogenic transcriptional
activity of Myc and restoring the funcion of the endogenous cell cycle inhibitor, p27.
Therefore, PIM kinase inhibition pres :n's a novel targeted therapy against triple-negative

breast tumors with elevated M vc e.:pression (Horiuchi et al., 2016).

PIM kinases may also ha* < ~ ruie in the stromal cells of the tumour microenvironment such
as cancer associated fibrc blasts (CAFs). CAFs secrete growth factors and extracellular matrix
(ECM) proteins involved in supporting cancer cell growth and regulating cancer cell
migration and tumour associated angiogenesis (Tao etal., 2017). Evaluation of prostate
cancer biopsies demonstrated PIM1 overexpression in stromal fibroblasts. In vitro PIM1
overexpressing fibroblasts demonstrated an enhanced ability to differentiate into
myofibroblasts in co-cultures with primary prostate cells, BPH1s, and an enhanced
expression of CAF-associated markers, including COL1A1, CCL5 and PDGFR. Inhibition of

PIM1 with AZD1208, decreased the number of aSMA-positive myofibroblasts and reduced



the secretion of collagens including COL1A1 and the expression of PDGFR. While AZD1208
had no effect on the growth of primary prostate cells alone, when AZD1208 was added to
co-cultures of BPH1 cells and PIM1 overexpressing fibroblasts, the ability of the fibroblasts
to enhance BPH1 proliferation was reduced. These data suggest that the fibroblast to CAF
transition and the ability of CAFs to stimulate prostate epithelial cell growth is enhanced by
PIM1 activity. More researchin this area is essential to further unravel the regulatory role of
PIM kinase in CAFs in driving tumorigenesis in prostate and otl er cancer types (Zemskova et

al., 2015).

2.3 PIM kinase substrates

The preferred substrate specificity of PIM1 is the ar ano-.cid sequence K/R-X-X-X-S/T-X,
where X is any residue that is not basic or larg = anu hydrophobic (Friedmann et al., 1992).
Further studies utilising stepwise replacern. :nt of this sequence yielded a target site of R-X-
R-H-X-S where X is any amino acid, r..ia,ng a more precise recognition sequence for both

PIM1 and PIM2 (Peng et al., 200~).

PIM kinases exert their onc>ger ¢ effects in many ways including regulation of tumour cell
proliferation, metabzi.-m >+d motility via phosphorylation of downstream substrates. PIM1
is capable of directly phosphorylating the cell cycle suppressor and CDK2 inhibitor p21 at
Thrl45 and indirectly at Ser146, stabilising and localising it within the cytoplasm thereby
enhancing tumour cell proliferation as cytoplasmic p21 has been linked to oncogenicity
(Zhang et al., 2007). PIM kinases also regulate p27 both indirectly at the transcriptional level
and directly via phosphorylation of the protein. PIM kinases are capable of phosphorylating
and thereby inactivating the transcription factors FoxOla and FoxO3a, two members of the

Forkhead box O (FoxO) family. These transcription factors are responsible for the expression
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of p27 and their phosphorylation by PIM leads to a suppression of the gene. All three PIM
kinases are also capable of directly phosphorylating p27 at Thr157 and Thr198, leading to
p27 binding to 14-3-3 protein, causing its export from the nucleus and subsequent
proteasome-dependant degradation (Morishita et al., 2008). Due to its role as a regulator of

the cell cycle, its degradation by PIM kinases result in proliferation of tumour cells.

PIM kinases are known to regulate other tumour suppressor proteins such as p53, an
important transcription factor responsible for cell cycle arrest . 1 apoptosis in DNA
damaged cells. PIM1 was found to phosphorylate Mdmz2, th= 22 ubiquitin ligase responsible
for p53 degradation at Ser166 and Ser186, thereby inci 3sing p53 expression which may
cause the cellular senescence observed in primary mui. e embryo fibroblasts (Hogan et al.,
2008). Cell cycle progression is also mediated *.ur,h PIM kinase regulated phosphorylation
on the dual-specificity phosphatases, Cc.~25 1 and Cdc25C. Cdc25A is also a substrate for c-
Myc and may provide a link for crossta:.- between the two in terms of their synergistic
capabilities (Mochizuki et al., 1992, F./A1 is capable of phosphorylating Cdc25A directly,
enhancing its phosphatase a~tiv.*v (Bachmann et al., 2006). PIM1 was also found to
phosphorylate C-TAK1 ki.as 2, a negative regulator of Cdc25C. This results in reducing its
ability to phosphorylate ¢ nd inactive Cdc25C, thus, promoting cell cycle progression at the

G,/M phase (Bachmann et al., 2004; Bachmann et al., 2006).

PIM kinases can enhance cell survival through phosphorylation of the protein BAD at
Ser112, leading to its dissociation from Bcl-2 promoting anti-apoptotic activity (Yanet al.,
2003). All three PIM kinases are capable of phosphorylating NOTCH1 at Ser2152, leading to
nuclear localisation and transcriptional activity of the NOTCH1 intracellular domain (N1ICD).

PIM kinase phosphorylation of NOTCH1 was found to promote migration of prostate cancer

11



cells while it regulates glucose metabolism and mitochondrial function in breast cancer cells
(Santio et al., 2016). Glucose metabolism is highly important in tumorigenesis as
proliferating cells need energy to fuel their growth. In studies concerning hepatocellular
carcinoma (HCC), high PIM1 expression was observed and associated with metastatic
potential. Knockdown of PIM1 reduced glucose uptake by HCC cells and decreased levels of
glycolytic pathway intermediates was observed, indicating the importance of PIM kinase
activity in metabolism and its effects on tumour progression. |1 this study, Akt was found to
be a substrate for PIM1, promoting Akt-mediated glycolysis .'llow ing survival of the hypoxic

tumour microenvironment (Leung et al., 2015).

2.4 PIM kinases and immune modulation

The role of PIM kinases in immune modulatior - co.nplex and not fully elucidated. However
it has been shown that they modulate t! = s'irvival and function of immune cells by
employing glycolysis and IRES translatic~ targets to redirect the immune cells against
antitumor immunity to defend ce..car cells (Jinesh et al., 2016). Tumor necrosis factor and
Toll-like receptor ligands can inu 'ce the expression of PIM1. PIM2 is regulated by FoxP3 in
Treg cells causing Treg c 211 « xpansion and stimulating immune tolerance and hence
protecting cancer cells ag ainst immune attack (Basu et al., 2008; Deng et al., 2015).
Daenthanasanmak et al. demonstrated that PIM2 negatively regulated T cell responses to
alloantigenin contrast to PIM1 and PIM3 which acted as positive regulators
(Daenthanasanmak et al., 2018). Silencing PIM2 in polyclonal or antigen specific CD8+ T cells
enhanced their antitumour response in adoptive T cell immunotherapy. PIM kinases were
recently shown to orchestrate tumour immune escape and support Reed-Sternberg cell
survival and are a promising target in Hodgkin lymphoma (Szydtowski et al., 2017). Given the

role of PIM kinases in tumour immunity they have the potential to interact directly or
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indirectly with immunotherapies and may benefit a combination approach with checkpoint

inhibitors.

2.5 Parallel pathways of PIM kinase

The phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamycin
(mTOR) make up crucial interconnected signalling pathways involved in many cell processes
such as growth, survival and metabolism. As such, they play a key role in promoting
tumorigenesis as their aberrant activation leads to dysregulat~- cc'l growth, survival,
angiogenesis and metastasis (Porta et al., 2014). These sir,na\'ing pathways interplay with
PIM kinases extensively, often with parallel and overl~ . n11.3 mechanisms of action (Figure
1). PI3K is a lipid kinase that can phosphorylate PIP2 to tc:m PIP3, allowing for recruitment
of Akt and PDK1 to the plasma membrane fo: furtner signalling. PIK3CA, the gene coding for
the p110a catalytic subunit of PI3K is ofte;. mutated in different cancer types resulting in
activation without an upstream initi~.ng _ignal from receptor tyrosine kinases (Gyori et al.,
2017). Akt is phosphorylated an~ acu jated by PDK1 and mTORC2, allowing it to activate
mTORC1 (Mabuchi et al., 201>} Lual inhibition of PIM and PI3K’s catalytic subunit P110a,
produced antineoplastic effe :ts in glioblastoma cells suggesting a relationship between the
two kinases thatis not '*-zll understood (Aziz etal., 2018). An indirect relationship has been
elucidated whereby IRS-1, an upstream activator of PI3K, is phosphorylated by PIM kinases
at Ser1101 (Song et al., 2016). Further research is necessary to determine whether PIM

kinases and PI3K have other link points.

PI3K/Akt and PIM have notable overlapping pathways which can primarily be explained by
their similar substrate target sequence (Figure 1) (Obata et al., 2000). Akt is capable of

phosphorylating p21 and p27, Mdm2 and BAD along with others similarto PIM kinase (del
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Peso et al., 1997; Fujita et al., 2002; Zhou et al., 2001a; Zhou et al., 2001b). Along with
having the same substrates, both PIM and Akt show similar activity against cisplatinin
ovarian cancer cells and are important in controlling the chemosensitivity of the cells. PIM2
was found to be induced upon treatment with cisplatin resulting in increased BAD
phosphorylation and cell resistance to DNA damaging agents. Furthermore, sensitivity of
ovarian cancer cells to cisplatin could be enhanced through targeted inhibition of PIM2
(Musiani et al., 2014). Akt was also found to induce resistance te cisplatin with an increase
in cells inSand G2/M phases via its activation of checkpoint ‘ina: e 1 (Chk1) (Zhang et al.,
2016). Thus, with so much in common ranging from suh;ti.*<s to chemoresistance, PIM and

Akt dual inhibition is an exciting emerging therapeut. - st ategy.

An effector protein of Akt is mTOR kinase and i1 ‘:as an important role in controlling the
translational machinery including ribosc.nal protein S6 kinases, and factors involved in the
initiation and elongation steps of the pi ~tein translation process and thus, itis heavily
involved in cell growth and metat..'is\.. (Viel et al., 2017). It is the catalytic component of
MTORC1 and mTORC2 comp!=xc = and its signalling is regulated by both PIM and Akt via its
effectors (Yaoet al., 2017). 2Iivi and Akt both phosphorylate TSC2, a negative regulator of
mTORC1, along with cont olling the AMP:ATP ratio where anincrease leads to activation of
TSC2 (Beharry et al., 2011; Lu et al., 2013). They both also phosphorylate proline rich-Akt
substrate 40 (PRAS40) increasing mTOR kinase activity (Aziz et al., 2018). As a result, there is
increased 4EBP1 and p70S6 kinase phosphorylation leading to translational activity. PIM
kinases were shown in CLL patients to promote cell migration in a CXCR2-mTOR dependant
manner (Bialopiotrowicz et al., 2018). Thus, a rationale exists for combinatorial therapy for
PIM and mTOR along with Akt and even PI3K due to their overlapping and often parallel

pathways.
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3. PIM kinase mediated resistance

Due to their integration in many oncogenic signalling pathways it can be expected that PIM
kinases contribute a substantial role in mediating resistance to many targeted treatments as
well as chemotherapy and radiotherapy (Table 1). Overcoming acquired resistance to
treatment is one of the biggest challenges for clinicians today. The mechanisms underlying
this resistance are broad and complicated ranging from specific mutational mechanisms to
non-mutational and even epigenetic factors (Lackner et al., 202.2\. PIM kinases mediate their

resistance through a number of different mechanisms via it< s ~=_ific substrates.

3.1 Regulation of resistance to chemotherapy

An important effector of resistance to chemothr.ic pv is the ATP-binding cassette (ABC)
transporters, a protein family that functio’. 1y u>e efflux of ions, lipids, amino acids,
peptides, proteins and drugs (Mahacdavan & Shirahatti, 2005). PIM1 phosphorylates the ABC
transporter BCRP/ABCG2 at Thr362 9roi,.oting BCRP dimerization and ultimately its plasma
membrane localization. Both p ow ins are upregulated in mitoxantrone- and docetaxel-
resistant prostate cancer c.'ls. 1-iM1 knockdown re-sensitised these cells to
chemotherapeutic as nts. Similarly, the drug resistant activity of BCPR was impaired by a
T362A mutation, showing PIMs importance in mediating resistance (Xie et al., 2008). PIM1
has also been shown to phosphorylate the ABC transporter P-glycoprotein (Pgp), a protein
that when exported from the endoplasmic reticulum (ER) can either be glycosylated to form
an active transporter protein, cleaved by ER proteases or be ubiquitinated and subsequently
degraded by the proteasome. PIM1 knockdown was found to decrease cell surface Pgp with
an increase in ubiquitinated Pgp suggesting PIM-specific phosphorylation of Pgp promotes

its stabilisation, thus preventing its degradation (Xie et al., 2010). PIM1 inhibition sensitised
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Pgp-overexpressing cells to doxorubicin. Thus, PIM inhibition may be a novel approach to

combatting standard chemotherapy resistance in cancer patients.

3.2 Resistance to radiation therapies

PIM kinase has also been shown to induce resistance to radiation therapies. In particular,
prostate cancer patients have a risk of up to 40% failure of primary therapies such as
surgery or radiation (Siegel et al., 2014). Prostate tumours often have hypoxic regions that
canrender them more resistant to radiation therapy (Turaka ~* ai., 2012). This in part, can
be attributed to PIM1 activation in response to processes suc as hypoxia and radiation
which can then enhance tumorigenicity in tandem wi’:. <-; 1yc (Kim et al., 2011). This
highlighted the potential to target PIM1 in prostate _anccr in combination with radiation
therapy using AZD1208. Combination treatmc 1t with radiation and AZD1208 resulted in
greater and more sustained tumour groww inhibition than either treatment alonein
castrate-resistant prostate cancer (Ci™C) .nice (Kirschner et al., 2015). The success of this
treatment plan may be due to th2 ro.c PIM1 overexpression has in stabilising p53, as
inhibition with AZD1208 alone “vould result in decreased levels of the tumour suppressor
(Hogan et al., 2008). Sinc e ra liation therapy can strongly induce p53 expression, this may
account for the added e*/icacy of the combination as well as PIM1’s role in resensitising

tumours to radiation.

In non-small cell lung cancer (NSCLC), PIM1 can also exert radiation desensitising effects in
patients leading to treatment resistance. Kim et al. showed that radiation led to PIM1
overexpression, reduction in protein phosphatases PP2A and PP5, resulting in PIM1
translocation to the nucleus. Nuclear PIM1 increases PRAS40 phosphorylation, which can

then form a trimer with 14-3-3 and phosphorylated FOXO3a to move into the cytoplasm.
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Cytoplasmic FOX0O3a has been linked to decreased pro-apoptotic protein expression and
radiation therapy resistance (Kimet al.,2013). PIM1 expression is also associated with EGFR
expression which is known to promote resistance to radiotherapy (Peltola et al., 2009). Kim
et al. used three PIM1 inhibitors to determine their radiosensitising capabilities, SGI-1776,
ETP-45299 and tryptanthrin. They were found to disrupt the processes described previously
that lead to radiation resistance, resulting in promotion of FOX3A transcriptional activity for

expression of proapoptotic proteins inradioresistant cells.

3.3 Regulation of resistance via PI3K/Akt/mTOR pathway

The PI3K/Akt and mTOR pathways, discussed previov.. ae integral to cell growth and
survival and therefore present themselves as key ta'gets ‘or anticancer therapies. Their
inhibition has been documented and has pro.=n erticacious in clinical trials. For example,
MTOR inhibition with the first-in-class druz CCI-779 paved the way for further clinical
programs due to its enhancement of 5 'rvival rates in patients with advanced renal cell
carcinoma (Faivre et al., 2006). '~owe -er, this treatment proved inefficacious as the trials
progressed due to reciprocal 1. =aoack loops that counteracted antitumor activity and
promoted resistance Siinilar y, Akt inhibition resulted in up-regulation of receptor tyrosine
kinases (RTKs) which we~ found to be the result of PIM1 activity. PIM1 increased expression
of RTKs in prostate cancer patients in a cap-independent manner via control of internal
ribosome entry (Cen et al., 2013; Chandarlapaty et al., 2011). PIM1 mediated resistance to
Akt inhibition was confirmed when a combination of Akt and pan-PIM inhibitors, GSK690693
and SMI-4a respectively, led to a synergistic inhibition of prostate tumour growth both in
vitro and invivo (Cen et al., 2013). In more recent studies, PIM kinases have been

implicated in their overlapping role with the PI3K/Akt/mTOR pathway in ovarian cancer.
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Work is being considered on how to bring the overlapping components to a clinical

treatment for ovarian cancer (Aziz et al., 2018).

3.4 Resistance to angiogenesis inhibitors under hypoxic conditions

Another key mechanism by which PIM kinases exert their resistance to anticancer therapies
is their increased expression under hypoxia. Hypoxia in canceris characterised by a low level
of oxygen within a tumour environment (Muz et al., 2015). It is usually due to poor
vasculature and is correlated with cell survival, proliferation, r~<is.2nce and is often a poor
diagnostic marker in patients with solid tumours (Warfel x ki Deiry, 2014). It has been
found that PIM kinases are expressed due to hypoxia ... a :!IF-1 independent manner and
are implicated in providing protection to the tumou’ mic,oenvironment by promoting
angiogenesis and cell survival (Chauhan & Wt fel, 2018). This provided a rationale for a role
for PIM kinases in resistance to anti-angio, =nic drugs. It was found that PIM was
upregulated in response to treatmer.. “viu. anti-VEGF therapies with PIM1 reducing the
drug’s efficacy in disrupting vasc ilature and blocking tumour growth (Casillasetal., 2018).
HIF-1a is known to bind to the Pliv2 promoter and promote its expression, while PIM2 in
turn is capable of bindin_ to he transactivation domain of HIF-1a allowing for its
transcription in respons - to hypoxia, creating a positive feedback loop that is key to driving
tumour progression (Yu et al., 2014). As well as being upregulated in a HIF-1 dependent
manner, PIM1 is regulated in a HIF-1 independent manner in response to hypoxia. It was
seen that hypoxia protects the degradation of PIM1 from the proteasome allowing for its

continuation inits role in cell survival (Chen et al., 2009).

3.5 Resistance to rapamycin and immune evasion
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The immunosuppressive drug rapamycin, targets and disrupts cytokine signalling
responsible for lymphocyte growth and differentiation (Dumont & Su, 1996). It also has
displayed anti-tumour properties through its inhibition of mTOR, a central component of
signalling pathways containing tumour suppressor genes and oncogenes (Law, 2005). Fox et
al. showed that PIM1 and PIM2 are regulators of sensitivity in T cells as PIM deficient mice
did not respond to pro-survival cytokines (Fox et al., 2005). This was converse to wild-type
mice exposed to rapamycin, which failed to fully inhibit T cell j roliferation, growth and
survival. This immune evasion mediated predominately by PIM2 rromoted cell survival
through phosphorylation of BAD, retaining the protein v/iti.i~ the cytoplasm and attenuating
its pro-apoptotic properties (Petros et al., 2004). The "efo.e, rapamycin serves only as a
semi-effective immunosuppressant. PIM kinase iraihition could enhance rapamycin’s
immunosuppressive properties in a cliniral s 2tth.g fora manner of different treatments such

as preventing transplant rejection and as an anticancer therapy.

3.6 Resistance to HER2/ EGFR tyr~..ne winase inhibitors

The mechanism of action of HZRz targeted therapies trastuzumab and lapatinibin HER2
positive breast cancercells it in part through BAD de-phosphorylation and activation and its
subsequent inhibition c* survival signalling. Akt and RSK are known to phosphorylate BAD
therefore itis possible that BAD inactivation represents a common downstream node
through which resistance induced by PI3K or MAPK pathway activation is partly mediated
and through which HER2 activation itself promotes survival in the absence of anti-HER2
treatment. A study by Moody et al. discovered that expression of the survival kinases
PRKACA and PIM1 rescued cells from anti-HER2 therapy (Moody et al., 2015). The resistance

effect conferred by overexpression of both PRKACA and PIM1 is at least in part mediated
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through the restoration of anti-apoptotic signalling. This study highlights a role for

combined anti-HER2 and PIM kinase therapy in HER2-positive breast cancers.

A common cause of many types of cancer lies in gain-of-function mutations of the epidermal
growth factor receptors (EGFRs) which propagate growth signals to downstream targets
such as PI3K, MAPK and JAK2/STAT3 without mitogen activation (Sigismund et al., 2018).
EGFR amplification, transcriptional upregulation and excess ligand production from
autocrine and paracrine factors also contribute to their uncont: . 'led signalling. These
receptor tyrosine kinases (RTKs) are responsible for pathw=''s :*:ch as cell growth,
proliferation, cell cycle progression and survival (Lazzat. at al., 2010). The development of
EGFR TKIs has led to the replacement of standard cher, -itherapy in NSCLC patients with
sensitising mutations in the EGFR TK domain (X."ac'ialiou et al., 2018). However, like all
targeted therapies the emergence of ac.uir.d resistance is inevitable (Figure 2). The
activation of signalling nodes such as $:°AT3 and YAP1 as well as the upregulation of
different RTKs such as CDCP1 anc 7 XL upon EGFR inhibition alsoresult in EGFR drug
resistance (Chaib et al., 2017 Kamachaliou et al., 2018). A recent study showed that
combining PIM and EGFF. ir.ibitors in EGFR-mutation positive NSCLC cell lines was
moderately synergistic bt t decreased STAT3 phosphorylation, an important signalling node

in therapy resistance (Bracht et al., 2019).

Activation of the MET gene is involved in ~ 22% of EGFR-TKI acquired resistant specimens
(Engelman et al. 2007) and PIM1 regulates MET expression and signalling through
phosphorylation of elF4B thereby controlling translation of MET (Cen et al., 2014).
Therefore, we hypothesise that PIM inhibition may be an effective treatment in MET

amplified EGFR TKI resistant cells.
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3.7 Resistance to MET inhibition

MET is a cell surface RTK for hepatocyte growth factor and is involved in unrestrained cell
growth, angiogenesis and metastasis making it an attractive target for anticancer
therapeutics. This has led to the development of many MET inhibitors, and clinical trial data
demonstrates that patients with MET amplified tumours benefitting hugely from drugs such
as tivantinib (Gentile et al., 2008; Santoro et al., 2013). Other trials demonstrated that
NSCLC patients responded rapidly from treatment with crizotin.. however, this efficacy was
not observed in phase Il clinical studies, leading to the pos<ihi.:*, of acquired resistance to
the drug (Cecchi etal., 2012). PIM1 regulates MET expre-sionand experiments have shown
that PIM1 and PIM3 are upregulated in a feedback ira. tion loop upon MET inhibition (Cen
et al., 2014). The levels of PIM kinases increase . s t'ie cancerous cells adapt to increasing
doses of the MET inhibitor. Furthermore, intibition of PIM whether by siRNA or small
molecule inhibitors, was found to re-se. <itise the cell to MET inhibitors. Acquired savolitinib
(a potent and selective MET inhili.or) . esistance in NSCLC arises via multiple mechanisms
that converge on MET indepenucnt mTOR, Myc activation and a requirement for PIM kinase
signalling with PIM inhib’ac.~ restoring savolitinib sensitivity both in vitro and in vivo (Henry
et al., 2016). This provide. a rationale for dual treatment of PIM and MET inhibition for
MET-dependant tumours such as, prostate and gastric cancers that have shown decreased

efficacyinclinical trials due to acquired resistance (An et al., 2015).

DrugName Target Study

Radiation NSCLC Kim W et al. 2011
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Radiation NSCLC Kim A et al. 2013
Docetaxel ABC transporter BCRP/ABCG2 Xie et al. 2008

CCI-779 mTOR Kurmasheva et al. 2006
GSK690693 Akt Cenetal. 2013
AZD5363 Akt Meja et al. 2014
Anti-VEGF VEGF Casillasetal. 2017
Rapamycin mTOR Kurmasheva et al. 2006
Trastuzumab HER2 N Moody et al. 2014
Osimertinib EGFR Ut Bracht et al. 2019
AZD6094 MET ", Ningfei et al. 2015
Doxorubicin ABC transporter ?gp Xie et al. 2010

Table 1 Anti-cancer treatments, thei~ *arg 2ts and the relevant study which highlighted PIM

kinase’s role in resistance to treacme t.

4.0 Targeting PIM kinase

4.1 Pan-PIM kinase inhicitors

Due to their overexpression in different types of cancers and their role in cancer progression
pathways such as cell survival, cell cycle progression and metastasis, PIM kinases present
themselves as potential therapeutic targets in cancer patients. Due to the redundancy of the
three PIM kinase proteins, small molecule inhibitors have greater efficacy in treatment by
inhibiting all three PIM kinases. This stems from knockout experiments on mice where those
lacking all three PIM kinases displayed reduced size and body weight as well as being less

responsive to haematopoietic growth factors. Despite these effects, the mice remained
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viable and fertile suggesting that targeting all three PIM isoforms could be efficacious
(Mikkers et al., 2004). Another rationale for PIM kinases being desirable targets of small
molecule inhibitors is their unique and novel ATP binding pocket that was observed by
crystallographic studies and peptide library screens (Bullock et al., 2005). X-ray structure
analysis of PIM1 in conjunction with kinase inhibitors, staurosporine and adenosine revealed
these novel kinase mechanisms (Jacobs et al., 2005). The enzyme consists of two domains
linked by a hinge region. The active site is surrounded by the F rge region (residues 122-
127), the activation loop in the C-terminal domain (residues '86-110) and a glycine-rich loop
in the N-terminal domain (residues 44-55). The uniquen :ss ‘= PIM1 can be seen inits
employment of Pro123 into a position that in most L.nte n kinases proline is absent. In all
other kinases this position is utilised for hydrog::n ponding between the main chain amide
group and ATP, Pro123 in PIM1 stericallv olo :ks (his interaction. Thus, only 1 hydrogen bond
exists between the kinase and ATP o1 ATP mimetic inhibitors while other Van der Waal or
hydrophobic forces are capable of ali z1n ng correct substrate positioning. The hinge region is
also unique inthat it possesse« a z- residue insertion compared to CDK-2and JNK-3 and a
single residue insertion relav = to PKA which share high sequence homologies (De Bondt et
al., 1993; Xie etal., 1952 Jacobs et al., 2005). These insertions result in the hinge region
bulging away from the ATP-binding site by approximately 4A. This unique hinge region that
is structurally distinct from other kinases along with possible polar interactions with

Pro123’s carbonyl oxygen could offer scope to designing PIM specific targeted inhibitors.

As PIM kinases are constitutively active, all PIM inhibitors are type | kinase inhibitors, i.e.
those that bind to the enzyme in its catalytically active state (Roskoski, 2016). PIM kinase
inhibitors can be divided into ATP-mimetics that interact in place of ATP at Glu121 in the

hinge region and non-ATP-mimetic inhibitors that disrupt the salt bridge that confers
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catalytic activity via interaction with Lys67 (Bogusz et al., 2017). While most reported PIM
inhibitors are ATP-mimetics, non-ATP-mimetic inhibitors would prove to be more specific

due to their binding at residues opposite the binding pocket.

CX-6258 is a potent non-ATP-mimetic inhibitor of all three isoforms pertaining to a class of
oxindole-derivatives. It was found that all PIM kinase proteins along with another kinase
FIt-3 were inhibited by over 80% by 0.5uM CX-6258 in a panel of 107 kinases, thus displaying
high selectivity. It unsurprisingly showed antiproliferative activ:. ' against cell lines derived
from both solid tumours and haematological malignancies ~s\.~~ially acute leukaemias. In
human AML cells, CX-6258 inhibited phosphorylation oi *he pro-survival proteins BAD and

4EBP1 at PIM kinase specific serine and threonine site. ‘Haddach et al., 2012).

A class of imidazo[1,2-b]pyridazines were ide: tified as PIM kinase inhibitors with SGI-1776
being identified as a lead compound. Thes  inhibitors are also non-ATP-mimetic compounds
that do not interact with the hinge r-an and have been shown to have antileukemic
properties (Pogacic et al., 2007) 'n C.L patients, the PIM gene was found to be
overexpressed, while nanomoior concentrations of SGI-1776 were shown to inhibit all three
isoforms (Cohen et al., 2704) It was proposed that the mechanistic action of this inhibitor
lies in PIM’s synergism*".ch c-Myc and that disruption of c-Myc activation by PIM inhibition
could lead to a decrease in oncogenic transformation in primary lymphocytes of CLL patients
(Chen et al., 2009). Treatment with SGI-1776 promoted apoptosis as well as inhibiting RNA
synthesis. SGI-1776 reached phase I clinical trials for refractory prostate cancer and
relapsed/ refractory non-Hodgkin lymphoma but was terminated due to toxicity owing to
cardiac QTc prolongation in patients (NCT00848601). Other promising imidazopyradazines

include ETP-45299, which displayed PIM specific inhibition with a Ki for PIM of 30nM,
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resulting in significantly decreased phosphorylation of BAD and 4EBP1 along with inhibition
of proliferation in leukaemia cell lines (Blanco-Aparicio et al., 2011). Further studies,

however, were unable to proceed due to ETP-45299's instability in vivo.

A class of benzothienopyrimidinones were found to be potent inhibitors of all three PIM
isoforms. Tao et al. discovered that compound 14j inhibited the myelogenous leukaemia cell
line K562, with high selectivity against a range of functionally distinct kinases. It was shown
to have an EC50 value of 1.7uM and Ki values for all three PIM ._~forms of 2, 3 and 0.5 nM
respectively. Similar to other inhibitors already discussed, this ~'4ss inhibits phosphorylation
of BAD. It was shown to have a bioavailability of 76% a1.~r oral dosage and ADME profiling
has shown that the compound has a long half-life in hu.nan and murine liver microsomes

with good permeability and reasonable protein -.ncing (Tao et al., 2009).

Novel benzylidenethiazolinediones were s, athesised and found to potently block PIM
phosphorylation of BAD in prostate <« ~ce. and leukaemia cell lines inducing G1/S cell cycle
arrest as well as blocking anti-apptotic effects of PIM kinase. This cell cycle arrest was
suggested to be due to inhibiu ~n of CDK2 along with nuclear translocation of p27 (Beharry
et al., 2009). Specifically 5-(: -Trifluoromethylbenzylidene) thiazolidine-2,4-dione (SMi-4a)
was screened and founc' .0 be a potent PIM1 inhibitor with high selectivity over 50 other
protein kinases tested. A model for lead optimisation was found by computational docking
of 4a with PIM1 and a number of derivatives were synthesised with new compounds
displaying IC50 values of 13nM and 2.3uM for PIM1 and PIM2 respectively. Additional
screenings led to higher selectivity of PIM1 by 2,500-fold and PIM to by 400-fold (Xia et al.,
2009). Further work on SMI-4a has shown its ability to induce G1 cell-cycle arrestin pre-T-

LBL cells along with DU145 prostate cancer cells and MV4-11 myeloid leukaemia cells (Lin et
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al., 2010). It is currently under preclinical trials for AML treatment in other haematological

cancers including CML and B-cell ALL (Fanet al., 2017).

A potent pan-PIM inhibitor, LGB321 has shown significant antiproliferative activity in
haematological malignancies such as ALL, AML, multiple myeloma (MM) and Non-Hodgkin
Lymphoma (NHL) (Garcia et al., 2014). In more recent studies, LGB321 has been shown to be
efficacious ininducing apoptosis in primary human CLL cells. Itis considered a viable
treatment option due to blocking PIM1/CXCR4-induced interac..nn of CLL cells with the
protective tumour microenvironment as well as disrupting P11, and PIM3 induced CLL-cell

survival (Decker et al., 2016). Based on these results, cli."ical trials are warranted.

A pan-PIM inhibitor, LGH447 displayed activity in re'apsed refractory multiple myeloma cell
lines by inhibiting proliferation, mMTORC1 sigr." lling along with phosphorylation of BAD. It
was also shown to inhibit tumour growth .. mouse subcutaneous xenograft models of MM
and AML suggesting its possible effi~a ~v 1.« AML patients as well (Langowski et al., 2013). In
2012 a phase I trial on oral LGHZ:17 1. patients with relapsed/ refractory MM commenced
and the outcome of this trial 15 expected later this year (NCT01456689). However, initial
published results have it dicated good tolerance overall in patients who have had no

effective treatment opti~.as (Linet al., 2010).

INCB053914, an ATP-competitive pan-PIM inhibitor, has been shown preclinically to
decrease proliferation and activation/phosphorylation of downstream substrates of PIM
kinases (Koblish et al., 2018). Initial results from an ongoing Phase | monotherapy dose
escalation study in patients with advanced malignancies has indicated preliminary safety
and efficacy (NCT02587598). Ex vivo treatment of AML patient derived primary bone

marrow blasts with INCB053914 decreased phosphorylation of p70S6K and 4EBP1 and
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increased PIM2 expression (Byrne et al., 2017). A recommended dose was identified from
this Phase | study for use in the current follow on phase Il investigating the combination of
NCB053914 with other targeted therapies for the treatment of B-cell lymphoma

(NCT03688152).

AZD1208 is another ATP-competitive, pan-PIM inhibitor that was shown to reduce
proliferation and increase apoptosis in AML and prostate cancer (Keeton et al., 2013;
Kirschner et al., 2014). Recently published results from two par..'el phase | studies of
AZD1208 monotherapy indicated it had a manageable safet . ~/ile with a tolerated dose of

up to 700 mg in AML and prostate cancer, however no 'inical efficacy was observed.

In conclusion, aside from SGI-1776, there are a num'ser o0 pan-PIM inhibitors such as
LGH447, NCB053914 and AZD1208 that appe-r to ne well tolerated by cancer patients.
However, the lack of clinical responses in . »th haematological and solid tumours suggests
that targeting PIM kinases alone ma, >= 1.sufficient to achieve the desired therapeutic
effect. Instead dual-targeting ag«nts or combination approaches may be more efficacious
and effective in generating du, ~bie clinical outcomes. Drug repositioning efforts using
molecular docking analy:is t) investigate whether known drugs have binding ability against
the PIM kinases have sk~ wn nilotinib, vemurafenib and idelalisib all have binding ability to

PIM-1 kinase (Arrouchi et al., 2019b).

4.2 Targeting PIM kinase via dual-targeted inhibitors

Testing of a first-in-class dual PIM and FLT3-ITD inhibitor, SEL24-B489 is underway for AML
patients (Czardybon et al., 2018). Fms-like tyrosine kinase 3 internal tandem duplication
(FLT3-ITD) is a common genetic lesion in AML patients with 70% of newly diagnosed patients
exhibiting its expression with a further 30% showing activating mutations of the receptor
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(Thiede et al., 2002). Mutated FLT3 phosphorylates STAT5, MAPK and BAD allowing for cell
proliferation and survival (Mizuki et al., 2003). These overlapping substrates with PIM
kinases provide a rationale for the development of a dual PIM/FLT3 inhibitor, alongside
increased expression of PIM kinases in AML patients treated with a single FLT3 inhibitor
(Kim et al., 2005). FLT3 inhibitor-mediated expression of PIM2 induced resistance to
inhibition as well, providing further reasoning for the importance of a dual inhibitor. SEL24-
B489 showed on-target activity in pre-clinical models of AML ¢ t 'ow-micromolar
concentrations and was efficacious in blocking FLT3-ITD-trigg erec pathways along with
phosphorylation of PIM kinase substrates, resulting in d :cic~sed survival of AML cell lines
and primary AML blasts (Green et al., 2015). Dual ini.*hiti on also restored sensitivity to FLT3
inhibition by blocking direct PIM phosphorylatic n of the FLT3-ITD receptor. This
phosphorylation by PIM has been shown (o i educe receptor-inhibitor affinity (Natarajan et
al., 2013). Other results from this stu."’ have shown that SEL24-B489 suppresses signalling in
many different pathways resulting in decreased proliferation, protein translation and
metabolism. The inhibitor has ‘ece. tly been cleared for phase I/l trial in AML patients with

further work still continuing (N, T03008187).

The combination of a par -PIM kinase inhibitor and a PI3K inhibitor indicated synergistic
anti-cancer effects in vitro and in vivo in haematological malignancies including Non-
Hodgkinson’s lymphoma and CLL, supporting the rationale to design a single dual targeting
PIM and PI3K inhibitor (Koblish et al., 2018). In preclinical studies IBL-202, a dual targeting
PIM and PI3K inhibitor, has demonstrated superior cytotoxic activity in CLL cells in vitro
compared to PI3K inhibitor Idelalisib alone, in addition to significantly reducing the

proliferative, migratory capacity of leukaemia cells (Crassini, 2018).
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A pan-PIM kinase and PI3K/mTOR inhibitor IBL-302 was effective and tolerable in pre-clinical
testing on over 700 cell lines with a PI3K mutation and high PIM kinase expression Screening
identified neuroblastoma as a strong candidate for PIM/PI3K/mTOR inhibition. IBL-

302 treatment alone reduced tumor growth in vivo, combination therapy with low-dose
cisplatin inhibited neuroblastoma PDX growth (Mohlin et al., 2019). IBL-302 may also benefit
one third of patients with breast cancer who have a mutated PI3K pathway and those with
resistant triple negative breast cancer who have high PIM kinz :¢ expression (Horiuchi et al.,

2016).

The design of single agent, multi-molecularly targeted i, hibitors is a relatively new and
emerging field of research in cancer therapeutics. We . eculate that simultaneous inhibition
of PIM kinases in addition to other parallel prc-v mrrigenic kinases may not only provide a
more robust and clinically efficacious ag ~ro.ch to cancer treatment but also a less complex

and more cost-effective patient treatmcnt regime.

5. Co-targeting PIM kinase via comu:nation therapies

Due to their limited efficac, as o single targeted therapy as well as the role PIM kinases play
in mediating resistar.c> tu ~.ner anticancer therapies, PIM kinase inhibitors may be most
efficacious when used in co-targeting treatments strategies. The dual inhibition of PIM
kinase along with another pathway inhibitor could prove more advantageous in treatment

of patients than either inhibitor acting alone.

5.1 Inhibition of PIM kinase and the translation machinery

The oxindolo-furanyl based pan-PIM inhibitor CX-6258 previously described, was used in

combination with the RNA polymerase | inhibitor CX-5461, which blocks transcription of
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rRNA. The advantage to inhibiting this particular biological process is that in Myc-driven
tumours such as prostate cancer, Myc has been shown to upregulate ribosomal biogenesis
and overexpress its synthesis (Grandori et al., 2005). PIM kinases mediate resistance to
conventional therapies by their phosphorylation of 4EBP1 at Ser65 to stimulate elF4E-
dependent mRNA translation and increased protein synthesis (Qin et al., 2016). This role of
PIM kinases along with their documented synergy with c-Myc, provides a logical reasoning
to test the dual inhibition of PIM kinases and RNA polymerase . While use of CX-6258 alone
showed limited antiproliferative activity, its combination wit» CX 5461 dramatically
enhanced the suppression of large invasive lesions and uro.¥zration in Hi-Myc mouse
xenografts models of prostate cancer. Furthermore, .n P EN null (low Myc) mouse xenograft
models where CX-5461 had minimal effects alo e, the combination of CX-5461 and CX-6258
was effective at reducing lesion size. The’.e r.:suis provided evidence for the preclinical

efficacy of this combination therapy Rebello et al., 2016).

5.2 Inhibition of PIM kinase and t'.c F.C</Akt/mTOR pathway

Recently, a combination of the nan-PIM inhibitor AZD1208 and mTOR inhibitor AZD2014
was shown to reduce pr.life)ation and induce apoptosis in AML cell lines (Harada et al.,
2015). AZD2014 is a hig“-'y specific mTOR kinase inhibitor for mTORC1 and mTORC2, serving
to block the mTOR pathway (Eyre et al., 2014). The inhibitor duo activated AMPKa which
functions as a negative regulator of mTORC1, which contributed to greater antitumoral
effects in comparison to either drug acting alone. Furthermore, protein expression analysis
showed there to be a decreased expression of c-Myc from AZD2014 inhibition, Myb from
AZD1208 and HSF1 from both inhibitors. HSF1 has been shown to drive translation by

regulating ribosome biogenesis (Mamane et al., 2006; Santagata et al., 2013). Suppression
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of Myc, Myb and HSF1 culminates in a decrease in protein synthesis, thereby counteracting
cell proliferation. Finally, the combination exerted a novel proapoptotic effect due to CH10
(HSPE1), that was not seenin either drug when tested alone (Samali et al., 1999). This
combinational therapy proved successful within this study and this data should help support

the approval of clinical trials in the future.

PIM1 mediated resistance to Akt inhibition was confirmed when a combination of Akt and
pan-PIM inhibitors, GSK690693 and SMI-4a respectively, led to . synergistic inhibition of
prostate tumour growth both invitro and in vivo (Cen et al . 2273). The pan-PIM selective
inhibitor, AZD1897 has been tested in combination witi, Akt inhibitor AZD5363 in preclinical
models of AML and multiple myeloma (MM). In AML c 't lines and primary cell cultures, the
combined therapy demonstrated a synergistic a.d £.nhanced reduction of pro-apoptotic
Mcl-1 and other overlapping substrates *f P’"M1 and Akt compared to either monotherapy
alone (Meja et al., 2014). AZ1897 or A~25363 had modest effects on proliferation in MM
cell lines, but their combination i'..2a.ed anti-proliferative activity, a synergistic increase in
apoptosis and reduced activetio. of downstream effectors of mTORC1 signalling (e.g. 4EBP1

and S6) (Meja et al., 201 %).

Another study has beer. _arried out, designed to combat intrinsic resistance to PIM
inhibition in AML patients. It's been reported that targeted PIM inhibition increases the
levels of reactive oxygen species (ROS), activating MAPK p38a along with upregulating
downstream signalling of Akt/mTOR. Intrinsic resistance to associated AZD1208 was found
to occur through feedback activation of mTOR signalling as a result of ROS, p38 and Akt
activation (Brunen et al., 2016; Song et al., 2015). Utilising shRNA-based genetic screening,

kinases were identified whose suppression would be synergistic with PIM inhibition. The
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experiment concluded that inhibition of p38a with SB202190 or SCIO-469, sensitises
haematological cell lines to AZD1208 both in vitro and in vivo. MAPK p38 suppression was
found to counteract PIM inhibitor-mediated resistance through its suppression of mTOR
signalling. This combination has a potential for clinical trials as p38 inhibitors which are in
clinical trials for a multitude of diseases are less toxic than PI3K, Akt and mTOR inhibitors.

This implicates their potential use in combinatorial therapies.

As previously mentioned the pan-PIM inhibitor INCB053914 is w.~dergoing preclinical trials in
combination with other targeted therapies. Combination with '"CB050465, a selective
Phase Il PI3K inhibitor indicated synergistic anti-prolifer.*ive effects inin vitro and in vivo
models of non-Hodgkinson’s lymphoma (Koblish et al., 7018). INCB050465 induced an
upregulation of PIM kinase expression, sugge-ti- e that targeting both simultaneously may
help circumvent resistance mechanisms o F.3K inhibitors. Based on these results, a phase
1/2 dose-escalation trial is currently un/~rway to assess the safety profile and efficacy of

INCB053914 and INCB050465 cor..>incu (NCT03688152).

5.3 Inhibition of PIM kinase ai." anti-apoptotic proteins

Combinatorial thera;,y ~o0..~isting of PIM kinase inhibitor SMI-4a and the Bcl-2 antagonist
ABT-737 was shown to cause a powerful apoptotic effect in prostate cancer cells in vitro and
in vivo. Alone ABT-737 is unable to inhibit Mcl-1, an anti-apoptotic protein of the Bcl-2
family. Thus mcl-2 protein expression dilutes ABT-737’s pro- apoptotic activity. The efficacy
of combined SMI-4a and ABT-737 is due to the ability of SMI-4a to decrease the levels of
Mcl-1 via blocking 5’-cap dependant translation and decreasing protein half-life (Song and
Kraft, 2012). More recent work investigated the efficacy of ABT-737 in combination with

different PIM inhibitors in CLL lymphocytes, due to the overexpression of Bcl-2 family
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proteins as well as PIM mRNA transcripts (Cervantes-Gomez et al., 2016; Kitada et al., 1998;
Nawijn et al., 2011). Results showed that the combination resulted in a synergistic
cytotoxicity with SGI-1776 surprisingly showing the highest cytotoxic levels of all PIM
inhibitors tested, contrary to the respective IC50 values of the PIM inhibitors. It would have
been expected that AZD1208 being the most potent inhibitor would have the highest

cytotoxicity in CLL cells, showing the complexity of combination therapeutics.

5.4 PIM Kinase inhibition with chemotherapy

Along with combinatorial inhibition, PIM inhibitors canal.o L. usedin conjunction with
standard-of-care cancertreatments. The novel pan-P!.." i1.xibitor PIM447 was used in
multiple myeloma cells in combination with differer ¢ sta..dard treatments such as
bortezomib and dexamethasone, lenalidomic» anu dexamethasone, and pomalidomide and
dexamethasone (Paino et al., 2017). PIM4. / exerts its cytotoxicity on myeloma cells by
disruption of the cell cycle along wit': .~ decrease in BAD phosphorylation, m-Myc levels and
inhibition of the mTORC1 pathw~y re_ulting in apoptosis. It was also found to significantly
reduce the tumour burden and orevent tumour-associated bone loss in disseminated
murine models of huma.» my :loma. The antitumoral and bone-protective effects of PIM447
provides a rationale for ~iinical applications of this therapy. Indeed, PIM447 in combination
with Ruxolitinib and LEEO11 is currently undergoing phase | clinical trials in patients with
myelofibrosis (NCT02370706). The previously discussed pan-PIM inhibitor, INCB053914, is
also being investigated in combination with a number of chemotherapy drugs including
Ruxolitinib, Azacitidine and intermediate dose cytarabine for the treatment of advanced

malignancies including refractory AML and myelofibrosis (NCT02587598).

5.5 PIM Kinase inhibition with immunotherapy
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Immunotherapies are a rapidly evolving anticancer treatment option that harnesses the
patient’s own immune system to attack and destroy cancer cells and tumours. Adoptive T
cell therapy utilises ex vivo-engineered tumour-reactive epitopes. While they have shown to
be successful in multiple cases, the T cell anti-tumour response declines with loss of effector
function and survival, providing a need to improve the lifespan and durability of these T
cells. One of the key aspects of adoptive cell transfer (ACT) success lies inthe cell’s
metabolic phenotype (Sugiura & Rathmell, 2018). T cells that 1 2ly on glycolysis for their
effector function energy requirements result in diminished d rab lity while cells that utilise
oxidative phosphorylation lead to a central memory (Tc.n) o~znotype which allows for a
longer more persistent anti-tumour function (van de. Wi dt & Pearce, 2012). Strategies to
inhibit the glycolytic pathway are therefore ber ef cial in maintaining the Tcm phenotype

and increasing the T cell effector functior.s. 1'ue .0 PIM kinases role in regulating protein
synthesis and cell growth via mTOR activation, Chatterjee et al. proposed that PIM inhibition
in combination with ACT may help incre ase the durability of T cells by blocking their
glycolytic metabolism (Chatteree e: al., 2019). AZD1208 was used in combination with ACT
and anti-PD1 to assess wheu er this triple combination treatment could help improve
tumour control as PD1..7s a key role in downregulating the immune response and
suppressing T cell activity (Jin et al., 2010). T cells treated with this combination therapy
were shown to have reduced uptake of the fluorescent glucose analogue 2-NBDG, as well as
showing a reduced extracellular acidification rate meaning a lower rate of lactate
production when compared to wild-type T cells. Cells treated with AZD1208 also showed
increased surface expression of CCR7, a signature chemokine receptor of Tcm cells (Sheng et
al., 2017). Chatterjee et al. also observed reduced phosphorylation of the transcription

factor Foxol in AZD1208 treated cells, leading toits retention in the nucleus with
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subsequent increased transcriptional activity and expression of CD62L. As increased
transcriptional activity of Foxol is associated with anergy prevention and maintaining the
CD8+ memory state (Delpoux et al., 2018), PIM kinase inhibition thereby led to anincrease
in the Tcm phenotype, allowing for improved tumour control in conjunction with ACT. This
improved anti-tumour response was enhanced when PIM kinase inhibition was combined
with ananti-PD1 antibody further potentiating the Tcm phenotype by checkpoint blockade,

thus combatting resistance mechanisms that arose upon ACT ' ingle treatment.

6. Conclusion

This review highlights the growing number of studies ..~monstrating that PIM kinase plays
an important role within cancer and mediates a resi,tanc2 mechanism through its
substrates that allows cancer cells to evade ¢ | death and develop a more aggressive
phenotype. These findings along with benc icial reports of dual targeting strategies
inhibiting PIM kinase and other pathw v components such as PI3K/Akt/mTOR or MET
simultaneously as well as synerg stic approaches with checkpoint inhibitors highlight
potentially more effective trea"ment protocols for patients with cancer and emphasise the

need for further combin 1tori 1l studies.
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Figure 1 PIM kinase and PI3K/Akt signalling pathways with overlapping substrates.

PIM kinase and PI3K/Akt share substrates that are both upstream and downstream effectors of

mTORC1 resultingin control of its signalling axis and regulation of translation and cell growth.

60



Cell survival Transcription, cell growth ce.. 7roliferation, apoptosis, drug resistance

Figure 2 Pathway crosstalk driving resistance mect ar.smsto EGFR TKls

The cross-talk between EGFR, HGF and IL-6 <1gn7 lling pathways results in the emergence of acquired
drug resistance to EGFR TKls. PIM kinase. <hare a common node within these signalling pathways
and theiractivation has emerged as a sig nificant mechanism of resistance to several pathway

inhibitors
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