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PIMI1 kinase as a promise of targeted therapy
in prostate cancer stem cells (Review)
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Abstract. Since the last decade, the PIM family serine/threo-
nine kinases have become a focus in cancer research. Numerous
clinical data supports that overexpression of PIM1 is associ-
ated with tumor formation in various tissues. However, little
is known regarding the function of PIM1 in cancer stem
cells. In cancer cells, PIM1 has essential roles in the regula-
tion of the cell cycle, cell proliferation, cell survival and
multiple drug resistance. In stem cells, PIM1 kinase exhibits
a significant function in stem cell proliferation, self-renewal
and expansion. Thus, PIM1 shows a great promise in cancer
therapy by targeting stem cells. Furthermore, it is imperative
to investigate Pim-1 targeting in cancer stem cells by appli-
cable inhibitors for improving future outcomes. The present
review investigated the potential of PIM1 as a therapy target in
prostate cancer stem cells.
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1. Introduction

Currently, cancer is the leading cause among death-associated
diseases. In particular, prostate cancer (PCa) is the second
most common cause of cancer-related fatalities among men
in the USA. Androgen deprivation is currently the standard
therapy for aggressive prostate cancer through inhibition of
androgen receptor (AR) activity; however, castration-resis-
tant prostate cancer (CRPC), an advanced and metastatic
type of cancer, may develop (1). CRPC is one of the lethal
forms of malignancy relapse in prostate cancer patient
mortality. Recurrence of cancer is caused by a subset of the
cancer cell population, known as cancer stem cells; however,
the molecular mechanisms underlying how the signaling
pathways may promote cancer relapse through cancer stem
cells are largely unknown. The cancer stem cells occupy only
a small percentage of the subpopulation of cancer cells (2);
however, they possess all the major features of stem cells,
including self-renewal, unlimited growth and the ability to
differentiate to any type of tissue (3). The difference between
stem cells and cancer stem cells is that cancer stem cells
are resistant to chemotherapeutic drugs and are involved
in cancer cell signaling (4). Therefore, understanding the
molecular pathways of cancer development within these cells
may allow us to explore the specific agents that target these
cells (5). Thus far, some of the agents have been identified
as anticancer drugs and are widely used in the targeted
therapies (6). In particular, small molecular kinase inhibitors
have been investigated and have entered the clinical trials for
targeting cancer stem cells (7). These compounds are able
to target kinases, which are identified as overexpressed in
numerous solid tumors and hematopoietic malignancies. The
PIM1 kinase inhibitors recently have shown promise with
regards to anticancer properties (8). In the present review, the
role of PIM1 in cancer stem cells is evaluated with regards
to the novel avenues that may be explored for future prostate
cancer treatment.

2. Canonical PIM1 signaling

The PIM serine/threonine kinases have been widely studied
from the early 1990s. The name of PIM originates from the
proviral insertion site in murine lymphomas (9), known as
Moloney Murine Leukemia Virus (10). PIM1 is one of the
three members in the PIM family (11). Even though these
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three share >60 of homolog amino acids, only PIM1 has
a significant impact on tumor formation (9). In particular,
PIMI1 alone can induce cancer progression in the prostate as a
proto-oncogene (12); however, in cooperation with Myc, it may
enhance the prostate tumorigenesis in vivo (13).

The human PIMI protein is translated from the PIM1
gene, which is 5-kb with a transcript of 2,984 base pairs (14).
This gene encodes for two isoforms of the protein, which are
33 (PIM1S) and 44 kDa (PIMIL) with single mRNA (15),
differential starting codon AUG and atypical CUG, respec-
tively (11). Our previous study reported that PIM1S mainly
localizes to the cytosol and nucleus; however, PIM1L
predominately localizes at the plasma membrane (16).
Therefore, distinct cellular localization may affect their
function. In tissues, PIM1 is usually expressed in hemato-
poietic tissues, such as the thymus, spleen, bone marrow and
fetal liver, and also in the hippocampus, oral epithelia and
prostate (17).

The PIMI kinase is extremely unique due to its constitu-
tive activation. Therefore, activation of PIM1 largely depends
on the elevation of its mRNA or proteins levels, which
are found in numerous cancers (18). Expression of PIM1
is mainly induced by cytokines (17). In addition, nuclear
factor-k B, Jak-signal transducer and activator of transcription
(STAT), ETS-related gene and hypoxia-inducible factor-la
are the most major pathways that induce PIM1 upregula-
tion (18-20). The downstream targets of PIM1 signaling are
typically regulated by direct phosphorylation by PIM1. Thus
far, ~30 substrates interact with and are phosphorylated by
PIM1. Through phosphorylation of target proteins, PIM1 has
essential roles in the regulation of the cell cycle, cell prolif-
eration, anti-apoptosis, multiple drug resistance, chromatin
remodeling, protein translation, energy metabolism and stress
response (9,21,22). The following focuses on PIM1 functions
in association with stem/cancer stem cells.

3. PIM1 promotes multiple drug resistance: A phenotype
of cancer stem cells

In several studies it was shown that PIM1 has a crucial role in
resistance to chemotherapy drugs. According to our previous
study, the PIM1L isoform, which has an additional N-terminal
proline-rich region with the same kinase domain as PIMIS,
promotes prostate cancer cell resistance to chemotherapy drugs,
such as mitoxantrone and docetaxel, which are approved by Food
and Drug Administration for prostate cancer treatment (16).
Mechanically, the proline-rich domain of PIMIL directly inter-
acts with the SH3 domain of Etk, and thereby competes with
p53 in binding to Etk due to anti-apoptosis induced by chemo-
therapeutic drugs (16), promoting their cell surface expression.
Membrane localization is known to be crucial for efflux activity
of drug transporters at the plasma membrane. Our previous
studies reported that PIM1 promotes membrane transloca-
tion of the drug transporters breast cancer resistance protein
(BCRP)/adenosine triphosphate-binding cassette sub-family G
member 2 (ABCG2) and P-glycoprotein (Pgp)/ABCBI (23,24).
Thus, PIM1 elevation enhances the drug resistance activity
of prostate cancer cells. As BCRP is a putative stem cell
marker (25), while drug resistance is the main characteristic of
cancer stem cells, PIM1 most likely regulates cancer stem cells.

4. PIM1 functions in prostate cancer: AR downregulation
and Myc activation

Studies on PIM1 function in cancer stem cells remain limited.
However, there are numerous studies regarding the function of
PIMI1 in different stem cells and solid cancers, particularly pros-
tate cancer, bladder cancer (26) and urothelial carcinomas (27).

The functions of PIMI in cancer cells have been investi-
gated in numerous types of cancer. In prostate cancer, PIM1
is considered a major biomarker. PIM1S (28) and PIMI1L (16)
can be used as a prognostic marker in advanced prostate
cancer. Using high-density tissue microarrays consisting of
~700 human prostate cancer specimens, PIM1S overexpression
was identified in 51% of samples (28). PIM1S overexpression
also predicates the prostate-specific antigen recurrence (28).
Our previous study reported a similar result of PIMI1L in pros-
tate cancer specimens (16).

AR is the master regulator of prostate cancer. Our previous
study identified that AR phosphorylation is essential for prostate
cancer progression and CRPC development (29). Furthermore,
another previous study reported that PIM1 directly interacts
with and phosphorylates AR. In detail, AR stability is regu-
lated through phosphorylation by the two isoforms of PIM1
(PIM1S and PIM1L). PIM1S mediates AR Ser-213 phosphory-
lation and degrades AR by ubiquitin E3 ligase mouse double
minute 2 homolog; however, PIM1L mediates Thr-850 phos-
phorylation to stabilize AR (30). In addition, AR was thought
to inhibit stem/progenitor cells self-renewal (31) and AR loss
has been found to enhance the cancer stem cell properties
through interleukin 6 (IL-6)/STAT3 signaling (32). As PIM1
is a component of the IL-6-STAT3 pathway, PIM1 most likely
mediates the crosstalk of AR with STAT3 in cancer stem cells.

In human prostate cancer specimens, PIM1 and Myc have
been found to be co-upregulated (28). Myc is one of the four
transcription factors that induce pluripotent stem cells (iPS)
through nuclear reprogramming. In a prostate cancer xenograft
model, single PIM1 overexpression only induced low-grade
prostatic intraepithelial neoplasia (PIN) lesions, and Myc
alone only induced adenocarcinoma or carcinoma with neuro-
endocrine differentiation (33). Using tissue recombination
assays, PIM1 and Myc co-expression induced high-grade PIN
and invasive adenocarcinoma. Mechanically, PIM1 increased
Myc transcriptional activity (34) through stabilizing Myc by
phosphorylation (35). However, whether PIM1 and Myc coop-
erate to promote cancer progression through Myc-mediated
reprogramming remains to be elucidated.

5. PIM1 functions in stem cells

Increasing evidence has shown the functions of PIM1 in stem
cells, including embryonic, mesenchymal, hematopoietic,
cardiac and prostate stem cells. In mice, Pim1 expression is
induced by STAT3 and leukemia inhibitory factor (LIF) in
embryonic stem (ES) cells at the transcriptional level. The
elevated Pim1 thereby promotes the self-renewal ability of ES
cells (35). As Myc (36) and Kruppel-like factor 4 (K1f4) (37),
two of the reprogramming factors for iPS, can also be induced
by LIF, Piml may cooperate with the cell reprogramming in
ES cells upon LIF stimulation. Our previous study showed
that IL-6 can upregulate PIM1S and PIMIL in prostate cancer
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cells (16). Notably, in ES cells fused to human fibroblasts, IL-6
treatment upregulates Myc. Cooperating with the other three
reprograming factors, octamer-binding transcription factor 4
(Oct4), KIf4 and Sox2, IL-6 also upregulates Pim1 to increase
the iPS frequency (38). This evidence indicates the role of
PIM1 in iPS through IL-6/STAT3 and the Myc pathway. In
addition, in rat mesenchymal stem cells, sheer stress can induce
PIMI1 transcription and thereby PIM1 enhances the prolifera-
tion of mesenchymal stem cells (39). In an ovine model, PIM1
sustains the mesenchymal stem cells proliferation and survival
upon hypoxia or serum deprivation (40).

A previous study in Japan using Piml transgenic mice
showed that the number of Lin Scal*c-Kit" hematopoietic
stem/progenitor cells was increased compared to normal
mice (41). The study also reported that knockout mice of Pim1,
but not Pim2 or Pim3, showed the impaired long-term hema-
topoietic repopulating capacity in secondary and competitive
transplantations (41). In another example, FMS-like tyrosine
kinase 3 mutation of internal tandem duplication (FLT3-ITD)
results in constitutive activation of FLT3 independent for prolif-
eration and survival of leukemic cells. FLT3-ITD enhances
human cluster of differentiation (CD)34(+) haematopoietic
stem/progenitor cells self-renewal ability and transformation
in vitro (42) and in mouse models (43). Our previous study
showed that PIM1 directly interacts and phosphorylates
FLT3-ITD at Serine 951 thereby stabilizing FLT3-ITD (44).
These data suggest that PIM1 may enforce FLT3-ITD-mediated
transformation of stem cells. Another example of PIM1 func-
tion in stem cells was identified by experiments with human
cardiac stem/progenitor cells (hCPCs). These experiments used
heart biopsy samples with C-kit-positive hCPCs and identified
that PIM1-transduced cells showed a decreased senescence
phenotype with increased telomere length and telomerase
activity (45). PIM1 overexpressed hCPCs also showed increased
proliferation and cell survival (46).

6. PIM1 functions in prostate stem/cancer stem cells

PIMI is essential to prostate stem and cancer stem cells as well.
As mentioned above, PIM1 phosphorylates and enhances the
activity of BCRP/ABCG?2, a putative stem cell marker. Our
previous study further identified the essential role of PIM1 in
prostate tumor initiation through cancer stem-like cells. To
the best of our knowledge, the study was the first to report the
co-upregulation of PIM1 and BCRP in multiple drug resistance
prostate cancer cell lines that we established (23). The drug resis-
tant cell line that highly expressed BCRP showed an increased
side population (46). The side population is a subset of cells
enriched with BCRP, which can efflux a specific Hoechst 33342
dye and were originally identified to present the stem cells
in mouse bone marrow (47). In mouse prostate, single cells
expressing putative stem cell markers, Lin” Sca* CD133* CD44*
CDI117* or Epcam* CD44* CD49f™, can generate prostate-like
tissues followed by implantation under the renal capsule of host
mice of compromised immunity (48). By contrast, expressing
BCRP is sufficient for side population cells isolated from human
prostate cancer specimens to engraft the prostatic duct regen-
eration using similar tissue recombination with urogenital sinus
mesenchyme (rUGM) assays (48). However, without recombina-
tion with rtUGM, expressing BCRP is not sufficient to support
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Figure 1. PIM1 signaling pathways are associated with stem/cancer stem
cells in the prostate. The potential linkages between PIM1 phosphorylation
of substrates and regulation of stem/cancer stem cells or reprogramming are
proposed.

the engrafted duct growth. This is consistent with another study,
which reported that the side population of BCRP* compared to
BCRP cells isolated from xenograft prostate tumor alone do
not show a distinct ability for tumorigenesis, and even express
stemness genes, such as Notch-1 and 3-catenin (49). These data
suggest that additional signaling is required for BCRP-mediated
tumor initiation, while PIM1 signaling is most likely one of them.
Further investigations on PIM1 function in stemness should be
performed using cancer stem cells expressing multiple cancer
stem cell markers.

In addition to BCRP, our previous study also found that
Oct4 is required for the tumor initiation driven by as low as
100 cells in a xenograft prostate cancer model (46). Another
study reported the co-upregulation of PIM1 and OCT4 in the
drug-resistant prostate cancer (50). The phosphorylation of
Oct4 by PIMI has been reproducibly confirmed by nano-flow
liquid chromatography mass spectrometry and mutagenesis
analysis by another lab using ES cells (51). However, in ES
cells the phosphorylation of Oct4 decreases iPS efficiency (51).
Therefore, the differential effect of PIM1 in ES cells and cancer
stem cells may suggest the essential role of the crosstalk of
PIM1 with oncogenic signaling networks in the distinction of
stem cell and cancer stem cell.

c-MET kinase has been shown to promote glioblastoma cell
reprogramming through Nanog to maintain the stem-like char-
acter (52). In prostate cancer cells, c-MET induces stem-like
properties by upregulation of stem cell markers of CD49b,
CD49f and CD44 (53). Recently, it has been shown that PIM1
can upregulate c-MET expression through enhanced transla-
tion via Serine 406 phosphorylation of eukaryotic initiation
factor 4B by PIM1 (54). This study indicates that PIM1 may be
an upstream factor of the c-MET signaling pathway that regu-
lates stemness. Furthermore, our recent study showed that a
nuclear form of c-MET, known as nMET, can induce prostate
cancer cell reprogramming and maintain stemness through
SOX9, B-catenin, Oct4 and Nanog (55). nMET subsequently
reactivates AR through [-catenin. Most notably, nMET was
upregulated in 75% of CRPC patient specimens (55). AsnMET
is dependent on c-MET expression, PIM1 may indirectly regu-
late nMET-mediated prostate cancer cell reprogramming. In
conclusion, PIM1 may activate multiple signaling of cancer
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stem cells through phosphorylation, such as BCRP and Myc
(Fig. 1). Therefore, PIM1 is most likely a promising target in
cancer stem cell-targeted therapy.

7. Targeting PIM1 for inhibition of cancer stem cells

As PIMI has great potential to induce cancer stem cell proper-
ties to accelerate prostate cancer progression, targeting PIM1
in cancer stem cells using selective inhibitors may provide a
new avenue for treatment of aggressive prostate cancer. The
early generation of PIM1 inhibitor, SGI-1776, has entered the
phase I clinical trial of castration-resistant prostate cancer
patients (27). SGI-1776 inhibits not only prostate cancer
cell growth, but also PIMI1-mediated Taxane resistance,
through inhibition of drug transporter Pgp (56). Our previous
study later identified the mechanism that SGI-1776 inhibits
PIM1-mediated protection of Pgp from proteasomal degra-
dation and decreases Pgp cell surface expression, thereby
increasing Pgp overexpressing cell sensitization to the chemo-
therapy drugs (24). ABC transporter-mediated drug resistance
is common in cancer stem cells, so targeting PIM1-mediated
reversal of drug resistance may be through cancer stem cell
inhibition. However, the severe side effect of cardiotoxicity
resulted in the termination of the trials (27).

The new generation of the PIMI inhibitor, TP-3654, was
screened as the lead compound targeting PIM1 kinase (27).
Using the PC3 cell-derived xenograft model, oral gavage at
a dose of 200 mg/kg of TP-3654 significantly decreased the
growth of tumors (27). However, further signaling analysis of
cancer stem cells affected by TP-3654 is lacking. AZD1208 is
another newly screened highly selective inhibitor that decreases
Myc/PIM1 graft tumor growth by 54.3+39% (P<0.001) (57).In
particular, combined with radiation treatment and upregula-
tion of p53, AZD1208 showed more efficiency in the inhibition
of prostate cancer cell growth (57). Whether AZD1208 can
inhibit PIM1-mediated cancer stem cell proliferation, expan-
sion and cell reprogramming by targeting Myc remains to be
elucidated.

8. Future directions

There is no empirical evidence for the PIM1 direct function
in prostate cancer stem cells and PIM1 inhibitor efficiency
in direct targeting of cancer stem cells. However, taking into
consideration that targeted therapies using PIM1 inhibitors are
already in process, further investigations of the PIM1 function
in prostate cancer stem cells in vivo should be performed using
a genetically engineered mouse model of prostate cancer and
should examine the pharmacological efficiency of applicable
PIM1 inhibitors in prostate cancer stem cell-induced tumor
initiation. As opposed to assessing the solid and already differ-
entiated prostate tumors, the prostate cancer stem cells may
prove viable for investigation. One important piece of evidence
for this proposal is that other kinase pathways in cancer stem
cells have been well studied, and therefore, targeting PIM1 may
inhibit prostate tumor initiation induced by cancer stem cells.
In conclusion, the effective targeted therapy for prostate
cancer remains questionable. PIM1 inhibitors are showing
great promise; however, the vast majority of known treat-
ments exhibit numerous adverse side effects. Additionally,

experiments for these treatments are only performed in malig-
nant tissues, whereas cancer stem cell-targeted therapies with
PIMI expression are not performed. Therefore, conducting
further research in this area may aid in generating an efficient
treatment against prostate cancer.
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