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Abstract 

PIM1 is over-expressed in multiple tumors, including prostate cancer (PCa). PIM1 upregulation is 
mediated by direct binding of the ERG transcription factor to its promoter. About 50% of PCa 
cases are characterized by the presence of the TMPRSS2/ERG fusion, leading to ERG 
over-expression and thus to PIM1 transcriptional activation. PIM kinases are considered as weak 
oncogenes, but when combined with additional genetic alterations can induce strong transforming 
effects. Here we show anti-proliferative activity of the newly described PIM1 inhibitor NMS-P645 
in combination with the PI3K inhibitor GDC-0941 in TMPRSS2/ERG positive and negative PCa 
cells. Treatment with NMS-P645 alone can reverse PIM1-mediated pro-survival signals in prostate 
cells, such as activation of STAT3 through Tyr705 phosphorylation and resistance to taxane-based 
treatments, but does not exert a strong anti-tumoral effect. However, the simultaneous treatment 
with NMS-P645 and GDC-0941 induces a significant anti-proliferative response in PCa cells. These 
results support the use of combination strategies with PIM and PI3K inhibitors as effective 
treatment for PCa cases. 
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Introduction 
Prostate cancer (PCa) is still a significant medical 

burden in developed countries. The fusion between 
the prostate-specific TMPRSS2 gene (21q22.2) and the 
coding region of the ERG transcription factor 
(21q22.3) leads to ERG over-expression and 
characterizes about 50% of PCa cases [1]. Despite the 
high frequency of this genetic rearrangement, 
expression of TMPRSS2/ERG fusion alone is not 
sufficient to generate a fully transformed phenotype 
in prostate cells, both in vitro and in vivo [2-5]. One of 

the consequences of aberrant ERG expression is the 
upregulation of PIM1 transcription, through direct 
binding of ERG to PIM1 promoter [5, 6]. The PIM 
(Proviral Integration site of mouse Moloney leukemia 
virus) serine/threonine kinase family comprises three 
distinct kinases (PIM1, PIM2 and PIM3) highly 
conserved throughout evolution [7]. All three 
enzymes lack a regulatory domain, suggesting a 
constitutive activity which is directly correlated with 
their expression levels [8]. PIM1 is known to be 
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upregulated in multiple tumors through different 
pathways, including ERG, JAK/STAT, hypoxia [9] 
and NF-kB [10-12]. In particular, STAT3 and STAT5 
are known to bind to PIM1 promoter, upregulating its 
transcription [13, 14]. It is widely accepted that PIM 
kinases are weak oncogenes, since their 
over-expression in prostate, liver and lymphoid 
tissues induces tumoral transformation after a long 
latency and with a low penetrance [15]. We and others 
have shown that, in PCa, PIM1 over-expression is 
associated with increased genomic instability after 
taxane-based treatments [5, 16, 17]. The simultaneous 
presence, in prostate cells, of additional genetic 
alterations such as MYC upregulation, induces a 
strong transforming effect in PIM1 overexpressing 
cells [18], suggesting a cooperative oncogenic 
property. The synergistic activity with other 
oncogenes is further supported by the increased 
tumorigenic potential of advanced-stage PCa cell lines 
after induction of PIM1 over-expression [19]. These 
evidences, together with recent pre-clinical data on 
drugs blocking PIM kinase activity, suggest that PIM1 
inhibition could be most effective when used in 
combination with additional targeted therapies or 
chemotherapies [11]. Several studies indicate the 
presence of a cross-talk between PIM and AKT 
kinases [11, 20]. The PI3K/AKT pathway is 
commonly hyper-activated in prostate cancer, but the 
therapeutic efficacy of its inhibition is limited by the 
presence of compensatory pathways mediated, at 
least in part, by PIM1 activity [20]. Here we show the 
biological activity of the newly described PIM1 
inhibitor NMS-P645 [21] in prostate cancer cell lines, 
demonstrating its anti-proliferative role when used in 
combination with the PI3K inhibitor GDC-0941 [22]. 

Materials and Methods 
Cell lines 

The human prostate cell lines RWPE-1, 22Rv1 
and VCaP were obtained from the American Type 
Culture Collection (ATCC). Immortalized 
nonmalignant RWPE-1 cells were maintained in 
keratinocyte-serum free medium supplemented with 
epidermal growth factor and bovine pituitary extract. 
22Rv1 and VCaP cells were maintained in RPMI and 
DMEM medium, respectively, supplemented with 
10% FBS.  

Plasmids and transfections 
pHCMV2-empty and phCMV2_HA_tERG 

plasmids have been described elsewhere together 
with the creation of RWPE-1_Empty and 
RWPE-1_tERG stable transfectants [5]. To obtain the 
phCMV2_PIM1 vector, we amplified the PIM1 cDNA 
from RWPE-1 cells with PIM1_Fw 

5’TAGAATTCTGATGCTCTTGTCCAAAATC3’ and 
PIM1_Rw 5’TACGCGGCCGCCTATTTGCTGGGCCC
CG3’ primers. The amplified fragment was inserted 
into phCMV2 through an EcoRI/NotI digestion 
followed by ligation with T4 DNA ligase (New 
England Biolabs, Ipswich, MA, USA). RWPE-1 cells 
were transfected with Fugene 6 (Roche, Applied 
Science, Germany) according to manufacturer's 
instruction and selected for geneticin (Invitrogen, 
Carlsbad, CA, USA) resistance at 0.25 mg/ml to 
obtain the RWPE-1_PIM1 cell line. Short interfering 
RNA-mediated knockdown of PIM1 and ERG was 
performed with siRNA from Dharmacon (GE 
Healthcare, UK) as described [5]. 

Compounds 
NMS-P645 was synthesized by Nerviano 

Medical Sciences as described [21]. GDC-0941 and 
vandetanib were purchased from Selleck Chemicals. 
Taxol was from Sigma Aldrich (Merck group, 
Germany). All compounds were dissolved at the 
desired concentration following manufacturer’s 
guidelines. 

Western Blot analysis 
Western Blot was performed as previously 

described [5] using the following antibodies: αPIM1 
(12H8) (Santa Cruz Biotechnology, CA, USA), αHA 
(Covance, Princeton, NJ, USA), αActin 
(Sigma-Aldrich, Merck group, Germany), αSTAT3 
(Calbiochem, Merk group, Germany); 
phospho-specific antibodies were purchased from 
Cell Signalling Technology (Denvers, MA, USA): 
αp-STAT3Y705 (clone 3E2, cat. #9138) , αp-p70S6KT389 
(#9234) and αp-RPS6S240/244 (#5364), anti-MIG6 
(#2440), α-RPS6 (#2217), α-p70S6K(2708), pSRC 
(#2101). 

Proliferation Assay 
Exponentially growing cells were plated in at 

least three replicates in 96-well plates at a density of 
3000 cells/well. Cells were treated with drugs or 
vehicle alone for the indicated time. One µCi of 
[3H]thymidine was added to each well 8 hours before 
harvesting onto glass fiber filters by a Tomtec 
automated cell harvester. Incorporation of 
[3H]thymidine was measured using a filter 
scintillation counter (1450 MicroBeta Wallac Trilux, 
Perkin Elmer, MA, USA). 

Results 
NMS-P645 reverses PIM1-induced aneuploidy 
and STAT3 activation in prostate cells 

The immortalized prostate cell line RWPE-1 was 
stably transfected with the TMPRSS2/ERG-coding 
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sequence (RWPE-1_tERG) or the empty vector 
(RWPE-1_Empty) as described in [5] (Figure 1A). 
tERG over-expression induces PIM1 upregulation, as 
demonstrated in [5] and shown in Figure 1B. It has 
previously been shown that PIM1 over-expression is 
able to induce aneuploidy in RWPE-1 cells especially 
after treatment with taxane agents [5, 17]. In 
RWPE-1_tERG cells, the PIM1 inhibitor NMS-P645 
reversed taxol-induced aneuploidy, reducing the >4n 
population after 36 hours of taxol treatment to basal 
content, from 5.5% to 1.7% (Figure 1C). Furthermore, 
NMS-P645 re-sensitized RWPE-1_tERG cells to taxane 
cytotoxicity, to the levels observed in RWPE-1_Empty 
cells (subG0 Empty_Taxol: 48.5%; subG0 tERG_Taxol: 
35.9%; subG0 tERG_Taxol_NMS-P645: 49%).  

The expression of PIM1 gene is regulated by 

active STAT3 [14]. Here we demonstrate that PIM1 
expression can work backwards and activate STAT3 
inducing its phosphorylation at Tyr705 in RWPE-1 
cells, both in the presence and in the absence of tERG, 
as shown in RWPE-1 cells stably transfected with 
PIM1 (Figure 1B). Specific silencing of PIM1 in 
RWPE1_tERG cells reduces STAT3 phosphorylation, 
indicating a direct association between PIM1 
expression and STAT3 activation (Figure 1D). 
Similarly, tERG silencing decreases STAT3 
phosphorylation through inhibition of PIM1 
expression (Figure 1D). Accordingly, PIM1 inhibition 
with NMS-P645 reverses STAT3 activation in the 
tERG-positive RWPE-1_tERG and VCaP cells (Figure 
1E-F).  

 

 
Figure 1. The tERG-PIM1 axis favors resistance to taxane-based agents and induces STAT3 activation through PIM1 upregulation. (A) Anti-HA immunoblot 
of whole cell lysates of RWPE-1 transfected with empty vector or HA-tagged tERG. Actin was used as a loading control. (B) Anti- PIM1, activated STAT3 (pSTAT3Y705) and total 
STAT3 immunoblot of RWPE-1_Empty, RWPE-1_tERG and RWPE-1_PIM1 cells. The PIM1 band in RWPE-1_PIM1 cells corresponds to the ectopic HA-tagged PIM1 and appears 
at a slightly higher MW compared to the endogenous PIM1 in RWPE-1_tERG lane. A graph representing the fold change of p-STAT3 signal relative to total STAT3 in RWPE-1 
transfectants is shown. The values are normalized on RWPE-1_Empty signal. (C) PropIdium Iodide (PI) staining of RWPE-1 transfectants in the presence (+) or in the absence (-) 
of Taxol and NMS-P645 after 36 hours treatment. The fraction (%) of polyploid and apoptotic cells is indicated in the right-hand side and in the top-left corner of each plot, 
respectively. (D) Silencing of ERG (siERG) or PIM1 (siPIM1) reduces STAT3 tyrosine phosphorylation in RWPE-1_tERG transfectants. RWPE-1_Empty cells are shown as a 
control; siNT, scrambled control RNAi. The fold change of the p-STAT3 signal relative to total STAT3 in RWPE-1 transfectants is shown with the values normalized on 
RWPE-1_tERG_siNT. (E-F) Inhibition of STAT3Y705 phosphorylation in RWPE-1_tERG (E) and VCaP (F) cells by NMS-P645. The p-STAT3/total STAT3 signal ratio is shown in 
the graph for VCaP cells. Values are normalized on non-treated cells (-). (G) Anti-MIG6 immunoblot of whole cells lysates from RWPE-1 transfectants. (H) Anti- pSTAT3Y705 , 
total STAT3, pSRCy416 of RWPE-1 transfectants treated for 6 hours with vandetanib at the indicated concentrations. Actin was used as loading control. (I) Schematic 
representation of the proposed model for PIM1-mediated STAT3 activation. 
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Figure 2. Treatment efficacy of NMS-P645 in combination with the PI3K inhibitor GDC-0941 in prostate cancer cells. (A) Dose-response curves of normal 
prostate cells (RWPE-1), tERG-positive (VCaP) and tERG-negative (22Rv1) PCa cells treated with NMS-P645 as single agent or in the presence of fixed concentrations of 
GDC-0941. (B) Immunoblot analysis for activated p-p70S6KT389 and p-RPS6S240/244 in VCaP cells treated with vehicle (-) or the indicated concentrations of GDC-0941 and 
NMS-P645. Total p70S6K and RPS6 immunoblots from the same lysates were run to show that the total protein levels are not affected. Actin is shown as a loading control. (C) 
The pRPS6/total RPS6 signal is shown in the graph as average of four different experiments. Values are normalized on non-treated cells. 

 
As PIM1 is a Ser/Thr kinase, it cannot directly 

phosphorylate STAT3 on Tyr 705, suggesting the 
presence of additional effectors mediating STAT3 
tyrosine phosphorylation, that are directly altered by 
PIM1. We found that in RWPE-1 transfectants PIM1 
over-expression induces MIG6 down-regulation, a 
known EGFR inhibitor [23] (Figure 1G). In addition, 
treatment with the EGFR inhibitor vandetanib 
reduces STAT3 activation in RWPE1-PIM1 cells, but 
not in control (EMPTY) cells (Figure 1H). The 
pharmacological inhibition of EGFR also affects 
activation of SRC, a known EGFR effector and STAT3 
activator (Figure 1H) [24]. We thus suggest a role for 
MIG6/EGFR pathway in the PIM1-mediated STAT3 
activation (Figure 1I). 

Anti-proliferative activity of NMS-P645 in 
combination with the PI3K inhibitor 
GDC-0941 in prostate cancer cells 

To test the anti-proliferative activity of 
NMS-P645 in tERG-positive prostate cells, we 
evaluated the proliferation rate of cell lines with a 
tritiated-thymidine incorporation assay after 72 hours 
of treatment. NMS-P645 alone did not show specific 
activity for PCa cell lines compared to non-tumoral 
cells (RWPE-1, BPH1) both in the presence (VCaP, 
RWPE-1-tERG) or in the absence of tERG fusion 
(22Rv1, DU-145, LNCaP) (Table 1). The same result 
was observed for PIM1 over-expressing cells 

(RWPE-1-PIM1). Since PIM1 inhibitors show stronger 
effect when used in combination with additional 
drugs, we treated tERG-positive (VCaP) and negative 
(22Rv1) PCa cell lines with NMS-P645 in combination 
with different compounds. NMS-P645 exhibited 
synergistic activity with the PI3K inhibitor GDC-0941 
both in the presence and in the absence of tERG. As 
shown in Figure 2A, dose-response curves of 
NMS-P645 shifted towards the left by 1 to 2 logs in the 
presence of increasing concentrations of GDC-0941 in 
PCa cells (VCaP and 22Rv1) but not in normal 
prostate cells (RWPE-1), indicating specific 
cooperative cell growth inhibition in tumoral prostate 
tissues. Statistical analysis of the dose-median effect 
by Chou-Talalay method [25] indicated synergism in 
the two PCa cell lines and antagonism in normal 
RWPE-1 cells (Table 2). To dissect the biological 
mechanism at the basis of the synergistic activity 
between NMS-P645 and GDC-0941, we analyzed 
whole cell lysates of VCaP cells after treatment with 
the two drugs: both compounds inhibited the 
PI3K/AKT/mTOR pathway, as shown by inhibition 
of p70S6K phosphorylation. However, the combined 
treatment showed a superior effect on 
phosphorylation of the ribosomal protein S6 (RPS6), a 
major downstream effector of the PI3K/AKT/mTOR 
pathway (Figure 2B).  
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Table 1: Sensitivity of prostate-derived cell lines to NMS-P645, 
analyzed by tritiated thymidine-incorporation assay. IC50 values 
(mean ± SD) are reported. 

 Cell line Cell type (known genetic alterations) IC50 [μM]  
VCaP PCa (TMPRSS2/ERG) 2.7 ± 1.1 
22Rv1 PCa 5.2 ± 1.1 
DU-145 PCa (UBE2L3/KRAS) 9.7± 1.0 
LNCaP PCa (MIPOL1/ETV1) 5.4 ± 1.1 
BPH1 Benign Prostate Hyperplasia 4.9 ± 1.1 
RWPE1 Normal Prostate Epithelium 4.2 ± 1.2 
RWPE1-Empty Stable Transfectant (empty vector) 4.5 ± 1.2 
RWPE1-tERG Stable Transfectant (TMPRSS2/ERG) 4.0 ± 1.1 
RWPE1-PIM1 Stable Transfectant (PIM1) 3.5 ± 1.2 

 

Table 2. Combination Indexes obtained in prostate cancer (VCaP 
and 22Rv1) and non-cancerous (RWPE-1) cell lines by 
NMS-P645/GDC-0941 simultaneous treatment. Graded symbols 
represent the average CI and are derived from the original 
publication [25]. 

Cell line Ratio Combination Index (CI) at Grade 
Synergism ED50 ED75 ED90 

VCaP 1:10 0.846 0.726 0.661 ++ 
22Rv1 1:10 0.484 0.543 0.610 +++ 
RWPE-1 1:10 1.282 1.454 1.668 - - - 

 
 

Discussion 
The serine/threonine kinase PIM1 is 

overexpressed in several tumors, including prostate 
cancer, with an established role in facilitating 
tumorigenesis. It thus represents an encouraging 
target for anticancer drug discovery. The novel PIM1 
inhibitor NMS-P645 has been recently described and 
shows strong specificity for PIM family members 
against a panel of kinases representing all the human 
protein kinase families [21]. We here demonstrate the 
activity of this compound in PCa cells, showing its 
growth inhibition effects in combination with the 
PI3K inhibitor GDC-0941. The use of NMS-P645 alone 
does not exert specific anti-tumoral activity in PCa cell 
lines, but it restores sensitivity to Taxol-based 
treatment in PIM1-overexpressing prostate cells 
(Figure 1C). In addition, we showed that NMS-P645 
treatment can prevent PIM1-mediated activation of 
STAT3 (Figure 1B, 1D). Active STAT3 is known to 
bind to PIM1 promoter, thus increasing its expression 
level [14]. In our cell line models, PIM1 
over-expression induces STAT3 activation, here 
shown by increased phosphorylation at Tyr705, 
revealing the existence of a positive feed-back loop 
between PIM1 and STAT3 in prostate cells. As PIM1 is 
a Ser/Thr kinase, the induction of STAT3 tyrosine 
phosphorylation must be indirect. We did not observe 
any phosphorylation on Ser727 (data not shown). We 
suggest that PIM1 could affect STAT3 activation in 
RWPE-1 cells through modulation of EGFR activity 

mediated by inhibition of MIG6 expression (Figure 
1G-I). 

The combination of NMS-P645 with GDC-0941 
shows a promising synergistic effect that is selective 
for prostate cancer cells versus normal prostate 
epithelium, thus suggesting a rational for the 
concomitant use of NMS-P645 and PI3K pathway 
inhibitors for prostate cancer treatment (Figure 2). 
Since we recently showed that PIM1 over-expression 
can be driven by the presence of the TMPRSS2/ERG 
fusion [5], we tried to evaluate whether this 
combination therapy could be specific for 
TMPRSS2/ERG-positive PCa cell lines. We found that 
the treatment with NMS-P645 and GDC-0941 is active 
in both TMPRSS2/ERG-positive and -negative PCa 
cells. This is not entirely unexpected, given that PIM1 
expression can be driven by several mechanisms, 
including activation of the JAK/STAT pathway [26]. 
PIM1 expression in the TMPRSS2/ERG-negative 
22Rv1 cells is lower compared to VCaP cells 
(TMPRSS2/ERG-positive) [5], but is probably 
sufficient to exert a role in the tumorigenesis process.  

In conclusion, we here describe the biological 
activity of the novel PIM inhibitor NMS-P645 in 
prostate cancer cell lines. The description of the 
synergism between NMS-P645 and GDC-0941 in PCa 
cells confirms the efficacy and specificity of 
combination strategies in prostate cancer through the 
concomitant inhibition of PIM1 and PI3K pathways. 
Further experiments are ongoing to elucidate the 
efficacy of this therapeutic approach in vivo.  
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