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Abstract

The PIM1 oncogene is over-expressed in human prostate cancer epithelial cells. Importantly, we 

observe that in human hyperplastic and cancerous prostate glands PIM1 is also markedly elevated 

in prostate fibroblasts, suggesting an important role for this kinase in epithelial/stromal crosstalk. 

The ability of PIM1 to regulate the biologic activity of stromal cells is demonstrated by the 

observation that expression of PIM1 kinase in human prostate fibroblasts increases the level and 

secretion of the extracellular matrix molecule, collagen 1A1 (COL1A1), the pro-inflammatory 

chemokine CCL5, and the platelet-derived growth factor receptors (PDGFR). PIM1 is found to 

regulate the transcription of CCL5. In co-cultivation assays where PIM1 overexpressing 

fibroblasts are grown with BPH1 prostate epithelial cells, PIM1 activity markedly enhances the 

ability of these fibroblasts to differentiate into myofibroblasts and express known markers of 

cancer-associated fibroblasts (CAFs). This differentiation can be reversed by the addition of small 

molecule PIM kinase inhibitors. Western blots demonstrate that PIM1 expression in prostate 

fibroblasts stimulates the phosphorylation of molecules that regulate 5’Cap driven protein 

translation, including 4EBP1 and eIF4B. Consistent with the hypothesis that the kinase controls 

translation of specific mRNAs in prostate fibroblasts, we demonstrate that PIM1 expression 
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markedly increases the level of COL1A1 and PDGFRβ mRNA bound to polysomes. Together 

these results point on PIM1 as a novel factor in regulation of the phenotype and differentiation of 

fibroblasts in prostate cancer by controlling both the transcription and translation of specific 

mRNAs.
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1. Introduction

Prostate cancer (PCa) tumor growth and metastasis are stimulated by “activated” fibroblasts, 

also known as cancer associated fibroblasts (CAFs) located in the tumor stroma. 

Phenotypically, CAFs closely resemble myofibroblasts exhibiting different levels of specific 

marker expression relative to benign fibroblasts (1–4). Myofibroblasts secrete multiple 

growth factors (e.g., TGFα, TGFβ, CXCL12/SDF1, IL-6) and extracellular matrix proteins 

(e.g., collagens, periostin, integrins, cadherin 11) involved in regulation of angiogenesis and 

epithelial cell growth and migration. These in turn enable tumor growth and dissemination 

(2, 5–8). Specific intracellular signal transduction pathways are needed to induce the 

myofibroblast/CAF differentiation of normal fibroblasts and to regulate the secretion of the 

factors that stimulate tumor growth.

The pim-1 gene was identified as a proviral insertion site of the Moloney murine leukemia 

virus in experiments designed to find new genes, which are involved in tumorigenesis (9). 

Signal transduction pathways regulated by PIM serine/threonine kinases are strongly 

implicated in the human prostate cancer progression and growth (10). PIM1 activity 

regulates the growth of the epithelial component of human PCa (11–13). Overexpression of 

PIM1 has been detected in human PCa both at the mRNA and protein levels, although there 

is no clear definition of which cell types within the tumor were involved (12). Moderate to 

strong staining of PIM1 was seen in tumors of 68% of patients with a Gleason score of 

seven or higher (14), and PIM staining may be helpful in differentiating benign glands from 

intraepithelial neoplasia (15). Human PCa epithelial cells secrete a large number of factors, 

including IL-6 and GM-CSF, that control PIM kinase levels, and hypoxia is another 

stimulant known to elevate PIM levels in multiple cell types (16–18).

Using human tissue microarrays, our experiments demonstrate that PIM1 protein kinase 

expression levels are significantly elevated not only in the epithelial compartment, but also 

importantly in the prostate stromal compartment. Evaluation of prostate biopsies of human 

tumours demonstrates elevated levels of PIM1 mRNA in myofibroblasts/CAFs versus 

normal fibroblasts. This data suggests a potential role for the PIM1 protein kinase in 

regulation of both the differentiation state and the biologic activity of prostate fibroblasts.
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2. Materials and Methods

2.1 Antibodies

reagents and all lentiviral and retroviral expression vectors used in this study are described 

in the supplementary Materials and Methods.

2.2 Cell culture and generation stable cell lines

Immortalized stromal fibroblasts BHPrS1 and epithelial BPH1 cells were kindly provided by 

Dr. Simon W. Hayward (Vanderbilt University). Both cell lines were isolated from non-

tumorigenic prostate surgical samples (19–21). The primary normal human prostate 

fibroblasts hPrF at passage 2 were purchased from ScienCell and grown in the 

recommended media (Fibroblast medium FM #2301).

Primary cultures of human prostate stromal cells were obtained from explants of needle 

biopsies from the peripheral or transition zones of prostate from patients with advanced 

prostate cancer and from patients without evidence of neoplasia. This work was performed 

by J. Cerda-Infante and V.P. Montecinos, using the pathology resource at the Hospital 

Clínico, Pontificia Universidad Católica de Chile under IRB-approved protocols. Stromal 

fibroblasts were cultivated as described (22) in the DMEM supplemented with 5% fetal 

bovine serum (FBS) for two passages. Cells were then assayed for expression of CAFs-

associated markers αSMA, vimentin, pro-collagen and calponin by qRT-PCR, 

immunocytochemistry and western blot analysis (data not shown) and used for measurement 

of PIM1 levels.

All other human cell lines, including prostate fibroblasts WPMY1, bone marrow 

mesenchymal cells HS-5, PC3, were supplied by American Type Culture Collection. Wild 

type (WT) and PIM triple knockout (TKO) mouse embryonic fibroblasts (MEFs) were 

established as described (23).

2.3 Cell growth

lentiviral transduction and selection of the stable cell pools expressing inducible PIM1 

kinase were performed as described in the supplementary Materials and Methods.

2.4 Co-cultivation assays

Co-cultivation of stromal fibroblasts expressing inducible PIM1 and BPH1/GFP were 

performed either in the absence or presence of Doxycycline (Dox) (20ng/ml). 2×105 of 

BHPrS1 and BPH1/GFP cells were plated in 10 cm dishes, grown until confluent, 

trypsinized, diluted to 4×105 cells/plate and cultivated in a fresh media. After the third 

passage, 15 total days of co-cultivation, the stromal fibroblasts were separated from the 

epithelial cells by differential trypsinization and plated in media containing puromycin 

(2µg/ml) for 48 hours to remove puromycin-sensitive BPH1/GFP cells. After 48 hours 

growth in puromycin containing media, cells were re-plated in antibiotic-free complete 

media and used for analysis. To isolate BPH1/GFP cells, epithelial cells attached to the 

plates after differential trypsinization were collected and subjected to flow cell sorting. The 

resultant GFP-positive epithelial cells were then assayed for cell growth and migration. To 
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study the activity of kinase inhibitors, after the second passage of co-cultivation, cells were 

plated in a fresh media and after attachment overnight, PIM1 or PDGFR inhibitors were 

added for 5 days until cells reached confluence followed by further analysis.

2.5 CM preparation

To prepare CM, 1×106 prostate stromal fibroblasts grown in monoculture or after co-

cultivation were first plated in complete media with or without Dox, and grown for 48 hours. 

Cells were then washed twice with PBS and placed in serum free media. CM was collected 

after 48 hours, centrifuged at 4,000 rpm to pellet debris, and used either for the BPH1 cell 

migration assay (Supplementary Fig. S2C) or concentrated with an Amicon ultra 15 

centrifugal unit (Millipore). The protein concentrations in each sample were determined by 

Bradford assay (Bio-Rad) and equal amounts of protein were used for Western blot or 

ELISA. Quantitation of CCL5 in the CM was measured by the Human Cytokine Array Kit 

(R&D Systems) or ELISA (Ray Biotech), according to the manufacturing protocols.

2.6 Tissue microarray and immunocytochemistry (IHC), cell growth and migration assays

qRT-PCR analysis, polysome profiling were done as described in the supplementary 

Materials and Methods.

2.7 Statistical analysis

All experiments were repeated a minimum of two times and the results of quantitative 

studies are reported as the mean +/−SD. Differences were analyzed by Student’s t test. P 

values of < 0.05 were regarded as significant.

3. Results

3.1. PIM1 protein levels are elevated in PCa fibroblasts

To evaluate the levels of the PIM1 protein kinase in PCa stromal cells, 28 cancer and 

adjacent normal samples were evaluated by IHC using the 19F7 PIM1 mouse monoclonal 

antibody and samples were scored based on staining intensity (Fig. 1A and B). This 

antibody specifically recognizes PIM1 but not the other PIM family members and had been 

used by others (24). This analysis demonstrated that PIM1 is highly and significantly over 

expressed in human PCa stroma when compared to those from normal prostate tissues. This 

observation was confirmed using an alternate prostate tissue microarray containing 32 

adenocarcinomas, 26 hyperplasia and 20 normal tissues (Fig.1 C and D) with staining 

performed with rabbit monoclonal PIM1 antibodies (Epigenetic). Although the direct 

correlation between PIM1 immunostaining in PCa stroma and the Gleason grades was not 

found, the up-regulation of PIM1 kinase can shed light onto stromagenic response in 

prostate cancer.

To confirm whether the PIM1 kinase level is up-regulated in the PCa stromal fibroblasts we 

analyzed pooled RNA samples obtained from primary CAFs cultures isolated from the 

peripheral zone of primary tumor of advanced/metastatic PCa patients (CAFs, n=7), from 

the benign peripheral zone (BP-BAFs, n=9) and from the benign transition zone (TZ-BAFs, 

n=6) of the prostate. As shown in Fig. 1E the level of PIM1 transcript is significantly 
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elevated in CAFs compared to benign prostate fibroblasts. Together these results suggest a 

potential role of PIM1 in the activity of fibroblasts found adjacent to transformed or 

abnormal epithelial cells.

3.2. Overexpression of PIM1 kinase in prostate stromal cells results in increased COL1A1 
expression

To investigate the role of elevated PIM1 in prostate fibroblasts, a doxycycline (Dox)-

inducible lentiviral vector encoding PIM1 kinase was used for transient and stable 

expression of PIM1 in human prostate fibroblasts, including primary fibroblasts hPRF 

(ScienCell), the immortalized prostate fibroblast cell line WPMY1 (ATCC), and BHPrS1. 

The application of 20 ng/ml of Dox to these cells induced moderate increases in PIM1 

(Supplementary Fig. S1) similar to levels commonly seen in both PCa and BPH, suggesting 

that these cells can be used as a model to study the result of PIM1 activity in prostate 

fibroblasts.

Cancer associated fibroblasts (CAFs) exhibit extracellular matrix (ECM) remodeling 

associated with the increased levels of collagens (COL1A1, COL4A), fibronectin, periostin, 

SPARC, cadherin 11 (CAD11), that function to magnify the matrix stiffness and enhance the 

metastatic capacity of epithelial cancer cells (2, 5, 7, 25). To validate whether increases in 

PIM1 levels in normal prostate fibroblasts can change the production of ECM, human 

primary prostate fibroblasts (hPrF) and immortalized prostate fibroblasts (BHPrS1, 

WPMY1), expressing vector control or inducible PIM1 kinase were evaluated. Cells were 

treated with or without Dox for 96 hours and then lysates and conditioning media (CM) 

were analyzed for expression of the ECM and secreted factors that have been previously 

identified as markers of the CAF phenotype. Increasing PIM1 expression in the prostate 

fibroblasts markedly increased intracellular and secreted levels of collagen 1A1 (COL1A1) 

(Fig. 2A–C). This induction was blocked by the addition to the media of either of two pan-

PIM1 inhibitors, AZD1208 (AstraZeneca) (26) or GNE-652 (Genentech) (27)(Fig. 2B). 

Additionally, in hPrF the knockdown of endogenous PIM1 decreased baseline intracellular 

and secreted levels of COL1A1 (Fig. 2D). In contrast to COL1A1, short-term induction of 

PIM1 did not change the levels of periostin, SPARC, SDF4, CAD11 and COL4A2 (Fig. 2E). 

The correlation between PIM1 levels and an elevation in the intracellular or secreted 

COL1A1 was also observed in a human mesenchymal bone marrow cell line HS-5, 

suggesting that the ability of short term expression of PIM1 to elevate COL1A1(Fig. 2F) 

was not limited to prostate fibroblasts.

3.3. PIM1 increases secreted and mRNA levels of the pro-inflammatory cytokine CCL5

In addition to ECM remodeling, CAFs can provide paracrine stimulation of PCa growth by 

secretion of specific growth factors. To investigate whether increased expression of the 

PIM1 protein kinase change the secretion of growth factors or cytokines from prostate 

fibroblasts, the CM produced by hPrF and BHPrS1 fibroblasts expressing vector or the 

PIM1 protein kinase (Fig. 3A) were evaluated by proteome profiling (R&D Systems). This 

analysis demonstrated that CCL5, a chemokine that stimulates PCa cell growth and 

migration (28), was elevated by PIM1 expression, while no significant changes were seen in 

other 36 hormones and growth factors (Fig. 3A and B). CCL5 belongs to the C-C chemokine 

Zemskova et al. Page 5

Cell Signal. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



family and plays an active role in recruiting a variety of leukocytes into inflammatory sites 

including T cells, macrophages, eosinophils and basophils (29). Using ELISA assays, CCL5 

levels in the CM were shown to increase 4.5 – 6-fold after PIM1 expression (Fig. 3C). qRT-

PCR analysis demonstrated that PIM1 expression in BHPrS1 fibroblasts induced a 5-fold 

increase in CCL5 transcripts, and this induction was blocked by two structurally different 

PIM1 inhibitors, suggesting that the levels of CCL5 protein were being controlled 

transcriptionally (Fig. 3D). To further confirm that PIM1 kinase regulated CCL5 expression 

we employed MEFs deficient in PIM1, −2, and −3 (TKO) (23), and WT littermate controls. 

Consistent with the observation that PIM1 expression increased CCL5 transcription in 

human prostate fibroblast cells, TKO MEFs had significantly lower levels of intracellular 

and secreted CCL5 compared to WT MEFs (16.9 fold decrease in lysates, 54.7 fold decrease 

in the CM (Fig. 3E and F). TKO MEFs contained significantly less CCL5 mRNA when 

compared to WT, while the level of COL1A1 transcript was not changed (Fig. 3G). Taken 

together these results suggest that PIM1 kinase can control the expression of the chemokine 

CCL5.

3.4. PIM1 kinase regulates PDGF receptors in prostate fibroblast cells

Because we had previously established that PIM1 expression in PCa epithelial cells can 

control the levels of receptor tyrosine kinases (27, 30), we studied whether elevated PIM1 

levels also mediated changes in tyrosine receptors (RTKs) in prostate fibroblasts. BHPrS1/

PIM1 cells with and without PIM1 induction by Dox were examined by phosphoreceptor 

tyrosine kinases arrays (R&D Systems) (Fig. 4A). Analysis of these arrays demonstrated 

that PIM1 elevated the phosphorylation of the PDGFRα/β receptors and decreased the 

phosphorylation of RYK (Fig. 4A). Since increases in PDGFRβ level have been documented 

in CAFs and implicated in CAFs/myofibroblast phenotype (31, 32), we focused further 

studies on this receptor. Western blots demonstrated that Dox induction of PIM1 expression 

caused an increase in phosphorylated and total PDGFRβ levels in both WPMY1 and 

BHPrS1 prostate fibroblasts and this PIM1-induced PDGFRβ up-regulation was abolished in 

cells treated with the PIM kinase inhibitor AZD 1208 (Fig.4 B–D). The addition of PDGF 

ligand (PDGFBB) to starved cells caused internalization of this receptor, suggesting that it 

was active and functional on the cell surface (Fig 4E). Similar to prostate epithelial tumor 

cells in stromal fibroblasts, PIM1 regulated the levels and the activity of specific RTKs.

3.5. PIM1 enhances the induction of myofibroblast/CAF markers when prostate fibroblasts 
are co-cultivated with epithelial cells

An elevated level of alpha smooth muscle actin (αSMA) has been described in prostate 

myofibroblastic CAFs, and this elevation has been correlated with increases in COL1A1 and 

PDGFRβ levels (2, 31, 32). However, short term over- expression of PIM1 either in primary 

hPrF or the WPMY1 or BHPrS1 cells did not raise αSMA levels, suggesting that increases 

in the PIM1 protein kinase were not sufficient to induce the transition to myofibroblast 

phenotype (Supplementary Fig. S2A). To investigate whether PIM1 induced COL1A1 and 

CCL5 secretion in fibroblasts could stimulate prostate epithelial cell growth/migration, 

prostate non-tumorigenic epithelial BPH1 cells were incubated with the CM produced by 

BHPrS1 fibroblasts with or without PIM1 over-expression. BPH1 cell line was chosen as a 

target of paracrine activity because prostatic CAFs have been shown to irreversibly convert 
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BPH1 cells from benign to malignant phenotype (20). However, the incubation of the CM 

produced by PIM1 overexpressing fibroblasts with BPH1 cells did not stimulate the growth 

or migration rates of BPH1 (Supplementary Fig. S2B and C).

To further evaluate the interaction between prostate epithelial cells and stromal fibroblasts, a 

co-cultivation assay was employed. BPH1 cells were labeled with GFP to allow separation 

of epithelial and stromal populations by cell sorting. BHPrS1 with or without PIM1 

expression and BPH1/GFP cells were grown together for three passages then separated and 

evaluated as described in the 2.4. Materials and Methods. Figure 5A demonstrates that when 

grown together the fibroblasts cells surround the nests of epithelial cells in a similar fashion 

to that seen in the prostate gland. We found that after co-cultivation with BHPrS1/PIM1 

fibroblasts, prostate epithelial BPH1 cells displayed an enhanced growth rate compared to 

BPH1 cells grown alone (control) or to BPH1 cells co-cultivated with BHPrS1 fibroblasts 

expressing vector control (Fig. 5B). Results also demonstrated that the PIM1 mediated 

induction of PDGFRβ, COL1A1 and CCL5 in BHPrS1 fibroblasts was greatly enhanced 

after co-cultivation with epithelial cells compared to fibroblasts grown alone (Fig. 5C).

Although BHPrS1 cells with or without induced PIM1 over-expression did not produce 

elevated levels of αSMA when grown alone, BHPrS1 fibroblasts formed αSMA-positive 

contractile bundles and were positive for markers associated with the myofibroblastic/CAF 

phenotype such as CAD11 and vimentin, when co-cultivated with BPH1 epithelial cells 

(Fig. 5D). Induction of PIM1 expression in the co-cultivated fibroblasts markedly increased 

the level of these myofibroblast-specific markers (αSMA, CAD11, and vimentin) when 

compared to co-cultivated cells with low PIM1 level (Fig. 5E and F). Consistent with this 

result, we found that in bone marrow (BM) mesenchyme isolated from PIM1 knockout mice 

the number of SMA-positive cells was significantly reduced relatively to PIM1 wild type 

BM stroma (Fig. 6A–C). To further confirm that BHPrS1/PIM1-BPH1 cell mixtures are 

dependent on PIM1 activity for the expression of myofibroblastic phenotype, the pan-PIM1 

inhibitor AZD1208 was applied to the co-cultures. The addition of the PIM1 inhibitor 

decreased the number of αSMA-positive fibroblasts (Fig. 5F and Fig. 7G and H) reduced 

both, the secreted COL1A1, COL4A, CAD11 levels and the expression of PDGFRβ and 

αSMA (Fig. 7E,F and H). These data suggest that the extent of the formation of 

myofibroblast phenotype during fibroblast-epithelial cell co-culturing was in part PIM1 

dependent.

3.6 The PIM1 protein kinase expressed in prostate fibroblasts can regulate the priming of 
BPH1 epithelial cell growth

To further examine the interaction between PIM1 expressing stromal fibroblasts and the 

BPH1 epithelial cells, BPH1 cells were re-isolated after the co-cultivation with BHPrS1 

fibroblasts by flow sorting and then grown separately. Growth curves demonstrated that re-

isolated BPH1 cells that had been co-cultivated with BHPrS1 fibroblasts over-expressing 

PIM1 kinase grew faster than control BPH1 cells or BPH1 cells co-cultivated with BHPrS1 

cells expressing normal level of PIM1 (Fig. 5 B). To investigate whether the growth 

stimulation of BPH1 cells by PIM1 over-expressing fibroblasts was PIM1 dependent, pan-

PIM inhibitor AZD1208 was added to the co-cultivated cells. Although this compound had 
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no effect on BPH1 cell proliferation when cells were grown alone (Fig. 7A), the addition of 

AZD1208 to the cell co-culture abolished the ability of PIM1 over-expressed fibroblast cells 

to stimulate the growth of BPH1 cells (Fig. 7B). This result suggests that elevation of PIM1 

kinase in the prostate fibroblasts caused changes in the epithelial cells that allowed them to 

grow at a faster rate (Fig. 5B and Fig. 7B). Additionally, we found that BPH1 cells after co-

cultivation with BHPrS1/PIM1 fibroblasts demonstrated an increased migration rate, and 

this ability could be partially blocked by AZD1208 (Fig. 7C). In contrast to the PIM 

inhibitor, blocking the activity of the PDGFR with a small molecule inhibitor did not reduce 

BHPrS1/PIM1-induced stimulation of BPH1 epithelial cell growth (Fig. 7D). This data is in 

agreement with the observation that unlike PIM1 inhibition the blocking of PDGFRβ 

activity is not sufficient to reduce the expression of the myofibroblastic phenotype related 

markers αSMA, COL1A1 COL4A, and CAD11 (Fig. 7E–H), suggesting that formation of 

myofibroblasts in cell co-cultures can play a crucial role in priming of epithelial cell growth. 

Our results demonstrate that stromal fibroblasts when co-cultivated with epithelial cells 

undergo a transition to a myofibroblast/CAF-like phenotype. These differentiated cells are 

capable of priming epithelial cells for faster growth and migration. The fibroblast to 

myofibroblast transition and the priming activity of fibroblasts to stimulate prostate 

epithelial cells are both enhanced by increased PIM1 levels.

3.7. PIM1 stimulates increased translation of COL1A1 and PDGFRβ mRNAs

To investigate the biochemical mechanism by which PIM1 increases COL1A1 and PDGFRβ 

expression qRT-PCR analysis were carried out. Results demonstrated that neither the 

induction of PIM1 in stromal fibroblasts nor treatment with AZD1208 changed the level of 

the mRNAs encoding these proteins (Supplementary Fig. S3A and B). These results are in 

agreement with the observation that COL1A1 and PDGFRβ transcript levels were identical 

in a microarray analysis of TKO and WT MEFs (data not shown and Fig. 3G). To 

investigate whether PIM1 might be increasing these proteins by inhibiting their degradation, 

BHPrS1/PIM1 cells were treated with cycloheximide and the level of these proteins 

analyzed by Western blotting. These studies did not reveal any changes in the half-life of 

PDGFRβ or COL1A1 proteins when PIM1 expression was induced (Supplementary Fig. 

S3C). The PIM protein kinases have been shown to regulate translation through modulating 

the phosphorylation of PRAS40, TSC-2, 4E-BP1, and eIF4B (13, 27, 33, 34), leading to 

stimulation of mTOR activity and enhancing 5’Cap induced translation. Western blot 

analysis of extracts of PIM1 overexpressing BHPrS1 cells compared to control cells not only 

demonstrated an increase in COL1A1 and PDGFRβ protein levels, but also showed 

increased phosphorylation of the PIM1 target eIF4B (S406) (27), a protein that regulates the 

mRNA helicase eIF4A that is needed for 5’ Cap dependent translation (Fig. 8A). PIM1 

over-expression in these cells caused marked increases in p70 S6 kinase and 4E-BP1 

phosphorylation suggesting an activation of mTORC1 signaling. S6 protein is 

phosphorylated as a result of increased S6K activity (Fig. 8A). A similar observation of 

mTORC1 pathway activation was detected in PIM1 over-expressing WPMY1 fibroblasts 

(Supplementary Fig. S4). These increases in phosphorylation of proteins involved in the 

regulation of translation were blocked by the addition of PIM inhibitor AZD1208. Inhibition 

of mTOR activity by the TORC1/TORC2 inhibitor PP242 abolished PIM1 induced elevation 

of PDGFRβ and COL1A1 protein levels (Fig.8A). These data suggest that PIM1 kinase 
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could regulate translation efficiency of PDGFRβ and COL1A1 transcripts through activation 

of mTOR pathway.

Although prior studies had suggested a role for PIM1 in controlling translation, actual 

changes in the binding of specific mRNAs to the polysomes has not been evaluated. Because 

the overall translational efficiency of an individual mRNA is reflected by the amount of 

translated mRNA bound to light and heavy polysomes, we examined the distribution of 

COL1A1 and PDGFRβ mRNA using the cytosolic extracts of BHPrS1 with and without 

PIM1 induction. Cell extracts were subjected to sucrose density centrifugation, fractions 

collected and RNA prepared from each fraction (Supplementary Fig. S5). The amount of 

COL1A1, PDGFRβ transcripts was evaluated using GAPDH as a control, and mRNAs 

bound to polysomes in fractions 9 through 20 (mono and polyribosomes) were quantified by 

qRT-PCR. As shown in Fig. 8B, elevated PIM1 levels in prostate fibroblasts significantly 

increased binding of the both COL1A1 and PDGFRβ mRNA to polysomes, whereas 

accumulation of GAPDH mRNA did not change. Thus, the ability of PIM1 to elevate 

COLA1 and PDGFRβ protein levels appeared in part to be based on the ability of PIM1 to 

regulate the activity of the 5’Cap and enhance translation of these mRNAs. In summary, the 

PIM1 kinase through its ability to regulate the transcription of specific genes, i.e. CCL5, and 

the translation of specific proteins, i.e. PDGFRβ and COL1A1, primes prostate fibroblast 

cells to undergo a myofibroblast/CAF-like transition leading to stimulation of prostate 

epithelial cell growth and migration (Fig.8C).

4. Discussion

Although the PIM1 protein kinase has been implicated in the epithelial component of PCa 

progression, this is the first study highlighting the importance of this protein kinase in 

regulating the phenotype of prostate fibroblasts. Our finding that the PIM1 level is elevated 

in the fibroblasts of PCa patients suggested the potential importance of this kinase in 

regulating the function of prostate stromal fibroblasts. Transduction of the PIM1 cDNA into 

normal prostate fibroblasts either freshly isolated or immortalized induced increases in 

CCL5 secretion, intracellular and extracellular COL1A1, and activated PDGF receptors that 

are hall marks of the myofibroblast and CAF phenotype (2, 6, 31). As suggested by the low 

levels of αSMA, CAD11, and periostin, short-term expression of PIM1 kinase did not 

induce full differentiation to myofibroblasts. The fibroblasts with elevated PIM1 level 

demonstrated enlarged number of cells with a myofibroblast/CAFs-like phenotype when co-

cultivated with epithelial cells, suggesting that PIM1 activity had a priming effect on the 

ability of these fibroblasts to differentiate into myofibroblasts in response to the stimuli 

produced by epithelial cells. This type of interaction between fibroblasts and epithelial cells, 

has been previously documented in fibroblast-keratinocytes or fibroblast-lung epithelial co-

cultures (35, 36) where myofibroblast differentiation was induced. Also, a co-implantation 

assay demonstrated that human mammary fibroblasts progressively convert to 

myofibroblasts when fibroblast-epithelial cell mixtures were inoculated into animals (37). 

PDGF and TGFβ are thought to play an important role in stromal fibroblast differentiation 

(6, 31). However, PIM1 expression in prostate fibroblasts did not change the production of 

TGFβ ligands or TGF receptors (data not shown). Because PIM1 over-expressing fibroblasts 

produce elevated levels of COL1A1, it is possible that increases in ECM stiffness could play 
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a role in enhancing the myofibroblast phenotypic conversion by improving the efficiency of 

latent TGFβ1 activation (8). PIM1 could sensitize stromal fibroblasts to the TGFβ and 

PDGF stimulation by modulating a combination of ECM stiffness and PDGFR levels.

It has been reported that the pro-inflammatory cytokine CCL5 induces both proliferation and 

migration of prostate epithelial cells (28). In vivo, CCL5 may favor tumor development in 

multiple ways, for example acting as a growth factor, stimulating angiogenesis, modulating 

ECM, inducing the recruitment of additional stromal and inflammatory cells, and taking part 

in immune evasion mechanisms, tumor motility, invasion and metastasis (29, 38). CCL5 is a 

target gene of NFκB activity (39). As shown in our previous study in PCa cells as well as 

experiments carried out by others, PIM1 kinase is able to activate NFκB through 

phosphorylation of RelA/p65 at serine 276, preventing the degradation of this protein and 

enhancing the activation of NFκB signaling (40, 41). Therefore, the increase in CCL5 

transcription detected in the prostate fibroblasts could be explained by PIM1-mediated 

activation of NFκB.

Our data demonstrate that overexpression of PIM1 in prostate stromal fibroblasts does not 

increase the level of either PDGFRβ or COL1A1 mRNA or the half-life of these proteins 

(Supplementary Fig. S3). Thus, the molecular basis of PIM1-induced up-regulation of 

COL1A1 and PDGFRβ levels may be explained in part through the ability of regulation of 

cap-depended translation. The expression of type I collagen is predominantly regulated at 

the posttranscriptional level in part by a unique structural element in the 5’ UTR of the 

collagen mRNA via PI3K/AKT/p70S6K –mediated translational mechanism (42). We did 

not detect activation of AKT in PIM1 over-expressing fibroblasts (Supplementary Fig. S4). 

However, the ability of PIM1 kinase to regulate the 5’Cap binding by both modulating the 

phosphorylation of eIF4B (27) and control p70S6K/S6/4EBP1 phosphorylation through the 

regulation of TSC2 and PRAS40 (13, 33) pointed to PIM1 kinase as an alternative to AKT 

regulator of COL1A1 synthesis. Polysome profiling demonstrates for the first time that 

changes in PIM1 levels actually increase in the recruitment of COL1A1 and PDGFRβ 

mRNAs to the translational apparatus. It is possible that the PIM1-induced transcriptional up 

regulation of CCL5 could also play a role in stimulating the translation of COL1A1 and 

PDGFRβ proteins, as well. In T cells and MCF-7 breast cancer cells CCL5 chemokine 

stimulates mRNA translation through modulation of the mTOR/4E-BP axis leading to the 

increased translation of a subset of mRNAs (43, 44).

5. Conclusion

Our studies demonstrate that PIM1 kinase is over-expressed in myofibroblast/CAFs isolated 

from human prostate cancer tissues, and the kinase activity plays a role in the maintaining of 

myofibroblast population in the model cell cultures. Altogether these results suggest the 

potential utility of PIM-targeted inhibitors as unique agents that could block trans-

differentiation of fibroblasts in PCa and reduce stroma-induced stimulation of tumor growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PIM1 Proviral Insertion site of the Moloney murine leukemia virus

CAFs cancer associated fibroblasts

BM bone marrow

COL1A1 collagen type I alpha 1

PDGFR platelet-derived growth factor receptors

CCL5 chemokine (C-C motif) ligand 5

BPH benign prostate hyperplasia

PCa prostate cancer

CAD11 cadherin11

COL4A collagen type IV alpha

αSMA smooth muscle actin

Dox doxycycline

CM conditioning media

qT-PCR quantitative real-time polymerase chain reaction

IHC immunohistochemistry

TMA tissue microarray

GFP green fluorescein protein
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Highlight

• PIM1 is elevated in human prostate myofibroblast/CAF

• PIM1 promotes growth of PCa
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Figure 1. Expression of PIM1 in human prostate stroma
(A) IHC staining of PIM1 using a prostate tissue microarray (TMA, MUSC). PIM1 

expression is indicated in prostate stroma (arrows). (B) Semi-quantitative analysis of IHC. 

In blinded quantitative analysis of PIM1 immunostaining the percentage of PIM1 positive 

stromal cells was scored on a scale of 0–4, where 0=no positive cells, 1=1–25% positive 

cells, 2=26–50% positive cells, 3=51–75% positive cells, and 4=76–100% positive cells. 

The intensity of staining was scored on a scale of 0–3, where 0=negative, 1=mild, 

2=moderate, and 3=intensive staining. A final score was calculated by multiplying the 
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percentage and intensity scores. P values were calculated by t test and represent the 

probability of no difference between PIM1 positive cells in the stroma of normal and cancer 

tissues. (C) IHC staining of PIM1 using a TMA (Folio Bioscience). PIM1 expression is 

indicated in both the hyperplastic and cancer stroma (arrows; G7; G9- Gleason score 7 and 9 

accordingly). (D) Semi-quantitative analysis of IHC. Percentage of PIM1 positive stromal 

cells was scored as described above. (E) qRT-PCR analysis of pooled RNA samples 

obtained from primary CAFs and BAFs. Each value represents the mean ± SD of six pooled 

measurements produced from two independent experiments. **, P < 0.001; P values were 

calculated by t tests and represent the probability of no difference between PIM1 mRNA 

levels in BAFs and CAFs.
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Figure 2. Overexpression of PIM1 kinase in prostate stromal cells increases COL1A1 levels
(A) Primary (hPrF1) and immortalized (BHPrS1 and WPMY1) prostate stromal cell lines 

were transduced with lentiviruses encoding inducible PIM1 kinase. PIM1 expression was 

induced (20ng/ml Dox) and CM collected and analyzed for collagen 1 (COL1A1) 

production by Western blotting. (B) DMSO (vehicle control) or PIM1 inhibitors, 3µM 

AZD1208 (AZD) or 1 µM GNE- 652 (GNE), were added to the PIM1 overexpressing cells 

for 48 hours. The CM was collected and analyzed by western blotting with the indicated 

antibodies. (C) Analysis of WPMY1 cell lysates after induction of PIM1 kinase expression 
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by Dox. (D) hPrF cells were transduced with lentiviruses encoding PIM1 shRNA (Open 

Biosystem), and cultivated for 72 h. Lysates and CM were then analyzed for COL1A1 

production by Western blotting. (E and F) Over-expression of PIM1 kinase in stromal cells 

increases COL1A1 levels whereas other secreted protein levels are not changed. Human 

prostate fibroblasts (E) or bone marrow mesenchymal cells (F) were transduced with 

lentiviruses encoded inducible PIM1 kinase or vector control, and then incubated in the 

complete media with or without Dox (20ng/ml) for 48 hours following by additional 48 

hours incubation in serum free media. The CM and cell lysates (F, right panel) were 

collected and assayed for indicated proteins by Western blotting. Secreted follistatin like 

protein1 (FSTL) and β-actin serve as loading controls for the CM and lysates respectively. 

All experiments were done in triplicate.
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Figure 3. PIM1 increases secreted CCL5 level and CCL5 transcription
(A) Primary hPrF and immortalized BHPrS1 stromal fibroblasts were transduced with 

lentiviruses expressing inducible PIM1 kinase or vector control. Cells were incubated with 

Dox (20ng/ml) for 72 h in serum free media, CM was collected, concentrated and analyzed 

for cytokine levels using a human cytokine array (R&D system). Changes in CCL5 level are 

indicated by arrows (left panel) and by the enlarged image of cytokine array section (right 

panel). (B) Quantitation of CCL5 levels by spot densitometry analysis. (C) BHPrS1 stromal 

fibroblasts were transduced with lentiviruses expressing inducible PIM1 kinase or vector 

control. Cells were incubated with Dox (20ng/ml) for 48 hours in a serum free media then 
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the CM was collected, concentrated and analyzed for CCL5 levels using human CCL5 

ELISA (RayBiotech) accordingly with the manufacturing protocol. (D) BHPrS1 cells 

expressing inducible PIM1 kinase were incubated with PIM1 inhibitors 3µM AZD 1208 

(AZD), 1 µM GNE- 652 (GNE) for 48 h. mRNA levels were analyzed by qRT-PCR and are 

expressed relative to those found in PIM1-non-induced control cells. Each value represents 

the mean ± SD of 6 pooled measurements produced from two independent experiments. *, 

P< 0.01, **, P < 0.001; P values were calculated by t tests and represent the probability of 

no difference between mRNA levels in non-induced (low PIM1) and PIM1 over-expressing 

cells (high PIM1). Detection of CCL5 levels in the lysates (E) or CM (F) obtained from WT 

and TKO MEFs. MEF cells were seeded in 10 cm culture dishes at the density of 1 ×106 

cells and cultivated in completed growth media for 48 hours. Cells were lysed in cold NP40 

lysis buffer (Life Technologies) and subjected to centrifugation at 16,000 × g for 10 min at 

4°C. Resulting lysates (200 µg protein) were used for Immunoassay (E). Cultured medium 

(15ml) was collected and 250µl was used for Immunoassay (F). Duplicate samples were 

assayed for 23 mouse cytokines/chemokines including CCL5 using a multiplex mouse assay 

(Bio-Plex Pro Mouse Cytokine Standard 23-Plex;Bio-Rad Laboratories), according to the 

protocol of the manufacturer. Samples were analyzed using the Bio-Plex Protein Array 

System and the related Bio-Plex Manager (Bio-Rad). (G) COL1A1 and CCL5 mRNA levels 

in WT and TKO MEFs as determined by qRT-PCR analysis. Values are the average of two 

independent experiments and the standard deviation from the mean is shown.
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Figure 4. PIM1 kinase expression leads to increases PDGFR level and phosphorylation
(A) BHPrS1stable pools expressing inducible PIM1 kinase were incubated with or without 

Dox (20 ng/ml) for 48 hours, then lysed and 300µg of total proteins were assayed by the 

human phospho-RTK array (R&D Biosystem). Arrows indicate RYK and PDGFR kinases. 

(B) BHPrS1/PIM1 and WPMY1/PIM1 cells with or without PIM1 induction were incubated 

in a serum free media overnight, and then treated with PDGFRβ ligand (PDGFBB) for 30 

min. Cell lysates were analyzed by Western blotting for the indicated proteins. (C) BHPrS1/

PIM1 cells with and without PIM1 induction by Dox were incubated in serum free media 

overnight in the presence of DMSO (vehicle control) or 3µM AZD1208, the cells were then 

stimulated with 20% FBS for 30 min and assayed by Western blotting with the indicated 

antibodies. (D) Spot densitometry analysis was performed for PDGFRβ protein levels seen 

in C and intensity was normalized to the β-actin loading control. (E) BHPrS1/PIM1 cells 

with and without PIM1 induction by Dox were incubated in serum free media overnight and 

PDGFRβ activation was induced by PDGFBB ligand for indicated time period.
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Figure 5. PIM1 primes stromal fibroblasts for myofibroblast differentiation in a co-cultivation 
system
(A) 2 ×105 BPH1/GFP cells were mixed with 2×105 BHPrS1 cells and Dox (20ng/ml) was 

added to the culture to induce PIM1. The low density cultures are shown in the left panel, 

and confluent cultures (middle and right panel; phase-contrast and GFP image respectively). 

Arrows identify stromal cells that are surrounding the epithelial cells. (B) After 3 passages 

with stromal-epithelial cell co-cultivation, GFP-positive epithelial BPH1 cells were isolated 

from BHPrS1 fibroblasts as described in 2.4 Materials and Methods and plated in triplicates 

for growth assays. The left panel demonstrates cell density using crystal violet staining and 

the right panel indicates dye absorbance as a measure of cell growth. The control (C) is 

BPH1/GFP cells grown without co-cultivation with fibroblasts. Vector (V) represents 

BPH1/GFP cells grown after co-cultivation with BHPrS1 cells expressing normal level of 

PIM1, and “PIM1- BPH1/GFP” indicates cell growth rate after co-cultivation with BHPrS1 

fibroblasts over-expressing PIM1 kinase. (C) BHPrS1/PIM1 fibroblasts cultured alone 

(mono) or after co-cultivation with BPH1 epithelial cells were analyzed by Western blotting 

for the changes in PDGFR, COLA1A and actin. The mRNA expression of CCL5 was 

quantitated by qRT-PCR. PIM1 expression was induced by Dox (20ng/ml). (D) 

Immunofluorescent images of prostate fibroblast and epithelial cell mixtures performed with 

CY3 conjugated anti αSMA antibodies to visualize αSMA expression (Red) and followed 

by DAPI staining to visualize nuclei (blue). Epithelial BPH1/GFP cells are green. (E) The 
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level of proteins in low PIM1 (−DOX) and PIM1 over-expressing (+DOX) fibroblast cells 

after co-cultivation with BPH1 epithelial cells measured by Western blotting with the 

indicated antibodies. (F) BHPrS1 cells expressing vector control (vector) or PIM1 kinase 

(PIM1) were co-cultivated for 2 passages in the presence of Dox (20ng/ml). Then, AZD1208 

(3 µM) was added at passage 3 for 5 days. Fibroblasts were separated from epithelial cells, 

cultivated as described in 2.4. Materials and Methods, and then assayed by flow cytometry 

for αSMA expression using anti-αSMA APC-conjugated antibodies.
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Figure 6. BM stroma lacking PIM1 expression exposes decreased number of myofibroblasts
(A) Phase contrast microscopic images of bone marrow (BM) mesenchymal cells at passage 

6 harvested from femurs of PIM1KO (upper panel) or PIM1 WT (lower panel) mice. The 

big, flat cells with myofibroblastic phenotype are indicated by arrows. (B) WB analysis of 

the lysates obtained from primary BM cells (passage2) harvested from PIM1 knockout mice 

or WT mice for indicated protein expression. (C) BM mesenchymal cells at passage 7 

collected from mice with the indicated phenotypes were immunostained with CY3 

conjugated anti αSMA antibodies to visualize αSMA expression. The number of αSMA 
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positive cells in each cell population was estimated by counting of 200 cells from three 

independent fields.
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Figure 7. Co-cultures with prostate fibroblasts expressing PIM1 enhance the growth of BPH1 
cells
(A) The growth rate of BPH1 cells with and without the PIM1 inhibitor AZD1208 was 

measured by crystal violet staining as described in the supplementary 2.6. Materials and 

Methods. (B) BPH1/GFP epithelial cells were co-cultivated with the BHPrS1/PIM1 cells 

either with or without Dox (20ng/ml) and the PIM inhibitor AZD1208 using conditions 

described in the Fig. 5B as well as found in the 2.4 Materials and Methods. After cell 

separation, the GFP-positive BPH1 cell growth rate was measured using crystal violet 

staining at the indicated times. (C) BPH1/GFP epithelial cells were co-cultivated with the 

BHPrS1/PIM1 cells either with (Dox) or without PIM1 induction (no Dox) and with (AZD) 

or without PIM1 inhibition using conditions described in the Fig. 5B and Fig. 7B. At the end 

of the treatment the migration of epithelial cells were assayed using Boyden chambers. 

5×104 GFP-positive epithelial BPH1 cells were seeded in a serum free media into upper 

chamber and the media containing 2% of serum was added into the lower chambers. 

Migration toward serum gradient was examined over 24 hours as described in 

supplementary 2.6 Materials and Methods. Figure legends indicate: Control (C) – 

BPH1/GFP cell migration without co-cultivation with BHPrS1; PIM1 no Dox – BPH1/GFP 

cells migration rate after co-cultivation with BHPrs1/PIM1 control cells without PIM1 

induction; PIM1 Dox- BPH1/GFP cells migration rate after co-cultivation with BHPrS1 

overexpressing PIM1 kinase, and PIM1 Dox + AZD – BPH1/GFP cells migration after co-

cultivation with BHPrS1 cells over-expressing PIM1 kinase when PIM inhibitor 3µM 

AZD1208 was added into co-cultures. Values are average from the two independent 

experiments and the standard deviation from the mean is shown. . *, P< 0.05, **, P < 0.01; 

P values were calculated by t tests.

(D) The growth rate of BPH1/GFP cells co-cultivated with BHPrS1/PIM1 fibroblasts with 

or without PDGFR inhibitor III (1 µM, Santa Cruz) was determined as described in Fig. 7B 
and 2.4 Materials and Methods section. All experiments were done in triplicate and the 

average of these determinations +/− S.D is shown. Western blot analysis of the lysates (E) 

or CM (F) produced by BHPrS1/PIM1 fibroblasts after co-cultivation with BPH1 epithelial 

cells as described in B and D are shown for indicated proteins. (G) Flow cytometry analysis 

for αSMA expression in the BHPrS1/PIM1 fibroblasts after co-cultivation with BPH1/GFP 

epithelial cells using APC conjugated anti αSMA antibodies. The percentage of high αSMA 

Zemskova et al. Page 26

Cell Signal. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



positive cells is indicated. (H) Western blot analysis for indicated proteins in cell lysates 

obtained from the samples used in G.
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Figure 8. PIM1 controls the translation of PDGFRβ and COL1A1 in prostate stromal fibroblasts
(A) BHPrS1/PIM1 cells with or without PIM1 induction by DOX were incubated with 

DMSO (vehicle control), PIM inhibitor AZD 1208 (3µM) or mTORC1, 2 inhibitor PP242 

(2µM) for 16 hours. Cell lysates were probed by Western blotting for the indicated proteins. 

(B) BHPrS1/PIM1 fibroblasts were treated with or without Dox (20ng/ml) for 5 days to 

induce PIM1 expression. Total cell lysates were run on sucrose gradients to isolate ribosome 

fractions and the levels of COL1A1, PDGFRβ and GAPDH mRNA associated with each 
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fraction was determined by qRT-PCR. (C) A model demonstrating the role of PIM1 in PCa-

associated stromal fibroblasts.
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