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Abstract

     We report here that the polycomb group protein Bmi1 promotes prostate tumorigenesis. Bmi1

is detected at higher levels in androgen-independent PC3 and DU145 than in androgen-

dependent LNCaP prostate cancer (CaP) cells. Ectopic Bmi1 enhanced the expression of human

telomerase reverse transcriptase (hTERT) and suppressed the exression of p16INK4A and p14ARF

in CaP cells. Consistent with these observations, immunohistochemical staining of 51 cases of

primary CaP specimens revealed 1.4 fold (p = 0.014) and 1.3 fold (p = 0.051) higher levels of

Bmi1-positive cells in carcinoma compared to normal prostatic epithelial cells and PIN,

respectively. In primary CaPs, Bmi1 expression was associated with a reduction in p16INK4A and

p14ARF. Furthermore, in comparison to empty vector-transfected cells, Bmi1-expressing DU145

cells formed significantly larger tumors in NOD/SCID mice. Taken together, we demonstrate

that Bmi1 promotes prostate tumorigenesis.
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1. Introduction

     The polycomb group (PcG) Bmi1 gene maintains the proliferative potential and self-renewal

activity of hematopoietic and neural stem cells [1, 2]. This is in part attributable to Bmi1-

mediated suppression of the transcription of p16INK4A, p19ARF/p14ARF, and E4F1 [3, 4, 5]. This

developmental function of Bmi1 is in line with its oncogenic role in leukemia. The Bmi1 gene

was initially isolated as an oncogene which cooperates with c-Myc in retrovirus-induced B and T

cell leukemia [6, 7]. Overexpression of Bmi1 transforms lymphocytes [8, 9] and was detected in

25% of mantle cell lymphoma [10]. Bmi1 positivity is associated with unfavorable prognosis in

patients with diffuse large B cell lymphomas and myelodysplastic syndrome [11, 12]. Recently,

increases in Bmi1 have also been reported in non-hematopoietic malignancies including non-

small cell lung cancer (NSCLC) [13], colon cancer [14], medulloblastomas [15], breast cancer

[16], and nasopharyngeal carcinoma [17].

     Consistent with its role in inhibiting p16INK4A and p19ARF transcription, Bmi1 induces the

bypassing of senescence. Bmi1-/- hematopoietic progenitors express increased p16INK4A and

p19ARF, and accumulate high levels of the senescence marker SA-β-Gal [5], consistent with the

observed diminishing of self-renewal potential of Bmi1-/- hematopoietic stem cells [1]. Bmi1-/-

mouse embryonic fibroblasts (MEFs) undergo premature senescence [18] and overexpression of

Bmi1 in MEFs and human fibroblasts extends their replicative life spans [18, 19]. Additionally, it

has been shown that Bmi1 immortalizes human nasopharyngeal and mammary epithelial cells by

enhancing human telomerase reverse transcriptase (hTERT) activity [17, 20].

     A potential oncogenic role of Bmi1 has also been suggested in prostate cancer. Increases in

Bmi1 mRNA were detected in prostate cancer cell lines, xenografts derived from prostate cancer
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cells and human primary prostate carcinoma, as well as mouse primary prostate tumors derived

from the TRAMP transgenic mouse model [21]. Prostate cancer patients with an 11-gene

signature, which is associated with Bmi1 expression, are likely to have unfavorable prognosis

than those without this signature [21]. Additionally, metastatic prostate carcinoma precursor cells

that are double-positive for Bmi1 and the polycomb-group protein EZH2 are more tumorigenic

than those which are negative for both proteins [22]. However, the expression status of the Bmi1

protein in primary prostate cancer and the exact role of Bmi1 in prostate tumorigenesis have not

been thoroughly investigated.

     In this investigation, we have examined the Bmi1 protein in prostate cancer cell lines and in

51 cases of primary prostate cancer by immunohistochemistry. In comparison to normal prostatic

epithelial cells, Bmi1 protein was expressed at higher levels in PINs and carcinomas.

Additionally, a high level of Bmi1 is associated with reduction in p16INK4A and p14ARF in

prostate carcinoma. This is in line with our in vitro study showing that ectopic Bmi1 reduces

p16INK4A and p14ARF expression in DU145 prostate cancer cells and enhances DU145 cells to

form xenograft tumors in immunocompromised mice. Taken together, our observations reveal

that Bmi1 promotes prostate tumorigenesis, at least in part, by down-regulation of p16INK4A and

p16ARF.

2. Materials and Methods

2.1. Cell lines and plasmids
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     LNCaP, PC3, DU145, MCF7, HeLa, and 293T cells were purchased from ATCC, and

cultured in RPMI-1640 (LNCaP), F12 (PC3), MEM (DU145), and DMEM (MCF7, HeLa, and

293T) plus 10% FBS and 1% Penicillin-Streptomycin (Invitrogen).

     Human Bmi1 cDNA was amplified by RT-PCR from HeLa cells, which was subsequently

subcloned in pcDNA3 and pBabe retrovirus vectors. pGL3-hTERTmin-Luc reporter plasmid,

containing a 59bp region of the hTERT promoter (-208 to -150) which has been shown to display

maximal promoter activity [23], was constructed from HeLa cell genomic DNA using routine

molecular biology techniques.

2.2. Retroviral Infection

     Retroviral infection was performed following our published procedure [24, 25]. Briefly, a

gag-pol expressing vector and an envelope-expressing vector (VSV-G) (Stratagene) were

transiently co-transfected with a designed retroviral plasmid into 293T cells. After 48 hours, the

virus-containing medium was harvested, filtered through a 0.45µM filter, and centrifuged at

50,000g for 90 minutes to concentrate the retrovirus. Following the addition of 10 µg/ml of

polybrene (Sigma), the medium was used to infect cells. Infection for pBabe-based constructs

was selected in puromycin, while infection for pLHCX-based constructs was selected in

hygromycin.

2.3. Collecting primary prostate cancer
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     Prostate tissue was collected from patients who underwent radical prostactomy at St. Joseph's

Hospital in Hamilton, Ontario, Canada under the approval from the local Ethics Board and

consent from patients. The patient cohort (51 CaP patients) used in this investigation represents

the typical patient population treated in this center. Cancers were examined and graded by

pathologists of the Hospital. 51 primary prostate cancer specimens were collected. All patients in

our cohort have not received hormonal and radiation therapies prior to surgery. Information

regarding these specimens is presented in Table 1.

2.4. Western blot

     Cell lysates were prepared and western blot was performed according to our published

procedure [24]. 50µg protein of total lysate was separated on SDS-PAGE gel and transferred

onto Immobilon-P membranes (Millipore). Membranes were blocked with 5% skim milk and

then incubated with the indicated antibodies at room temperature for 1 hour. Signals were

detected using an ECL Western Blotting Kit (Amersham). Primary antibodies used were:

polyclonal anti-Bmi1 (1:100, Santa Cruz Biotechnology), polyclonal anti-p16INK4A (1:500, Santa

Cruz Biotechnology), and polyclonal anti-p14ARF (1:5000, Sigma).

2.5. Immunofluorescence and Immunohistochemistry of Bmi1, p16INK4A, and p14ARF as well as

statistical analysis

          Immunofluorescence staining was carried out using the following antibodies: a

monoclonal anti-FLAG (M2, 1:500; Sigma), anti-Bmi1, and FITC-Donkey anti-mouse IgG
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(1:200; Jackson Immuno Research). Images were captured using Axiovert 200M and AxioVision

3 software.

     Immunohistochemistry (IHC) was performed on 51 paraffin-embedded, serially-cut prostate

cancer tissues. IHC procedure was optimized and did not produce detectable artificial staining

that might be associated with antigen-retrieval and fixation, as control IgG (negative control) did

not generate detectable staining (Fig 2). Briefly, slides were deparaffinized in xylene, cleared in

ethanol series, and heat-treated for 30 minutes in sodium citrate buffer (pH = 6.0) in a food

steamer. Primary antibodies specific for Bmi1 (1:100, Santa Cruz Biotechnology), p16INK4A

(1:100, Santa Cruz Biotechnology), and p14ARF (1:1000, Sigma) were incubated with the

sections overnight at 4°C. Negative controls were incubated with a non-specific anti-rabbit IgG.

Biotinylated goat anti-rabbit IgG and Vector ABC reagent (Vector Laboratories) were

subsequently added according to the manufacturer’s instructions. Washes were performed with

Tris-buffered saline containing 0.1% Tween-20 (TBST). Chromogen reaction was carried out

with diaminobenzidine, and counterstaining was done with hematoxylin. Hematoxylin and eosin

(H&E) staining was carried out using a standard protocol.

     Analysis of immunohistochemistry was performed using Northern Eclipse 4.0 software

(manual cell counter) for Windows. Approximately 1000 cells from randomly selected fields

were counted for each normal, PIN, and cancer foci per patient. Mean percentages of positively-

stained cells were then analyzed using GraphPad 4.0 for Windows.

2.6. Generation of xenograft tumors in NOD/SCID mice
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     DU145 cells were enzymatically dissociated, resuspended in serum-containing

MEM/Matrigel mixture (1:1 volume), and kept at 4°C until injection. An amount equal to 0.1 ml,

containing 2 x 105 cells, was subcutaneously injected into each flank of 8-week-old male NOD

SCID mice (The Jackson Laboratory, Bar Harbor, Maine) using a 25-gauge needle, for a total of

4 mice for each cell line. Mice were inspected for tumor appearance, by observation and

palpation, and tumor growth was measured weekly using a caliper. Tumor volume was

determined using the standard formula: L×W2×0.52, where L and W are the longest and shortest

diameters, respectively. The presence of each tumor nodule was confirmed by necropsy. All

animal work was carried out according to experimental protocols approved by the McMaster

University Animal Research Ethics Board.

3. Results

3.1. Increases in Bmi1 protein in prostate cancer

     To investigate an oncogenic role of Bmi1 in prostate cancer, we first examined the Bmi1

protein in the three most widely used CaP cell lines, androgen-dependent LNCaP and androgen-

independent PC3 and DU145 cells. While the presence of Bmi1 in PC3 and DU145 cells was

readily detected, we could not detect the Bmi1 protein in LNCaP cells (Fig. 1A) even after

prolonged exposure and using double the amount of total cell lysate (100 µg) (50 µg cell lysates

were used for other lines, Fig. 1A). Although approximately two-fold less Bmi1 mRNA was

reported in LNCaP than in PC3 cells [21], our results suggest that LNCaP cells express a

substantially low (or undetectable) level of Bmi1 protein. Immunofluorescence (IF) detected
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Bmi1 protein in the nucleus of PC3, DU145, and MCF7 cells, but not in the nucleus of LNCaP

cells (Fig. 1B).

     We have further examined Bmi1 expression in primary CaPs. Immunohistochemistry (IHC)

staining of 51 primary CaP specimens detected Bmi1 in normal prostate glands, PIN (data not

shown), and carcinoma (Fig. 2). To quantify the percentage of cells expressing Bmi1, we have

counted 1000 cells in individual tissues (normal prostate glands, PINs, and carcinomas) for each

of the 51 primary CaP specimens. For each specimen, an average of 27.8% of epithelial cells in

normal prostatic glands and 30.9% in PIN tissues expressed Bmi1, while a significant 11.3%

increase in Bmi1-positive cells was observed in carcinoma (Table 2). This pattern of Bmi1

expression is in line with the pattern of CBX7 expression, a PcG member, in prostate cancer

[26]. Taken together, we demonstrate increased levels of Bmi1 protein in CaP, which is

consistent with the reported increases in Bmi1 mRNA in prostate cancer [21].

3.2. Bmi1 suppresses p16INK4A and p14ARF expression as well as enhances hTERT expression in

prostate cancer

     Bmi1 has been shown to inhibit the transcription of p16INK4A and p14ARF [3, 4]. To examine

whether this is also the case in prostate cancer, we have stably-expressed Bmi1 in DU145, PC3,

and LNCaP cells. Ectopic Bmi1 led to a modest decrease in endogenous p16INK4A, which may be

attributable to the DU145 cell expressing mutant p16INK4A [27], and a clear reduction in

endogenous p14ARF in DU145 and PC3, but not LNCaP (Fig. 3A, top panels). Ectopic Bmi1 was

expressed slightly higher than endogenous Bmi1 in DU145 and PC3 cells, evidenced by a slight

one-fold increase in Bmi1 protein detected in Bmi1-transfected cells than in empty vector
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(pBabe) transfected cells (Fig. 3A, bottom panels). Thus, the reduction of p16INK4A and p14ARF in

PC3 and DU145 cells by ectopic Bmi1 was not due to very high levels of ectopic Bmi1. The fact

that we did not observe decreases in p16INK4A and p14ARF in LNCaP cells may be attributable to

these cells expressing very low levels of endogenous Bmi1, p16INK4A and p14ARF proteins (Fig.

3A).

     Bmi1 has been reported to induce hTERT expression in mammary epithelial cells [20]. To

address whether Bmi1 modulates hTERT expression, we co-transfected a hTERT promoter

reporter construct (pGL3-hTERTmin-Luc) [23] together with Bmi1. In comparison to the empty

vector control, Bmi1 up-regulates hTERT expression (Fig. 3B).

3.3. Bmi1 positivity is associated with reduction in p16INK4A and p14ARF in primary prostate

cancer

     To determine whether Bmi1 is associated with the reduction of p16INK4A and p14ARF in

primary CaP, we have examined the expression of Bmi1, p16INK4A, and p14ARF proteins in 51

primary prostate cancer tissues. All three proteins largely express in both basal and luminal

epithelial cells of prostate glands, with occasional staining detected in the stroma (Fig 2).

Furthermore, we were able to locate the expression of Bmi1, p16INK4A and p14ARF to the same

regions by staining serially-cut slides (Fig 2). In each specimen, normal prostatic glands, high-

grade PINs, and carcinomas were located. In tissues derived from the same patient, high levels of

Bmi1 were associated with decreases in p16INK4A in normal prostatic glands (Fig. 2), whereas

low levels of Bmi1 were associated with high levels of p16INK4a in PINs (Fig. 2). The Bmi1-

positive carcinomas also expressed reduced p16INK4A (Fig. 2). In terms of p14ARF, while Bmi1
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positivity did not associate with p14ARF reduction in normal prostate glands, the presence of

Bmi1 associated with decreases in p14ARF in PINs and carcinoma (Fig. 2, Table 3). By

comparing the mean percentages of cells stained in normal prostatic glands, PINs, and

carcinomas for each individual specimen using t-tests, it was revealed that Bmi1-positive cells

associated with significant p16INK4A reduction in normal (p < 0.05) and PIN (p < 0.05) tissues

(Table 3). This inverse correlation was also confirmed by Pearson correlation tests (data not

shown). Among the epithelial cells present in normal and PIN tissues, 25% and 75% of Bmi1-

positive cells are p16INK4A positive and negative, respectively, compared to 52.4% and 47.6% of

Bmi1-negative normal epithelial cells being p16INK4A positive and negative, respectively, and

65.5% and 34.5% of Bmi1-negative PIN cells being p16INK4A positive and negative, respectively

(Table 3). This inverse expression pattern between Bmi1 and p16INK4A suggests that Bmi1

inhibits p16INK4A in normal prostatic glands and PINs. However, this inverse relationship was not

observed in prostate carcinoma (Table 3). An overall 74% of carcinoma cells expressed no

detectable p16INK4A in both Bmi1-positive and negative carcinoma (Table 3). However, it is clear

that loss of this inverse relationship in carcinoma is not because of changes in the ratio between

p16INK4A positive and p16INK4A negative populations in Bmi1-positive carcinoma, as this ratio

remains comparable in normal prostatic glands, PINs, and carcinomas (Table 3), but rather due

to increases in p16INK4A negative cells in Bmi1-negative carcinoma (Table 3). This would

strongly suggest that additional mechanisms have developed in carcinoma to reduce p16INK4A

expression. Consistent with this inference, t-test analysis of p16INK4A positive and p16INK4A

negative populations in Bmi1-positive carcinoma revealed that the difference between these two

populations is statistically significant (p < 0.009, data not shown).
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     Analysis of Bmi1 and p14ARF expression in primary CaP tissues demonstrated that Bmi1 did

not inhibit p14ARF expression in normal prostate epithelial cells (Table 3). However, Bmi1

suppresses p14ARF expression in both PIN and carcinoma tissues, as an inverse relationship

between Bmi1-positive and p14ARF negative expression was observed (Table 3). Taken together,

we provide evidence indicating that Bmi1 plays a role in inhibiting p16INK4A expression in

normal prostate epithelial cells and PINs, and in inhibiting p14ARF expression in PIN and

carcinoma tissues (Table 3). The fact that Bmi1 only reduces p14ARF in precancerous lesions

(PINs) and carcinomas is consistent with the established role of p14ARF in tumor surveillance

during tumorigenesis, as p14ARF will not be fully functional in normal cells [28]. Collectively,

these observations support the notion that Bmi1 promotes CaP tumorigenesis by inhibiting

p16INK4A and p14ARF expression.

3.4. Bmi1 sensitizes DU145 cells to form xenograft tumors in immunocompromised mice

     Although DU145 cells express mutant p16INK4A [27], the aforementioned observations that

Bmi1 suppresses p14ARF and enhances hTERT expression in DU145 cells suggest that Bmi1 may

promote DU145 cells to form tumors in immunocompromised mice. To examine this possibility,

we have subcutaneously (s.c.) implanted 2x105 empty vector (EV) or Bmi1 stably expressing

DU145 cells into NOD/SCID mice (4 mice for each of EV and Bmi1-overexpressing cell lines).

In comparison to EV cells, Bmi1 DU145 cells formed larger tumors (Table 4). When cultured as

a monolayer, DU145 cell proliferation was not enhanced by ectopic Bmi1 expression (data not

shown). Taken together, the above observations support the concept that Bmi1 promotes prostate
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tumorigenesis via down-regulation of tumor suppressors (p16INK4A and p14ARF) and up-

regulation of hTERT.

4. Discussion

     Bmi1 has recently been shown to immortalize mammary and nasopharyngeal epithelial cells

by upregulating hTERT and inhibiting p16INK4A, thereby promoting the formation of epithelial

malignancies [20, 17]. This is consistent with the observed increases in Bmi1 mRNA in primary

prostate cancer (an epithelial malignancy) [21]. However, whether Bmi1 functions in prostate

tumorigenesis has not yet been fully investigated.

     We show that elevated levels of Bmi1 protein are present in prostate cancer. High levels of

Bmi1 protein were detected in androgen-independent PC3 and DU145 CaP cells compared to

androgen-dependent LNCaP cells (Fig. 1). In primary prostate carcinoma,

immunohistochemistry (Table 2) revealed increases in Bmi1 in carcinoma cells when compared

to normal prostatic epithelial cells. A similar situation has also been reported for another PcG

protein, CBX7 [26].

     Bmi1 promotes CaP tumorigenesis by inhibiting the INK4A/ARF locus. This locus on human

chromosome 9p21 encodes p16INK4A and p14ARF by alternative splicing and the use of different

reading frames [29]. Methylation of the p14ARF promoter has been detected in primary CaP [30].

While loss of p16INK4A function has been observed in a variety of cancers via homozygous

deletion and promoter methylation [31, 32], the status of p16INK4A expression in CaP is complex.

Mutation of the p16INK4A gene in CaP is not a frequent event [33]. Methylation of p16INK4A was

associated with the reduction of p16INK4A mRNA and protein in primary prostate cancer [27, 34].
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This event has been reported to occur in 43% [27], 66% [35], and 80.9% [30] of primary CaP.

Paradoxically, overexpression of p16INK4A has also been observed in 43% [36], 65% [37], and

83% [38] of primary CaP. In all of these studies, overexpression of p16INK4A was associated with

adverse prognosis. These discrepancies are most likely caused by the heterogeneous nature of

prostate cancer. By counting 1000 cells within normal prostate glands, PINs, and carcinomas for

all 51 primary CaP specimens, we conclusively demonstrate that 74% of carcinomas expressed

undetectable p16INK4A protein (Table 3). While Bmi1 may play a major role in inhibiting

p16INK4A in normal prostate glands and PINs, Bmi1, along with additional mechanisms, may also

be in place to suppress p16INK4A in carcinomas (Table 3), suggesting that maintaining p16INK4A

suppression is important for CaP formation. In our primary CaP specimens, p16INK4A staining

was detected exclusively in the nucleus, suggesting p16INK4A as being functional. Our prostate

carcinomas were within a narrow range of Gleason scores, with the majority having scores of 6-7

(Table 1). 26% of our carcinomas expressed p16INK4A, an observation consistent with a recent

report showing 25% of low-grade carcinomas being p16INK4A positive [39]. Additionally, Bmi1

also inhibits p14ARF in PINs and carcinoma (Table 3). However, Bmi1 does not play a role in

inhibiting p14ARF expression in normal prostatic epithelial cells (Table 3). This may be

attributable to the fact that ARF plays a major role in oncogene-provoked tumor surveillance

[28]. The lack of oncogenic signals, including the Bmi1 signal, in normal prostatic epithelial

cells may underlie the reason why Bmi1 does not contribute to reducing p14ARF expression in

these cells. Taken together, our observations suggest that Bmi1 reduces INK4A/ARF expression

during the evolution of CaP formation from normal epithelial cells to PIN and carcinoma.
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Figure legends

Fig. 1. Expression of Bmi1 in prostate cancer cells. (A) LNCaP, PC3, DU145, and MCF7 (breast

cancer cells) cells were examined for Bmi1 expression by western blot. (B) IF staining of

LNCaP, PC3, DU145, and MCF7 cells for Bmi1 protein. Nuclei were counter-stained with DAPI

(blue). Scale bar represents 10 µM.

Fig. 2. Expression of Bmi1 protein in primary prostate cancer tissues associates with reduction in

p16INK4A and p14ARF. H&E (HE) and immunohistochemical (IHC) staining of normal prostatic

gland (Normal), PIN, and carcinoma with Bmi1-, p16INK4A- and p14ARF specific antibodies or

control IgG (IgG). All tissues were from the same patient/slide. Scale bar represents 40 µM. The

inset areas are enlarged.

Fig. 3. Bmi1 inhibits the expression of p16INK4A and p14ARF and enhances hTERT expression in

prostate cancer cells. (A) DU145, PC3, and LNCaP cells were stably transfected with empty

retrovirus (pBabe) or Bmi1 retrovirus. Bmi1 expression was examined by western blot using

anti-FLAG and anti-Bmi1 (αBmi1) antibodies. The expression of p16INK4A, p14ARF, and actin

was also examined by western blot using specific antibodies. (B) 293T cells were transiently

transfected with empty vector or Bmi1 (as indicated) with a hTERT promoter-driven luciferase

construct plus a β-Gal construct for 48 hours. Luciferase and β-Gal enzymatic activities were

determined. Luciferase activities were normalized against β-Gal activities. Each transfection was

carried out in triplicate and the experiment was repeated twice.
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Table 1. Prostate cancer specimens used in this investigation

Capsule Perineural
Patient Age Gleason Involvement pT Invasion pN PSA (ng/mL)

1 62 3+3 No pT2c Unknown pNX 7.66
2 68 3+3 Yes pT2c Yes pN0 Unknown
3 61 3+4 No pT2c Unknown pN0 5.67
4 57 3+4 Yes pT2c Unknown pN0 4.6
5 58 3+3 No pT2c Unknown pN0 7.2
6 67 3+5 No pT2c Yes pN0 5.8
7 57 3+3 Yes pT3b Yes pNX 7.49
8 70 4+4 No pT2c Unknown pN0 21
9 61 3+4 Yes pT3a Unknown pNX 4.98

10 56 3+3 No pT2c Unknown pNX Unknown
11 60 4+3 Yes pT3a Unknown pN0 7.8
12 50 4+3 No pT2c Unknown pN0 13
13 69 3+4 Yes pT3b Yes pNX 3.7
14 67 3+4 No pT2c Unknown pNX 5.01
15 58 3+3 No pT2c Unknown pNX 13.58
16 61 4+3 Yes pT3a Yes pN0 24.07
17 52 3+3 Yes pT3b Unknown pN0 Unknown
18 68 3+4 Yes pT3a Yes pN0 4.4
19 65 3+3 No pT2c No pNX 4.4
20 66 3+4 No pT2c Unknown pN0 6.7
21 74 3+4 No pT2c Yes pNX Unknown
22 62 3+4 No pT2c Unknown pN0 5.16
23 62 3+4 No pT2c Yes pN0 4.48
24 63 3+4 Yes pT3a Yes pN0 8.7
25 67 3+3 No pT2a Unknown pNX 8.3
26 67 3+5 No pT2c Yes pN0 5.2
27 60 3+4 Yes pT2c Unknown pNX 5.1
28 59 3+3 Yes pT2c Yes pNX 5.69
29 65 3+3 No pT2c Yes pNX 5.48
30 50 3+4 No pT2c Yes pN0 6.4
31 64 3+4 Yes pT3a Yes pN0 9.69
32 51 3+4 No pT2a Unknown pNX 5.6
33 57 3+4 No pT2c Unknown pN0 20
34 67 3+3 No pT2c Yes pN0 5.01
35 53 3+4 Yes pT3a Unknown pNX 8.68
36 56 3+4 No pT2c Unknown pNX Unknown
37 65 3+4 Yes pT2c Yes pNX 5.07
38 69 3+5 Yes pT3a Yes pN0 6.7
39 60 3+4 No pT2c Yes pN0 9.86
40 58 3+4 No pT2c Unknown pNX 4.2
41 68 4+3 Yes pT3a Yes pN0 20
42 61 3+4 No pT2c No pNX 7.6
43 54 4+3 Yes pT3b Yes pN0 12
44 56 3+4 Yes pT2c Unknown pN0 9.7
45 65 4+4 No pT2a Yes pNX 8
46 55 3+3 Yes pT2a Unknown pNX 6.17
47 58 3+3 No pT2c Unknown pNX 5.32
48 73 4+3 No pT2c Unknown pNX 5.2
49 64 3+3 No pT2a Unknown pN0 7.9
50 67 3+3 No pT2c Unknown pNX 5.89
51 60 3+3 No pT2c Unknown pN0 6.7
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Table 2. Bmi1 positive cells in primary prostate cancer
Normal 27.8 ± 3.1%
PIN 30.9 ± 5.2%
Carcinoma 39.1 ± 3.2%
Note: Mann-Whitney p-values: 0.452 for Normal vs PIN, 0.014 for Normal vs carcinoma, and
0.051 for    PIN vs carcinoma. 1000 cells were counted for each tissue (normal, PIN, and
carcinoma) for all 51 primary prostate cancer specimens.



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

23

Table 3. Quantification of immunohistochemistry staining on prostate tissues.

p16Ink4A + p16Ink4A - p- value p14ARF + p14ARF- p- value

   Bmi1+ 25.6 ± 5.3% 74.4 ± 8.2% 0.049 55.5 ± 6.7% 44.5 ± 8.3% 0.897
   Bmi1- 52.4 ± 7.4% 47.6 ± 3.5% 51.2 ± 5.6% 48.8 ± 5.2%

   Bmi1+ 24.6 ± 8.5% 75.4 ± 6.5% 0.012 35.8 ± 5.1% 64.2 ± 4.2% 0.034
   Bmi1- 65.5 ± 5.9% 34.5 ± 7.8% 59.8 ± 3.4% 40.2 ± 4.5%

   Bmi1+ 26.2 ± 4.5% 73.8 ± 6.9% 0.925 30.1 ± 4.0% 69.9 ± 8.0% 0.051
   Bmi1- 25.8 ± 8.0% 74.2 ± 7.7% 44.6 ± 3.2% 55.4 ± 4.5%

Prostate Tissue

Carcinoma

PIN

Normal

Note: Two-tailed t-tests were used to compare the mean percentages of cells stained in the
individual tissues. Data presented are mean percentage of cells stained ± SE.
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Table 4. Bmi1 promotes DU145 cells to form xenograft tumors in NOD/SCID mice
Cell Type No. of Tumours per injection Mean Volume (±SE)a

DU145 pBABE 8/8 204 ± 45
DU145 Bmi1 8/8 517 ± 81*

a: mean tumor volume (mm3) at 4 weeks post-injection
b: significantly greater volume according to a two-tailed independent t-test (p<0.05)
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