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Abstract

PIM1 kinase and MYC are commonly co-expressed in human prostate cancer and synergize to 

induce rapidly progressing prostate cancer in mouse models. Deficiency of the Pim kinase genes is 

well tolerated in vivo, suggesting that PIM1 inhibition might offer an attractive therapeutic 

modality for prostate cancer, particularly for MYC-expressing tumors. Here we examine the 

molecular consequences of Pim1 and MYC over-expression in the prostate as well as the effects of 

depleting Pim1 in prostate carcinoma cells with high levels of MYC. Over-expression of Pim1 in 

the mouse prostate induces several pro-tumorigenic genetic programs including cell cycle genes 

and Myc-regulated genes prior to the induction of any discernible pathology. Pim1 depletion by 

RNA interference in mouse and human prostate cancer cells decreased cellular proliferation, 

survival, Erk signaling, and tumorigenicity even when MYC levels were not significantly altered. 

These results indicate that PIM1 may be necessary to maintain tumorigenicity, and further support 

efforts aimed at developing PIM1 inhibitors for prostate cancer therapy.
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Introduction

The PIM kinase family consists of three constitutively active serine/threonine kinases, 

PIM1, PIM2 and PIM3, which have been implicated in diverse human malignancies 

including leukemias and lymphomas, as well as pancreatic, hepatic, oral and prostate 

cancers (Magnuson et al , Shah et al 2008). PIM1 kinase is an attractive molecular target for 

cancer pharmacotherapy because it enhances the transforming potential of oncogenes. For 

instance, Pim1 accelerates Myc-initiated lymphomagenesis and prostate cancer development 

in mouse models (Verbeek et al 1991, Wang et al 2010). Whereas mice with homozygous 

deficiency in Myc uniformly exhibit widespread developmental defects and embryonic 

lethality (Davis et al 1993), mice with homozygous deficiency in all three Pim kinases are 

viable, fertile, and exhibit only minor phenotypic abnormalities (Mikkers et al 2004). These 

observations show that inhibition of PIM kinase activity is well-tolerated in vivo, and 

suggest that drugs targeting PIM kinases might be better tolerated than those targeting 

MYC.

Using a prostate regeneration system, we have recently shown that Pim1 potently interacts 

with MYC to accelerate prostate cancer progression although Pim1 alone did not lead to 

significant pathology (Wang et al 2010). MYC/Pim1 expression in this model led to the 

development of neuroendocrine prostate cancer, apparently by differentiation via an 

adenocarcinoma intermediate. The mechanisms underlying cooperativity between Pim1 and 

Myc in prostate tumorigenesis in vivo have not been clearly elucidated. Studies have 

suggested that Pim1 may enhance Myc tumorigenesis by increasing Myc protein stability or 

transcriptional activity (Chen et al 2005, Kim et al 2010, Zhang et al 2008, Zippo et al 

2007). We have reported that Pim1 over-expression in the prostate in vivo produced minimal 

morphological alterations by 6 weeks (Wang et al 2010). These results prompted us to test 

whether we could discern molecular alterations induced by Pim1 over-expression in the 

absence of concurrent over-expression of Myc. In this report, we used gene expression 

profiling to investigate the molecular pathways modulated by expression of Pim1 and MYC 

alone or together in the mouse prostate. We also knocked down Pim1 expression using RNA 

interference to test whether Pim1 is necessary to maintain the malignancy of MYC-

expressing prostate cancer cells. Our results show that Pim1 knockdown resulted in 

decreased proliferation, cell survival, Erk signaling, and tumorigenicity even when MYC 

levels were not significantly altered.

Results

Gene expression programs regulated by Pim1 and c-MYC in prostate cells in vivo

To characterize the effects of Pim1 and MYC on prostate tumorigenesis, we used a tissue 

recombination model in which lentiviral vectors over-expressing MYC, Pim1, or MYC and 

Pim1 were used to infect normal mouse prostate cells. Cells were implanted under the renal 

capsule of SCID mice hosts, and regenerated prostate tissue grafts were harvested after 6 

weeks. We have previously shown that at this time point, Pim1 grafts were morphologically 

indistinguishable from control grafts, consisting of benign prostatic glands (Wang et al 

2010). MYC grafts, on the other hand, contained multiple foci of high grade PIN (HGPIN) 

lesions, (Wang et al 2010). However, MYC/Pim1 grafts had the most severe pathology, 
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consisting of poorly differentiated cancer with evidence of neuroendocrine differentiation. 

These observations indicate that Pim1 may be dependent on collaborating mutations in 

genes such as in Myc before it can manifest its tumorigenic effects.

To gain insight into the oncogenic functions of Pim1 in prostate cells in vivo, we compared 

the gene expression profiles of these regenerated mouse prostate grafts over-expressing 

human MYC, mouse Pim1, both Pim1 and MYC, or control lentivirus (Wang et al 2010) 

using Affymetrix microarray analysis. By employing Significance Analysis of Microarrays 

(SAM) analysis, we were able to identify 4,172 probes (corresponding to 2770 unique 

genes) that were differentially expressed between control, Pim1, MYC, or MYC/Pim1 grafts 

(Supplementary Table S1). To identify subgroups of genes with similar expression profiles, 

we performed hierarchical clustering (Supplementary Fig. S1) for the genes deemed 

significant in the microarray analysis. The most extreme gene expression changes were 

observed in three MYC/Pim1 grafts and revealed several distinct clusters of genes with 

altered expression. Gene expression differences among samples are a probably a reflection 

of the stages of tumorigenesis in each of the grafts. For example, one MYC/Pim1 array 

clustered with the MYC arrays (Supplementary Fig. S1), suggesting that RNA isolated from 

this sample might have come from tissue consisting of mostly HGPIN.

While single analysis of differentially expressed genes can provide insight into the 

underlying biological differences between samples, it can miss modest but coordinated 

changes in groups of genes (such as those belonging to the same cellular pathway) which are 

functionally significant in the tissue or cell type being studied. Gene Set Enrichment 

Analysis (GSEA) is an approach that identifies pathway-level changes using groups of genes 

or ‘gene sets’ that are significantly enriched or depleted -as a group- in a pair-wise 

comparison of experimental vs. control samples (Mootha et al 2003, Subramanian et al 

2005). We performed GSEA comparing the control grafts to each of the Pim1, MYC and 

MYC/Pim1 groups (a total three comparisons). Remarkably, all three groups showed 

significant enrichment for several gene sets, including cell cycle genes and Myc target genes 

(Fig. 1, Supplementary Table S2). Other gene sets significantly enriched in Pim1, MYC and 

MYC/Pim1 grafts include genes involved in differentiation. For example, IDX/TSA cluster 

3 refers to a gene set upregulated in a model of adipocyte differentiation of 3T3L1 cells 

induced by insulin, dexamethasone treatment (Burton et al 2004). Many of the genes in this 

cluster are also related to the cell cycle as differentiation is associated with exit from the cell 

cycle. Another notable gene set identified by GSEA analysis consists of genes up-regulated 

in doxorubicin resistant gastric cancer cells. Therefore the gene sets identified as enriched in 

Pim1, MYC or MYC/Pim1 grafts consist of genes involved in cell cycle progression, 

differentiation and drug resistance. The differential expression of several selected genes 

identified by this analysis was confirmed by qRT-PCR (Figure S1B). While observing these 

gene expression changes in MYC- or MYC/Pim1-expressign neoplastic prostate grafts is not 

surprising, it is unexpected that grafts expressing Pim1 alone also show such gene 

expression changes, considering that Pim1 grafts at 6 weeks show no discernible 

morphological abnormalities (Wang et al 2010). Thus Pim1 may perturb the expression of 

cancer-relevant genes before the appearance of any discernible histological abnormalities.
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The enrichment of these gene set modules in the prostate regenerated grafts is not due to the 

presence of a common set of genes in all modules, as leading edge analysis showed little 

overlap among them (Fig. 1B, Supplementary Fig. S2). The ‘leading edge’ in a gene set 

represents the individual genes that are primarily responsible for the observed association. 

Examination of the ‘leading edge’ could provide important insights into the biological 

character of the gene set. The similarity between modules enriched in Pim1 expressing 

grafts to those in MYC-expressing grafts (Figs. 1A,C) is consistent with reports in the 

literature that Pim1 enhances MYC transcriptional activity (Chen et al 2005, Kim et al 2010, 

Zhang et al 2008, Zippo et al 2007). Thus our gene expression analysis supports the 

hypothesis that over-expression of Pim1 stimulates the transcriptional activity of 

endogenous Myc present in the cells, resulting in the activation of gene programs regulated 

by Myc.

Establishment of MYC/Pim1 Tumor Cell Lines

To further investigate the relationship between Myc and Pim1, we tested whether Pim1 

plays a role in maintaining the tumorigenic potential of Myc. To examine this possibility, we 

created a cell line (MPT: MYC and Pim1 over-expressing Tumor cells) from MYC/Pim1 

prostate tissue recombinant grafts. As we have shown, the MYC/Pim1 grafts formed 

aggressive prostate tumors (Fig. 2A and (Wang et al 2010)). MPT cells expressed MYC and 

Pim1 protein (Fig 2B), yellow fluorescent protein as a marker indicating their derivation 

from a MYC/Pim1 tumor (Fig. 2A), as well as the neuroendocrine cell marker neuron-

specific enolase (NSE) (Fig. 2B), consistent with neuroendocrine differentiation in the 

original MYC/Pim1 tumors (Wang et al 2010). To study the effects of Pim1 expression, 

these cells were subsequently infected with shRNAmir against mouse Pim1 (named 

shPim1#1). To control for off-target effects, additional stable cell line was established 

expressing shRNA targeting Pim1 (named shPim1#2). Western blot analysis showed that 

Pim1 protein levels were dramatically reduced by both Pim1 RNAs (Fig. 2B). Furthermore, 

Pim1 knockdown did not result in a compensatory increase in Pim2 or Pim3 (Figure S4). 

Notably, Pim1 knock-down did not appreciably change the levels of MYC protein in MPT 

cells (Fig. 2B).

We also established a second cell line, MPT2 from a 4-week MYC/Pim1 graft (Fig. 2C and 

Supplementary Fig. S3). Unlike the 6-week grafts reported above, histological and 

immunohistochemical analysis revealed that 4-week MYC/Pim1 grafts exhibited HGPIN 

with features of microinvasion. These lesions were androgen receptor (AR) positive and 

neuroendocrine cell marker synaptophysin negative (Supplementary Fig. S3). We stably 

knocked down Pim1 expression in MPT2 cells using shPim1#2 (Fig. 2C). We observed that 

MPT2 cells expressed NSE and initially expressed AR (Fig. 2C). However, AR expression 

was lost with increasing passage in culture (Fig. 2C).

Further characterization of MPT and MPT2 cells showed that Pim1 knock-down 

substantially reduced cellular proliferation compared to cells expressing control shRNA 

(Fig. 2D,E). PIM1 has been implicated in anti-apoptotic functions via interactions with 

several molecules including BAD (Aho et al 2004) and ASK1 (Gu et al 2009). Accordingly, 
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Pim1 knockdown increased rates of apoptosis as determined by activated Caspase 3 staining 

in both MPT and MPT2 cells in low serum conditions (Fig. 2F,G).

Pim1 knockdown impairs prostate tumor cell tumorigenicity

We used a focus-formation assay to test the effects of Pim1 knock-down on prostate cancer 

cell tumorigenicity in vitro. The results showed that control MPT and MPT2 cells lost 

contact inhibition and formed foci, which is typical of cancer cells. However, Pim1 knock-

down in both cell lines sharply reduced focus-forming ability (Fig. 3A, B). To examine in 

vivo tumorigenicity, we injected either Pim1 knock-down (shPim1#1) or control 

(shControl#1) MPT cells subcutaneously into athymic nude mice and monitored tumor 

growth over 12 weeks. Although no tumors developed in the Pim1 knock-down group 

(N=10), 60% of mice in the control group (N=10) formed large tumors (Figs. 3C, D). In 

histology, the control grafts consisted of sheets of tumor cells expressing the neuroendocrine 

differentiation marker synaptophysin (SYP), but not androgen receptor (AR), recapitulating 

the features of original MYC/Pim1 tumor from which the cell line was established (Fig. 2A 

and Figs. 3E,F).

We extended these findings beyond the two MPT cell lines, by examining the effects of 

PIM1 knockdown in DU145, a human prostate cancer cell line with appreciable endogenous 

PIM1 and MYC expression. To reduce PIM1 expression in DU145, we used shPim1#2 

which targets both human and mouse PIM1 mRNA. We verified that PIM1 was 

substantially knocked down in DU145 cells (Fig. 4A). Furthermore, unlike MPT cells, 

endogenous MYC levels were reduced by PIM1 knockdown in DU145 cells (Fig. 4A). NSE 

was also expressed by DU145 cells, consistent with previous results (Leiblich et al 2007), 

and its expression was not altered by PIM1 knockdown (Fig. 4A). PIM1 reduction impaired 

the proliferation and survival of DU145 cells (Fig. 4B, C). In addition, DU145 cell 

tumorigenicity as determined by growth in soft agar was reduced following PIM1 depletion 

(Fig. 4D,E). These results, taken together with our previously published results on the 

effects of Pim1 over-expression on prostate cell transformation (Wang et al 2010), indicate 

that although Pim1 over-expression alone may not be sufficient to initiate the development 

of invasive prostate cancer, continued Pim1 expression is required to maintain prostate 

cancer cell tumorigenicity.

Pim1 knockdown impairs ERK signaling pathway activation

We explored signaling pathways that may be dysregulated in Pim1 knock-down cells, 

including the PI3-kinase/Akt and MAPK/Erk signaling pathways. While we found no 

consistent changes in Akt signaling (not shown), Western blot analysis showed that ERK1/2 

phosphorylation was consistently reduced by Pim1 knock-down in MPT, MPT2, and DU145 

cells compared to corresponding control cells (Fig. 5A-D). We next examined whether Pim1 

over-expression is sufficient to induce active ERK in prostate carcinoma cells. We found 

that stable over-expression of Pim1 in LNCaP and PC3 prostate cancer cells (Kim et al 

2010, Roh et al 2003) did not alter ERK phosphorylation (Fig. 5E,F). However, examination 

of Pim1-expressing tissue recombinant prostate grafts showed evidence of enhanced Erk1/2 

phosphorylation (Fig. 5G). As these Pim1-expressing grafts showed no evidence of prostate 

neoplasia (Wang et al 2010), the results indicate that in prostate tissue in vivo, Pim1 
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overexpression is associated with enhanced Erk1/2 activity. Overall, these results indicate 

that PIM1 may be necessary for maintaining ERK signaling in prostate cells.

Discussion

In this report we investigated the molecular changes induced by expression of Pim1 and 

MYC in the mouse prostate in vivo as well as the functional consequences of depleting Pim1 

in prostate tumor cells. We found that Pim1 expression engages multiple gene programs 

important for tumorigenesis even in the absence of any discernible morphological 

abnormalities. Several gene modules were disrupted by Pim1 over-expression, including 

modules involving cell cycle genes, genes altered during differentiation, MYC targets and 

genes up-regulated in doxorubicin resistant cancer cells. Dysregulation of MYC target genes 

in Pim1-expressing prostate grafts is consistent with published reports showing Pim1 

enhances MYC protein stability and transcriptional activity (Chen et al 2005, Kim et al 

2010, Zhang et al 2008, Zippo et al 2007). It has been shown that hypoxia can induce Pim1 

which contributes to solid tumor formation (Chen et al 2009a). The gene programs we have 

shown to be regulated by Pim1 may also be dysregulated when Pim1 is induced in hypoxic 

tissue and thereby sensitize the tissue to tumorigenesis due to expression of oncogenes such 

as MYC.

Although Pim1 is weakly oncogenic, it synergizes potently with Myc to induce invasive 

prostate cancer with features of neuroendocrine differentiation (Wang et al 2010). The basis 

for this synergism between Pim1 and Myc is not well understood. Pim1 is a constitutively 

active serine/threonine kinase, so its protein level correlates its kinase activity (Qian et al 

2005). To understand the function of Pim1 on Myc/Pim1 cooperation in prostate 

tumorigenicity, we knocked down Pim1 expression in MYC/Pim1 mouse tumor derived cell 

lines and a human prostate cancer cell line DU145. We found that, while Pim1 failed to 

initiate development of invasive prostate adenocarcinoma, depletion of Pim1 expression 

resulted in decreased growth rate, survival, and tumorigenic potential, indicating that Pim1 

is required for maintenance of the tumorigenic phenotype. In MPT cells, Pim1 knockdown 

reversed their tumorigenic phenotype even when MYC level was not decreased, which 

suggested that Pim1 and Myc synergism in prostate cancer depend on other mechanisms 

besides enhancing Myc activity and stability. Unlike in DU145 cells, Pim1 knock-down in 

MPT and MPT2 cells did not decrease Myc levels perhaps due to the fact that these cells 

express exogenous MYC. It is important to point out that MPT cells derived from MYC/

Pim1 neuroendocrine prostate cancer without AR expression, so it may not reflect the 

situation in most prostate tumors which are AR positive. However, we found similar results 

in MPT2 cells which are derived from AR positive HGPIN/cancer lesions. In addition, data 

from multiple human prostate cancer cell lines consistently showed that depletion of PIM1 

attenuates tumor cell proliferation and/or tumorigenicity. Our results indicate that PIM1 

shRNA impairs proliferation and tumorigenicity of DU145 cells, consistent with other 

reports in 22rv1(Morishita et al 2008) and PC3 cells (Hu et al 2009).

We observed reduced Erk phosphorylation in Pim1 knock-down cells. It has been shown 

that Pim1-depleted and Pim1-inhibitor treated bone marrow cells have impaired Erk 

phosphorylation (Grundler et al 2009). The Raf–MEK–ERK/MAPK pathway is subject to 
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many levels of regulation. Pim1 may have common targets that affect the MAPK pathway. 

In Eμ-Myc mice, Tpl2 can compensate for the absence of Pim1 and Pim2 (Berns et al 1999). 

Tpl2 is also known as Map3k8, and has been reported to be involved in Mek/Erk1/2 

activation (Jager et al 2010). It is still unclear whether Pim1 directly or indirectly affects Erk 

phosphorylation. In the primary mitogen regulated pathway, extracellular stimuli activate 

Raf-1, which phosphorylates and activates MAPK kinase (Mek), leading to the 

phosphorylation and activation of the extracellular signal regulated kinases (Erk) (Kolch 

2000). Activated Erk/Mapk translocates to the nucleus and activates gene expression by 

phosphorylation of a series of substrates including MYC. It remains to be determined 

whether Pim1 affects Raf-1 or Mek phosphorylation, or interacts with other proteins that are 

involved in this pathway.

Several studies suggest that targeting Pim1 could provide a promising strategy in anti-cancer 

therapy. Importantly, Pim1 depletion has only subtle effects in normal cells. Pim1 deficient 

mice are ostensibly normal, healthy and fertile (Laird et al 1993). Pim1, Pim2 and Pim3 

compound knockout mice are viable and fertile, but show a reduction in body size, 

suggesting Pim kinases might act as sensitizers for growth factor signaling pathways 

(Mikkers et al 2004). Pim kinase inhibition using SGI-1776 in prostate cancer cells or CLL 

cells (B-cell chronic lymphocytic leukemia) led to a concentration dependent induction of 

apoptosis (Chen et al 2009b, Mumenthaler et al 2009). A PIM1-specific monoclonal 

antibody has also shown efficacy in inhibiting the tumorigenicity of PIM1-expressing 

tumors in mouse models (Hu et al 2009). In conjunction with these studies, our results 

further support that Pim1 represents an efficient target for prostate cancer therapy.

Materials and Methods

Cell lines and constructs

DU145 human prostate cancer cells (ATCC) were cultured in RPMI medium with 10% fetal 

bovine serum (FBS). MPT and MPT2 mouse prostate cancer cells were established from 

MYC/Pim1 prostate tissue recombinant tumors. The generation of MYC/Pim1 graft tumors 

has been described (Wang et al 2010). Briefly, MYC/Pim1 tumors were minced and 

digested by collagenase, then plated on collagen coat plate with DMEM/F12/10% FBS 

medium. After reaching confluence, the cells were split into regular cell culture dish.

Lentivirus preparation, transduction and stable knockdown of Pim1

Lentiviral pGIPZ shRNAmir against mouse Pim1 (V2LMM_46214) and the sequence-

scrambled, Non-silencing-GIPZ lentiviral shRNAmir control (RHS4346) were provided by 

Vanderbilt Functional Genomics shared resource (Open Biosystems). Lentiviral pLKO.1 

shRNA targeting human, mouse, rat Pim1 (RHS3979-9631245) and empty vector were 

obtained from Open Biosystems. Lentiviral shRNAmir or shRNA vectors with Δ8.9 and 

VSVG (provided by Dr. David Baltimore, Caltech) were transfected into 293FT cells 

(Invitrogen) to obtain viral supernatants as described (Wang et al 2010). MPT, MPT2 or 

DU145 cells were infected by virus in the presence of 8μg/ml polybrene. 10 or 5μg/ml 

Puromycin were added to select stably transduced cells after 2 days of infection.

Wang et al. Page 7

Oncogene. Author manuscript; available in PMC 2012 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Transcriptional profiling analysis

Total RNA was isolated with TRIzol (Invitrogen) and RNAeasy kit from Qiagen. RNA 

quality was checked on an Agilent Bioanalyzer. All samples used for microarray analysis 

have high quality score (RIN >7). RNA (1 μg) was reverse transcribed with T7-oligo(dT) 

primer and labeled with biotin using Affymetrix One Cycle Target Labeling kit following 

manufacturer's protocol. Three to four replicates of each group were prepared, labeled, and 

hybridized to Affymetrix Mouse Gene 1.0 ST v1.r4 arrays and scanned on Affymetrix 

GeneChip scanner 3000. Data were collected using Affymetrix GCOS software and pre-

processed in Expression Console (version 1.1)(Affymetrix, Santa Clara CA) using the 

RMA-Sketch method. Normalized data were imported to Microsoft Excel for SAM 

(Significance Analysis of Microarrays) (Tusher et al 2001). Multiclass SAM was performed 

(delta = 0.43, FDR < 0.0152) without array centering. Genes deemed significant in the 

multiclass SAM were ordered based on their similarity in expression patterns with 

hierarchical clustering in R. Distance was calculated using the Euclidean model and clusters 

were generated using the complete linkage method. GSEA v2.0.6 (Subramanian et al 2005) 

was used to test for enrichment in Collections C2 – C5 of the Molecular Signatures Database 

(MSigDB version 2.5). Comparisons were made three ways: control vs. Pim1 over-

expressing, control vs. MYC over-expressing, and control vs. MYC/Pim1 over-expressing.

Western blot analysis

Cells were washed with PBS, RIPA buffer with protease inhibitors was added, and cells 

were harvested with cell scraper, briefly sonicated and spun down. For analysis of tissues, 

prostate grafts from control and Pim1-expressing tissue recombinants grown for 6 weeks 

(Wang et al 2010) were used to make lysates. Lysate was run on SDS-PAGE, transferred to 

PDVF membranes. Membranes were blotted with the following antibodies: c-MYC, Pim1, 

AR and Actin (Santa Cruz Biotechnology); p44/42 MAPK (Erk1/2), phospho-p44/42 

MAPK (Thr202/Tyr204) (Cell signaling); NSE (Neomarker); β-actin (Santa Cruz 

Biotechnology); β-tubulin (Sigma).

Proliferation assay

MPT Cells were seeded at 20,000 cells per well in a six-well plate. Viable cell number was 

determined by hemacytometer counts of trypan blue-excluding cells for 4 days. For MTS 

assay, 2000 MPTs cells or 4000 DU145 cells were plated in quadruplicate per well in 96-

well plates. Three days later, CellTiter 96® Aqueous One Solution (Promega) was added to 

each well and results were read at 490 nm in a plate reader according to the manufacturer's 

instruction.

Active Caspase 3 staining

Cells grown were plated on glass coverslips. Cells were fixed in 4% paraformaldehyde for 

10 min followed by permeabilization in 1% Triton X-100 for 10 min. After washing in PBS, 

cells were blocked in 10% goat serum, stained with activated caspase-3 (Cell signal) at 

1:500. Coverslips were mounted on slides using Vectashield mounting medium (Vector 

Laboratories). An average of 1000 cells was counted per coverslip.
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Colony Formation Assay

5,000 of MPT cells were plated in 10 cm dishes. Triplicate experiments were performed for 

each cell line. The medium was changed every 3-4 days. After 10 days, the cells were fixed 

and stained with crystal violet.

Soft Agar Assay

A 2 ml of lower layer of 0.6% agar in RPMI-10% FBS was placed into each well of 6 well 

plate. After agar solidified, 2 ml of 0.3% top agarose in RPMI-10% FBS containing 10,000 

cells was added to each well. The cells were fed every 3-4 days with RPMI-10% FBS. The 

plates were incubated at 37°C, in 5% CO2 incubator for 2 weeks. The colonies that are 

larger than 100μm were counted.

In vivo tumorigenicity assay

1×105 control MPT cells or Pim1 knockdown cells were mixed with 15μl of Matrigel 

(Becton Dickinson Labware) and injected subcutaneously in both flanks of 8-week-old male 

athymic nude mice (BALB/c strain; Harlan Sprague Dawley). Grafts were measured weekly 

since they were visible. All mice were sacrificed by 12 weeks after injection. Animal care 

and experiments were carried out according to the protocols approved by the Institutional 

Animal Care and Use Committees at Vanderbilt University. Grafts were paraffin-embedded, 

sectioned, stained with H&E, and analyzed by light microscopy. A tumor was defined as a 

palpable mass that contained carcinoma cells upon histological examination. 

Immunostaining was performed as described (Abdulkadir et al 2000, Abdulkadir et al 2001) 

using anti-synaptophysin (BD Biosciences), anti-androgen receptor (Santa Cruz 

Biotechnology).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Gene expression profiling identifies pathways dysregulated in Pim1 and MYC-
expressing prostate tissue recombinant grafts
A, GSEA analysis was performed to identify ‘gene sets’ significantly enriched in Pim1, 

MYC and Pim1/MYC grafts relative to control prostate grafts. The False discovery rates 

(FDR) are indicated for each gene set. TR (tissue recombinant graft); IDX (Insulin/

Dexamethasone/Isobutylmethylxanthine); TSA (Trichostatin A); Adip_Diff (Adipocyte 

differentiation); Yu_MYC (MYC target genes); Dox_Resist_Gastric (Doxorubicin resistant 

gastric carcinoma cells). See also Figure S1 and Tables S1 and S2.

B, Limited overlap among leading edge genes across the top gene sets enriched in Pim1, 

MYC and Pim1/MYC prostate tissue recombinant grafts. The numbers indicate percent 
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overlap of leading edge genes in each gene set. These results indicate that the 5 gene sets are 

distinct.

C, Overlap of leading edge genes in gene sets enriched by expression of Pim1, MYC or 

Pim1/MYC. The numbers indicate percent overlap of leading edge genes in each 

experimental group. These data indicate that Pim1, MYC and MYC/Pim1 regulate a similar 

set of genes within each gene set.
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Figure 2. Knockdown of Pim1 expression in MYC/Pim1-overexpressing prostate tumor derived 
(MPT) cell lines
A, Establishment of MYC/Pim1 Tumor (MPT) prostate cell line from a MYC/Pim1-

expressing tumor graft. The right panel shows the image of established cell line from 6-week 

MYC/Pim1 overexpressing tumor. YFP fluorescence can be seen under fluorescence 

microscope as the cells contain lentivirus construct bicistronically expressing YFP in 

addition to MYC or Pim1 (Scale bar: 100 μm).
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B, Western blot analysis of parental MPT cells or MPT cells stably expressing shRNAmir 

against Pim1 (shPim1#1), non-silencing shRNAmir (shControl#1), shRNA against Pim1 

(shPim1#2) or control (shControl#2). MPT cells express NSE and MYC, the levels of which 

were not altered by Pim1 knockdown. Actin served as loading control.

C, MPT2 cells were derived from 4-week MYC/Pim1 overexpressing prostate grafts (see 

Figure S2) and Pim1 expression stably knocked down using shPim1#2. MPT2 cells 

expressed androgen receptor (AR) in early passage, but not in late passage. NSE was also 

expressed in MPT2 cells. Tubulin served as loading control.

D, Growth curve were generated by counting shPim1#1 and shControl#1 MPT cells in 

duplicates. *P<0.05

E, Cell proliferation was measured using the CellTiter 96® AQueous One Solution Cell 

Proliferation Assay (MTS, Promega). The absorbance is directly proportional to the number 

of living cells in culture. Results represent the mean ± s.d. of quadruplicate wells after 3 

days of incubation of 2000 cells. *P<0.05.

F, Analysis of apoptosis by activated caspase-3 staining (red), with nuclei counterstained 

with DAPI (blue) (Original magnification: 400×).

G, Quantification of apoptosis rate by counting active capase-3 positive cells. The results 

represent the mean ± s.d. of two independent experiments *P<0.05.
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Figure 3. Pim1 expression is required to maintain tumorigenicity of MYC/Pim1 tumor cells
A and B, Stable knockdown of Pim1 by shRNA reduces colony formation in MPT (A) and 

MPT2 (B) cells.

C and D, Pim1 knockdown (shPim1#1) abrogates tumorigenicity of MPT cells when 

injected subcutaneously into nude mice.

E, Representative H&E images of graft sections. Control group showed high-grade tumor 

consistent with the original MYC/Pim1 tissue recombinant graft tumor while Pim1 

knockdown group showed fat and blood vessel cells with absence of tumor cells. Scale bar: 

100 μm. Insets: Higher-magnification images.

F, Immunohistochemical staining showed that sections from control grafts were 

synaptophysin (SYP) positive and androgen receptor (AR) negative. Scale bar: 100 μm. 
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Pim1 knockdown grafts could not be analyzed because no tumor cells were found by H&E 

staining. Insets: AR positive control.
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Figure 4. Pim1 knockdown in DU145 cells reduces proliferation, survival and tumorigenicity
A, Western blot analyses for PIM1, MYC and NSE in DU145 cells with stable PIM1 

knockdown by shRNA. Tubulin served as a loading control.

B, Cell proliferation was measured by MTS assay. The results are mean ± s.d. of 

quadruplicate wells after 3 days of incubation of 4000 cells. *P<0.05.

C, Quantitation of apoptosis rate by counting active capase-3 positive cells after DU145 

cells were treated with serum free medium overnight. The results are mean ± s.d. of two 

independent experiments. *P<0.05.

D, Representative images of soft agar assay show that PIM1 knockdown in DU145 cells 

decreased the size and number of colonies (Original magnification: 4×).

E, Quantitation of colonies from soft agar assay of Pim1 knockdown and control DU145 

cells. The results are mean ± s.d. of triplicates. *P<0.05.
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Figure 5. Pim1 is required to maintain Erk signaling in prostate carcinoma cells
A-C. Western blots showed that Pim1 knockdown in MPT and MPT2 cells by two different 

sets of shPim1 constructs decreased phosphorylation of Erk1/2 compared to control shRNA.

D, PIM1 knockdown in DU145 cells decreases ERK1/2 phosphorylation of Erk1/2

E and F, Western blots showed that Pim1 overexpression did not increase ERK 

phosphorylation in LNCaP and PC3 cells compared to vector control cells (Neo).

G, Western blot analysis of 6-week tissue recombinant grafts generated from cells 

expressing control or Pim1 lentivirus. Note increased phosphorylation of Erk1/2 in Pim1 

graft compared to control.
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