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ABSTRACT
Mutations in RB and PTEN are linked to castration resistance and poor
prognosis in prostate cancer. Identification of genes that are regulated by these
tumor suppressors in a context that recapitulates cancer progression may be
beneficial for discovering novel therapeutic targets. Although various genetically
engineered mice thus far provided tumor models with various pathological stages,
they are not ideal for detecting dynamic changes in gene transcription.
Additionally, it is difficult to achieve an effect specific to tumor progression via
gain of functions of these genes. In this study, we developed an in vitro model to
help identify RB- and PTEN-loss signatures during the malignant progression of
prostate cancers. Trp53-/-; Rbf/f, Trp53-/-; Ptenf/f and Trp53-/-; Rbf/f; Ptenf/f prostate
epithelial cells were infected with AD-LacZ or AD-Cre. We found that deletion
of Rb, Pten or both stimulated prostasphere formation and tumor development
in immune-compromised mice. The GO analysis of genes affected by the deletion
of Rb or Pten in Trp53-/- prostate epithelial cells identified a number of genes
encoding cytokines, chemokines and extracellular matrix remodeling factors, but
only few genes related to cell cycle progression. Two genes (Il-6 and Lox) were
further analyzed. Blockade of Il-6 signaling and depletion of Lox significantly
attenuated prostasphere formation in 3D culture, and in the case of IL-6,
strongly suppressed tumor growth in vivo. These findings suggest that our in
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vitro model may be instrumental in identifying novel therapeutic targets of
prostate cancer progression, and further underscore IL-6 and LOX as promising
therapeutic targets.
Key words: Rb; Pten; Prostasphere; Prostate cancer
Abbreviations RB, retinoblastoma tumor suppressor gene; PTEN, phosphatase
and tensin homolog gene; AD, adenovirus; GO, gene ontology; IL-6, interleukin
6; Lox, lysyl oxidase

INTRODUCTION
Early stage prostate cancer can be effectively treated by androgen deprivation therapy,
however late stage tumors become hormone-refractory and have a poor prognosis.
The current therapeutic treatments for late stage prostate cancer are often ineffective,
thus allowing for relapse and metastasis [1]. It has been reported that 25% to 50% of
prostate cancer cases are characterized by RB loss of heterozygosity [2,3].
Furthermore, more than 70% of metastatic and castration resistant cases appear to be
pRB-negative [4]. The Trp53 mutation is thought to occur at an early stage during
prostate cancer development [5]. The combination of the Trp53 mutation and loss of
Rb in the mouse prostate gland results in highly aggressive and metastatic prostate
carcinomas [6]. Therefore, a more detailed molecular characterization of prostate
cancer progression might be achieved by determining the RB loss signature in the
Trp53-deficient background.
Monoallelic deletion of PTEN occurs in approximately 70% of human prostate
cancers [7]. Biallelic loss of PTEN and an associated increase in AKT
phosphorylation is often identified in metastatic and advanced prostate cancers [4].
The loss of PTEN in prostate gland epithelial cells generates hyperplasia, which then
progresses to invasive and hormone-refractory cancer when combined with the loss of
Trp53 [8,9]. Additionally, the origin of primary prostate cancer, which gives rise to
lethal metastatic clones, is often characterized by a mutation in Trp53 and loss of
PTEN [10]. Therefore, in addition to RB loss, PTEN loss in a Trp53-deficient
background may also facilitate characterization of the malignant progression in
prostate cancer.
In the current study, we established in vitro models to determine the Rb and Pten loss
gene signatures in Trp53-/- mouse prostate epithelial cells cultured under 2D
conditions. In comparison to Trp53+/+ cells, Trp53-/- prostate epithelial cells,
regardless of Rb or Pten status, more easily adapt to 2D primary culture conditions. In
addition, they maintained a low level of androgen receptor (AR) expression as well as
some features of basal-like cells. However, when injected into KSN athymic mice,
Trp53-/- prostate epithelial cells lacking Rb and Pten exhibited multiple characteristics
of luminal type prostate cancer. Human prostate cancers typically have a luminal
phenotype, and some reports have indicated that basal cells could be cell-of-origin of
luminal type prostate cancers [11-13]. Therefore, we believe our in vitro models
mimic the carcinogenic processes of human prostate cancer development.
Our prostate cancer development model provides a system to examine signatures of
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tumor suppressor loss-of-function in the context of tumor progression. The signatures
in cells with Rb or Pten loss-of-function contained relatively few genes encoding cell
cycle-related proteins, which is consistent with the moderate impact of deletions in Rb
and Pten on cell proliferation. However, a number of genes encoding cytokines,
chemokines, and proteins implicated in extracellular remodeling were identified. The
results of this study suggest that our in vitro models may be instrumental in
identifying key molecules that control malignant behaviors of prostate cancer cells.

MATERIALS AND METHODS
Mice
Trp53-knockout mice [14] were obtained from RIKEN BRC (#CDB0001K). C57BL/6
mice were purchased from Japan SLC. Rb-floxed (Rbf/f) mice [15] were obtained from
NCI Mouse Repository (#01XC1) under the permission by Dr. A Berns. Pten-floxed
(Ptenf/f) mice [16] were obtained from Kyushu University under the permission by Dr.
A Suzuki. KSN athymic mice were purchased from SLC Japan. Animals were handled
in accordance with the guidelines of Kanazawa University.
Genotyping
Mouse genomic DNA was isolated from cut tails following overnight digestion at
55°C in buffer containing 0.1 M Tris-HCl (pH 8.0), 5 mM EDTA, 0.25 M NaCl, 0.2%
SDS and 100 μg/mL proteinase K, followed by heat inactivation. PCR was performed
using the primer pairs to distinguish the Rbf/f (F; 5′ GGCGTGTGCCATCAAT 3′ and
R; 5′ AACTCAAGGGAGACCTG 3′), Trp53 (F; 5′ GTTATGCATCCATACAGTACA
3′ and R; 5′ CAGGATATCTTCTGGAGGAAG 3′) and Ptenf/f (F; 5′
CTCCTCTACTCCATTCTTCCC 3′ and R; 5′ ACTCCCACCAATGAACAAAC 3′).
PCR conditions were as follows: Rbf/f; 95 °C 2 min, (95 °C for 30 s, 58 °C for 30 s,
72 °C for 50 s) x 30 cycles, 72 °C for 1 min, Trp53; 94 °C 5 min, (94 °C for 30 s,
57 °C for 30 s, 72 °C for 2 min) x 30 cycles, 72 °C 5 min, Ptenf/f; 95 °C for 15 min,
(95 °C for 1 min, 58 °C for 1 min, 72 °C for 1 min) x 40 cycles, 72 °C for 10 min.
Primary Culture of Prostate Epithelial Cells
Whole prostate gland including anterior, dorsolateral and ventral lobes were harvested
from 8 - 12 weeks old Trp53-/-; Rbf/f, Trp53-/-; Ptenf/f or Trp53-/-; Rbf/f; Ptenf/f male
mice, and digested with one part 10x Collagenase/Hyaluronidase (#07912,
STEMCELL Technologies) and nine parts DMEM/F-12 (#36254, STEMCELL
Technologies) supplemented with 5% FBS (#SH30079, HyClone) for 3 hrs at 37°C.
The resultant organoids were further digested in 0.25% trypsin-EDTA (1 hr), 5 mg/ml
Dispase and 100 μg/ml DNase I (1 min), and then filtered through a 40 μm cell
strainer. Lineage positive hematopoietic, endothelial and fibroblast cells (CD45+;
CD31+; Ter119+; BP-1+) were removed using EasySep Mouse Epithelial Cell
Enrichment Kit (#19758, STEMCELL Technologies). The resulting epithelial cells
were maintained in FBS-free ProstaCultTM Medium (#05640, STEMCELL
Technologies) supplemented with 10 ng/mL recombinant human bFGF (rh bFGF)
(PeproTech), 10 ng/mL recombinant human EGF (rh EGF) (PeproTech) and 4 μg/mL
Heparin (#07980, STEMCELL Technologies), and plated onto collagen coated dishes
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(Iwaki).
Adenovirus
HEK293 cells were maintained in α modified Eagle’s medium (αMEM) (#135-15175,
WAKO) supplemented with 10% FBS. After reaching 80% confluence in a D100 dish,
HEK293 cells were transduced with AxCANCre (RDB01748, RIKEN BRC) (ADCre) or AxCALNLNZ (RDB01750, RIKEN BRC) (AD-LacZ). When the cells
detached completely after a few days, suspended cells were harvested, sonicated and
centrifuged at 9,400 ×g at 4 °C. Then the supernatants were collected, passed through
a 0.45 µm filter and used as adenovirus particles.
Immunoblotting
Total cell lysates were prepared for immunoblotting as described previously [17].
Used antibodies were to: Rb (#554136, BD Biosciences), Pten (#9559, Cell Signaling
Technology), AR (N-20)(sc-816, Santa Cruz), CK18 (#65028, Progen Biotechnik),
CK5 (#PRB-160P, Covance), α-Tubulin (#CP06, Calbiochem), phospho-Akt (#9271,
Cell Signaling Technology), phospho-Stat3 (#9145, Cell Signaling Technology), Stat3
(#9139, Cell Signaling Technology), phospho-Erk1/2 (#9102, Cell Signaling
Technology), phospho-Src family (#6943, Cell Signaling Technology) and phosphoFAK (#611722, BD Biosciences).
Quantitative Proliferation Assay
0.75 x 105 cells were plated in 6-well collagen-coated plate. After 3 day incubation,
the total number of cells in each well was counted using a particle counter (Coulter
Counter Z1, Beckman Coulter), and 0.75 x 105 cells were replated onto the 6-well
collagen-coated plate. This procedure was repeated every 3 days for 10 passages and
cumulative cell number was calculated from each total cell number.
BrdU Incorporation Assay
2 x 105 cells were plated onto 0.1% collagen-coated slides in 6-well plate. After 24 hr
incubation, cultured cells were incubated with 10 μM BrdU for 20 min. Cells were
stained using the BrdU Labeling and Detection Kit l (#11 296736 001, Roche)
according to the manufacturer’s instruction. Cell nuclei were counterstained with
DAPI, observed on a fluorescence microscopy and analyzed by BZ analysis software
on BZ-9000 (Keyence) using hybrid cell counting module.
Colony Formation Assay
6 x 103 prostate epithelial cells were plated in a collagen-coated 6-well plate. After 14
day incubation, resultant colonies were stained with a modified Giemsa solution.
RT-qPCR
Total RNA was isolated from cultured cells by using TRIzol (#15596018, Life
Technologies) according to the manufacturer’s instructions. The purified total RNA
was reverse-transcribed at 37 ˚C in the presence of random hexamer primers, and
reaction products were diluted with DEPC-treated water. PCR was performed in a
reaction mixture (20 μl) containing cDNA solution (1 μl), 1 x TaqMan Gene
4

Expression Master Mix and TaqMan probe (1 μl). The following thermal profile was
used for PCR amplification: 1 cycle of 94˚C for 1 min and 50 cycles of 95˚C for 5 sec,
and 60˚C for 30 sec. For the quantitative determination of gene expression, the
accumulation of PCR products was measured directly by monitoring fluorescence
intensity on Light cycler 480 Instruments II (Roche). Quantitative PCR of total RNA
was performed as described previously [18] using following Taqman probes to: Actb
(Mm00607939_s1), Il-6 (Mm00446190_m1), Lif (Mm00434762_g1), Cxcl5
(Mm00436451_g1), Rb1 (Mm00485586_m1), Gapdh (Mm99999915-g1), Ccl5
(Mm01302427_m1), Lox (Mm00495386_m1), Nanog (Mm02019550_s1) and Oct4
(Mm03053917_g1).
Soft Agar Assay
1 x 105 single cells were suspended in ProstaCultTM media and 0.33% agar, and then
mounted over a bottom layer of solidified αMEM containing 10% FBS and 0.8% agar.
After 4 weeks incubation, colonies were observed under the inverted phase contrast
microscopy, and analyzed by BZ analysis software on BZ-9000 using hybrid cell
counting module.
Prostasphere Assay
Cells cultured under 2D conditions (monolayer) were dissociated with trypsin-EDTA,
filtered through a 40 μm cell strainer, and then inoculated into 1% methylcellulosecontaining αMEM supplemented with B27 (Life Technologies), 10 ng/ml rh EGF
(PeproTech) and 10 ng/ml rh bFGF (PeproTech), without serum, at a density of 5 x
104 cells on 6-well-type ultra-low attachment plate (EZ-BindShut II, AGC Techno
Glass). After 14 days incubation, spheres were observed under the inverted phase
contrast microscopy, and analyzed by BZ analysis software on BZ-9000 (Keyence)
using hybrid cell counting module.
Xenograft Assay
3 x 106 prostate epithelial cells of Trp53-/-; Rbf/f, Trp53-/-; Ptenf/f or Trp53-/-; Rbf/f; Ptenf/f
background that were infected with AD-LacZ or AD-Cre were mixed with the same
volume of Matrigel (BD Biosciences) and injected subcutaneously into 10 male KSN
athymic mice (6-8 weeks old). Number of mice bearing tumors and their time onset
were recorded.
Histopathology and Immunohistochemistry
The specimens from the anterior prostate and subcutaneous tumor tissue were rapidly
excised, which were fixed in 4% paraformaldehyde in phosphate buffered saline
(PBS). Paraffin sections of 5 μm were prepared and stained with Hematoxylin and
Eosin (H&E) stain for histopathological observation or stained with monoclonal
antibody to Ki-67 (clone D3B5; Cell Signaling Technology), AR (N-20)(sc-816, Santa
Cruz), CK18 (#65028, Progen Biotechnik), CK5 (#PRB-160P, Covance), and Ecadherin (sc-7870, Santa Cruz), and counterstained with hematoxylin.
Microarray Analysis
Total RNA was extracted using the RNeasy Mini Kit (#74106, Qiagen, Valencia, CA,
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USA) according to the manufacturer’s instructions. Total RNA quality was detected
using the RNA 6000 Nano Lab Chip Kit (Bio analyzer 2100, Agilent Technologies,
Santa Clara, CA, USA). The microarray analysis of Trp53-/-; Rbf/f series prostate
epithelial cells was performed with a Whole Mouse Genome Microarray 4 × 44K v2
Microarray (#26655, Agilent Technologies). Data were analyzed by Gene Spring
12.6.1-GX-PA (Agilent Technologies). The raw data are available in Gene Expression
Omnibus (GEO) database (GSE68903). Rbf/f Trp53-/- Ptenf/f series microarray was
performed with a Sureprint G3 Mouse GE 8 X 60k (#28005, Agilent Technologies).
The fluorescence intensity was measured by the G2505C Microarray Scanner
(Agilent). Data were analyzed by Gene Spring 13.0-GX-PA (Agilent Technologies).
The raw data are available in Gene Expression Omnibus (GEO) database (GSE68904).
RNA Interference
MISSION TRC shRNA target sets for mouse Il-6 (TRCN0000067548 and
TRCN0000067552), mouse Lox (TRCN0000321012, TRCN00000011850 and
TRCN0000011852) and negative control (Non-target; SHC002) were purchased from
Sigma-Aldrich. Generation and infection of lentivirus were performed according to
the manufacturer’s instruction.
Gene Set Enrichment Analysis
GSEA (http://www.broadinstitute.org/gsea/index.jsp) was performed on Signal-toNoise metrics using gene sets obtained from “C2 all v4.0” and “C3 all v4.0” gene sets.
Pathway Analysis
It was established on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis systems supported by DAVID v6.7.
Reagents
The following reagents were used: AKT inhibitor LY294002 (#9901S, Cell Signaling
Technology), E2F inhibitor HLM006474 (#324461, Millipore), IKK-2 Inhibitor IV
(#401481, Millipore), Stattic (#sc-202818, Santa Cruz), anti-mouse Il-6 receptor alpha
antibody (#AF1830, R&D Systems), goat-IgG (#005-000-003, Jackson
ImmunoResearch), and recombinant mouse Il-6 (#406-ML-005, R&D Systems).
Statistical Analysis
Results were expressed as means ± standard deviation. Data were analyzed
statistically using unpaired Student’s t-test between two groups or one-way ANOVA
with Tukey Comparison Test as a post test among more than three groups using the
computer statistics Prism 5.0 package (GraphPad Software, Inc, San Diego, CA,
USA). P values less than 0.05 were considered statistically significant. *P < 0.05,
**P < 0.01 and ***P < 0.001.

RESULTS
Establishment of Trp53-/- prostate epithelial cells with varied Rb and Pten status
6

To establish in vitro models to determine Rb and Pten loss signatures during prostate
cancer development, we made primary cultures of mouse prostate epithelial cells of
the following genotypes: Trp53-/-; Rbf/f, Trp53-/-; Ptenf/f and Trp53-/-; Rbf/f; Ptenf/f. The
urogenital organs, including seminal vesicles, prostate gland, urinary bladder and
urethra, were separated together from each mouse, and then whole prostate gland was
extracted according to a surgical procedure previously described [19] (Fig. 1A-a, b).
The histology of the anterior prostate cross sections assessed by hematoxylin and
eosin (H&E) staining was compatible with that of the prostate gland (Fig. 1A-c).
Prostate cells were then isolated by digesting a mixture of anterior, dorsolateral, and
ventral lobes with multiple enzymes. After removing lineage-positive hematopoietic,
endothelial and fibroblastic cells (CD45+, CD31+, Ter119+, and BP-1+), the resultant
cells were cultured in serum-free ProstaCultTM Medium supplemented with
recombinant human (rh) bFGF and rh EGF. The serum-free condition prevents growth
of stromal cells (Fig. 1A-d).
Successful deletion of Rb and/or Pten in Trp53-null cells after infection with
adenovirus carrying Cre recombinase (AD-Cre) was confirmed using RT-qPCR and
an immunoblotting assay (Fig. 1B and C). Adenovirus carrying LacZ (AD-LacZ) was
used as a control. Cells from each of the genotypes were then passaged for 2-3 times
until they became homogenous. Next, the cells were characterized by examining cell
lineage markers. Immunoblotting analysis revealed that cells from all genotypes
exhibited only a weak signal for the androgen receptor (AR) regardless of the Rb and
Pten status (Fig. 1C). Immunofluorescent analysis of AR detected no strong signal in
any of our prostate cells; however, it did detect a strong signal in a well-known ARpositive human prostate cancer cell line, LNCap (data not shown). We therefore
concluded that our prostate cells were not expressing sufficient level of AR to be
functional during our cultivation. Moreover, all genotypes of prostate cells tested
strongly expressed cytokeratin 5 (CK5), (a basal marker), but expressed CK18, (a
luminal marker) only weakly (Fig. 1C). These observations suggest that our prostate
cells cultured under 2D condition exhibited the features of basal type cells (CK5+:
CK18-; ARLOW).
The cumulative cell growth was assessed in Trp53-/-; Rbf/f infected with AD-LacZ and
Trp53-/-; Rbf/f, Trp53-/-; Ptenf/f and Trp53-/-; Rbf/f; Ptenf/f prostate epithelial cells infected
with AD-Cre. Additional deletion of Rb and Pten moderately stimulated cell growth;
this was more evident when both genes were deleted (Fig. 1D). The stimulation of cell
growth was also assessed by BrdU incorporation (Fig. 1E). We also examined the
growth of Trp53-positive prostate cells; however, these cells did not survive during
the cumulative cell proliferation assay (data not shown). These findings suggest that
the loss of function of Trp53 significantly increased the ability of prostate epithelial
cells to survive under ProstaCultTM culture conditions, and the additional loss of Rb
and Pten moderately stimulated cell proliferation in vitro. We observed that these cells
survived up to 10 passages without showing sign of crisis (Fig. 1D). In addition, these
cells formed colonies when 6 × 103 cells were cultured in a 60 mm regular dish (Fig.
1F). However, no colonies were generated from any lines when less than 1 × 103 cells
were plated (data not shown). These findings indicate that all genotypes of Trp53-/prostate epithelial cells examined were similarly fitted to growth in ProstaCultTM
culture condition.
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Prostasphere formation by Trp53-/- prostate epithelial cells with varied Rb and
Pten status
Malignant behaviors of cancer cells are often explained by their persistent selfrenewal activity. We compared prostasphere-forming activities in different genotypes
of prostate epithelial cells. Trp53-null prostate epithelial cells were able to form
prostaspheres to some degree. This ability was significantly increased by the deletion
of Rb or Pten, and an even greater increase was observed when both Rb and Pten
were deleted (Fig. 2A). Expression of Nanog and Oct4 were significantly induced in
prostaspheres when compared to cells cultured under monolayer conditions, and the
amount of induction correlated with prostasphere-forming activities (Fig. 2B).
Interestingly, Oct4 increased in Trp53-/- prostate epithelial cells after deletion of Rb
and Pten even under monolayer conditions, implying that the status of Rb and Pten
cooperatively and directly influenced expression of Oct4 (Fig. 2B).

Tumorigenicity by Trp53-/- prostate epithelial cells requires inactivation of Rb or
Pten
Colony forming activity of prostate epithelial cells in soft agar was correlated with
prostasphere-forming activity (Fig. 3A). Trp53-/- prostate epithelial cells without the
deletion of Rb or Pten were not able to initiate a tumor in KSN athymic mice during
12 months of observation after subcutaneous inoculation (Fig, 3B). However, the
deletion of Rb or Pten enabled Trp53-/- prostate epithelial cells to propagate in KSN
athymic mice. Simultaneous deletion of Rb and Pten enabled Trp53-/- cells to develop
a visible tumor much earlier (Fig, 3B). H&E staining of a tumor derived from Trp53-/cells simultaneously lacking Rb and Pten detected cells with highly atypical nucleus
with a very high N/C ratio (Fig. 3C). These cells highly expressed Ki-67 (Fig. 3D).
These findings indicate that Rb or Pten loss-of-function is required for Trp53-/prostate epithelial cells to develop a tumor in KSN athymic mice. Next, we further
analyzed the tumor phenotype of Trp53-/-, Rbf/f, Ptenf/f prostate epithelial cells infected
with AD-Cre. Importantly, tumors derived from these cells exhibited various features
of luminal type cells, which are characterized by positive expression of AR, CK18
and E-cadherin and decreased expression of CK5 (Fig. 3E). This result clearly
indicated that Trp53-/-; Rbf/f; Ptenf/f prostate epithelial cells infected with AD-Cre
underwent basal-to-luminal conversion during propagation in athymic mice.
Therefore, we concluded that our prostate epithelial cell models can mimic human
prostate carcinogenesis.

Genes affected by Rb or Rb-Pten status in Trp53-/- prostate epithelial cells
To identify genes that may be mechanistically involved in the malignant progression
of prostate cancers, we measured gene transcripts using microarray analysis. The GO
analysis of genes upregulated by the deletion of Rb in Trp53-/- prostate epithelial cells
identified cytokines, chemokines, inflammatory response, and extracellular space
genes (Table 1). The same analysis of Trp53-/- prostate epithelial cells that lacked both
Rb and Pten resulted in similar gene ontology categories (Table 2). Clustering of 77
genes affected by the Rb-Pten status in Trp53-/- prostate epithelial cells with the
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highest level of significance (N = 4 in each setting) showed approximately 40% of the
affected genes were upregulated and the remaining (60%) were downregulated after
Rb-Pten deletion (Fig. 4A). The proportions of upregulated and downregulated genes
were comparable, suggesting that the analyses were consistent. Included in the top 20
upregulated genes were Il-6, several chemokine genes, and lysyl oxidase (Lox) (Fig.
4B, and S1A and B).
We performed Gene Set Enrichment Analysis (GSEA) between a gene set upregulated
in Trp53-/-; Rbf/f cells after AD-Cre infection as compared to AD-LacZ and a gene set
featuring embryonic stem (ES) cells (Fig. S2). This analysis indicated that the stem
cell-like phenotype induced in our prostate cells is associated with induction of
embryonic gene expression.
Expression of the cytokine and chemokine genes detected in the studies mentioned
immediately above (Il-6, Ccl5 and Cxcl5) and an Il-6 family member Lif (Leukemia
inhibitory factor) were further assessed by RT-qPCR in Trp53-/-, Ptenf/f cells infected
with AD-LacZ or AD-Cre (Fig. 5A-D). We also examined Lox (Fig. 5E) as it had the
highest level of fold induction and statistical significance among genes related to the
extracellular matrix. We observed that Il-6 and Lox expression levels correlated very
well with the prostasphere-forming and tumorigenic activity of our prostate epithelial
cells （Fig. 2A, and 5A and E）.
We assessed the molecular mechanism of Il-6 and Lox induction in Rb and/or Pten
deletions. An IKK2 inhibitor, which blocks the NF-κB pathway, strongly antagonized
Il-6 induction following the deletion of Rb and Rb/Pten (Fig. S3A). As expected, an
E2F inhibitor (Fig. S3B) and an AKT inhibitor (Fig. S3C) significantly antagonized
Il-6 induction following the deletion of Rb or Pten. Lox induction in Trp53-/-; Rbf/f;
Ptenf/f prostate epithelial was antagonized by an E2F inhibitor (Fig. S3D). These
findings indicate that in our prostate cancer models, Rb and Pten influenced Il-6
expression through E2F and AKT respectively. Unlike Il-6, Lox induction was not
sensitive to the IKK2 inhibitor (data not shown) suggesting that immediate upstream
molecules of these genes are different in the context that we examined.
Il-6 and Lox contribute to prostasphere formation
We assessed the contribution of Il-6 and Lox to the malignant behavior of our prostate
epithelial cells. First, to examine whether Il-6 expressed in our prostate cells is
functional, we examined STAT3 activity. Deletion of Rb and/or Pten significantly
increased the phosphorylated form of STAT3, while it did not affect activity of other
signaling molecules, including ERK, SRC, and FAK (Fig. 6A). Increased
phosphorylation of AKT was observed in Pten-deleted cells (Fig. 6A), consistent with
the known function of Pten. Treatment of Trp53-/- prostate epithelial cells with
recombinant Il-6 (rIl-6) induced acute activation of STAT3 with no overt influence on
either ERK or AKT activity (Fig. 6B). These findings support that Il-6-STAT3
pathway is intact in our prostate epithelial cells.
Importantly, treatment of Trp53-/- prostate epithelial cells with rIl-6 significantly
increased their prostasphere-forming activity (Fig. 6C), indicating the possibility that
increased Il-6 production after deletion of Rb and/or Pten contributes to an increase in
sphere-forming activity. To further examine this possibility, we successfully depleted
Il-6 using the short hairpin RNA-interfering technique (Fig. S1C). Il-6 depletion
9

significantly decreased basal levels of prostasphere-forming activities in Trp53-/prostate epithelial cells (Fig. 6D), and moreover antagonized effects of the deletion of
Rb and/or Pten (Fig. 6D). These findings suggest that Il-6 produced by Trp53-/prostate epithelial cells is involved in sustaining their prostasphere-forming activities.
Additionally, increased Il-6 production induced by depletion of Rb and/or Pten
contributed to increased formation of spheres. Importantly, depletion of Il-6
significantly antagonized tumorous propagation of Rb and Pten-deleted Trp53-/prostate epithelial cells in KSN athymic mice (Fig. 6E). The effects of Il-6 depletion
in vivo was much more robust than assessed in the in vitro prostasphere assay (Fig.
6D), suggesting that blocking Il-6 signaling may be more effective in an in vivo
therapy.
Blockade of Il-6-STAT3 signaling by anti-Il-6R antibody treatment, although not as
robust as that with Il-6 shRNA treatment, decreased prostasphere-forming activities in
all genotypes of Trp53-/- prostate epithelial cells (Fig. 7A). A similar effect was
observed when cells were treated with a STAT3 inhibitor, Stattic (Fig. 7B and C).
We next focused on Lox, whose expression was as well tightly correlated with
prostasphere-forming activity. Depletion of Lox in our cells was very efficient (Fig.
7D). Lox depletion also significantly antagonized prostasphere-forming activities in
all cells examined (Fig. 7E).
We lastly assessed the effects of the interventions that we used in the sphere formation
assay to study their impact on cell proliferation under 2D culture conditions. Addition
of rIL-6 did not significantly enhanced cell proliferation within 48 hr of observation
(Fig. S4A). Depletion of Il-6 or treatment with anti-Il-6 Ab did not show remarkable
effects on cell proliferation (Fig. S4B and C). Treatment with Stattic for 48 hr
however severely abrogated cell proliferation, indicating toxicity of this reagent (data
not shown). Lox depletion within 48 hr did not show significant impact on cell
proliferation (data not shown), however extended observation (96 hr) revealed that
this antagonized increased proliferation induced by the deletion of Rb and Pten (Fig.
S4D). These findings indicate that the effects of Il-6 and Lox inhibition onto sphere
formation and cell proliferation might be different.

DISCUSSION
To examine if genes affected by the RB and PTEN status in prostate cancer cells might
be mechanistically related to their malignant progression, we established an in vitro
system to identify Rb and Pten-targeted genes in Trp53-deficient prostate epithelial
cells. By altering genetic background to Trp53-/- and using ProstaCultTM media, we
easily derived CK5+, ARLOW basal-like prostate epithelial cells from mouse prostate
gland. Additional depletion of Rb and/or Pten from these cells induced higher sphere
forming activity and the ability to initiate a CK18+, AR+, E-cadherin+ luminal type
tumor in athymic mice. Subsequently, we determined targets of RB and PTEN in our
Trp53-null prostate epithelial cells. We identified that changes in Il-6 and Lox were
positively correlated with spherogenic activity, and therefore we selected them for
further analysis.
Although IL-6 is highly expressed in prostate cancer stem cells [20-22], its
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pathological significance is unclear. As has been demonstrated by us and others, IL-6
activates STAT3 in prostate cancer cells, and inhibition of STAT3 signaling abrogates
IL-6 production [23-26]. Therefore, it is highly probable that Rb and/or Pten loss in
our system enhanced a positive feed forward loop between Il-6 and STAT3. The IL-6STAT3 pathway has been implicated in the undifferentiated phenotypes or chemoresistance exerted by many types of cancers [21,27-32]. Thus we propose that IL-6
plays a role in driving malignant progression and stem cell-like activity of prostate
cancers.
The limited effect of Il-6 depletion, anti-Il-6R Ab treatment and Stattic treatment on
prostasphere formation (Fig. 7A, B and C) indicated that Il-6 is not solely responsible
for prostasphere formation. We identified another molecule, Lox, which was
upregulated by the deletion of Rb and/or Pten, and also highly correlated with
prostasphere formation activity. LOX modulates the extracellular matrix through its
enzymatic activity, which initiates crosslinking of collagen and elastin [33]. LOX also
participates in oxygenation of lysine residues in a number of proteins as well [34].
LOX has been proposed to promote the escape from cellular senescence, tumor
initiation and progression, and also to enhance invasive and metastatic phenotypes in
breast and colorectal cancers [35,36]. However, several reports indicate that LOX
could be involved in the reversion of Ras-transformation. Although there are lively
debates on the exact role of this molecule in different cancers [37], our results indicate
LOX may have a role in controlling stem cell-like activities in prostate cancers.
In conclusion, our attempt to determine the signature of Rb and/or Pten loss-offunction in Trp53-/- prostate epithelial cells resulted in identification of two molecules
that possibly contribute to stem cell-like activity in prostate cancer cells. Further
investigation of signaling innervated by these two molecules might provide new
insight to the mechanism of prostate cancer progression, as Rb and Pten are frequently
inactivated during its progression [38,39]. An in vivo model of prostate cancer with
Rb and Trp53 mutations arising from the stem/progenitor-enriched proximal region in
the prostatic ducts [40] might further support the results found in our in vitro model.
Although our in vitro models required several steps of manipulations before
establishment of cell lines for analysis, it has enabled us to identify unexpected
molecules that are involved in malignant behaviors of prostate cancer cells.
Encouraged by such achievements, we are currently extending the development of our
in vitro models to sarcomas, breast and lung cancers.
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FIGURE LEGENDS
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Figure 1.
(A): a) Image shows the entire murine urogenital sinus including seminal vesicles,
prostate, urethra and urinary bladder. Scale bar: 5mm. b) Image shows whole murine
prostate including anterior, dorsolateral and ventral lobes. Scale bar: 5 mm. c) An
H&E-stained section of the anterior lobe of isolated prostate. Scale bar: 300 μm. d)
Prostate cells cultivated with serum-free ProstaCultTM media supplemented with
recombinant human (rh) bFGF and rh EGF. Scale bar: 500 μm. (B): RT-qPCR of Rb in
cells derived from prostate of the indicated genotypes of mice. Columns: relative
levels plus standard deviation (S.D.). (N = 3). *P < 0.05 and **P < 0.01 (Student′s ttest). Rbf/f; Ptenf/f: cells infected with AD-LacZ and Rb∆f/∆f; Pten∆f/∆f: cells infected
with AD-Cre (C): Immunoblotting (IB) of the indicated proteins in the indicated
genotype of primary prostate cells. (D): Assessment of cell proliferation of the
indicated genotype of primary prostate cells. (E): Quantification of BrdU
incorporation by the indicated genotype of cells. Columns: relative frequency plus
S.D. (N = 3). **P < 0.01 and ***P < 0.001 (one-way ANOVA followed by post-hoc
Tukey's test). The statistical differences between columns not indicated with asterisks
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are not statistically significant unless otherwise indicated. (F) 6 x 103 prostate
epithelial cells of the indicated genotypes were plated in a collagen-coated 6-well
plate. After 14 day incubation, resultant colonies were visualized.

Figure 2.
(A): Sphere assay of the indicated genotype of primary prostate cells. 5 x 104 cells
were seeded on day 0 and observed on day 14. Average number of spheres larger than
17

3 mm2 was calculated. Columns: relative frequency plus S.D. (N = 3). **P < 0.01 and
***P < 0.001 (one-way ANOVA followed by post-hoc Tukey's test). Monolayer
(upper) and sphere (lower) culture of indicated genotype of prostate epithelial cells.
Scale bar: 500 μm. (B): RT-qPCR of Nanog and Oct-4 in the indicated genotypes of
prostate epithelial cells cultured under the indicated conditions. Columns: relative
frequency plus S.D. (N = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way
ANOVA followed by post-hoc Tukey's test).

Figure 3.
(A): Soft agar assay of the indicated genotype of prostate epithelial cells. 1 x 105 cells
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were incubated for 4 weeks. Average number of colonies larger than 2 mm2 was
calculated. Columns: relative frequency plus S.D. (N = 3). *P < 0.05 and **P < 0.01
(Student′s t-test). (B): Tumor developed in KSN athymic mice transplanted with the
indicated genotypes of prostate epithelial cells. 3 x 106 cells were subcutaneously
inoculated into mice. The day when tumor became detectable was recorded. Scattered
plot: frequency plus S.D. (N = 10). ***P < 0.001 (one-way ANOVA followed by posthoc Tukey's test). N.D.: no data. (C): H&E staining of tumors derived from indicated
genotype of prostate epithelial cells. 3 x 106 cells were subcutaneously inoculated into
KSN athymic mice. Tumor was isolated and observed after two months. Scale bar:
200 μM. (D): Immuno-staining by antibody to Ki67 in the same specimen analyzed in
(C). (E) Immuno-staining by antibody to the indicated proteins in the same specimen
analyzed in (C).

19

20

Figure 4.
(A): 26,573 entities with flags of ‘detected’ were extracted from 55,821 entities in
microarray (Agilent #028005) using Gene Spring 13.0-GX-PA system. From these,
118 entities with > 2 fold change and corrected p value < 0.05 on moderated t-test
between Cre-recombinase infected Trp53-/-; Rbf/f; Ptenf/f prostate epithelial cells (N =
4) and AD-LacZ infected (control) (N = 4) were identified. After identification of
overlapped gene symbols, a data covering 77 genes was obtained. Then, using R 3.1.0,
Euclidean distances in symbols and samples were individually connected on Ward
methods. The result of an unsupervised clustering is indicated as a heat map. (B):
Heat map for top 20 of genes（fold change）upregulated by simultaneous deletion of
Rb and Pten in Trp53-/- primary prostate cells compared to control (N = 4). Red
indicates upregulation while blue indicates downregulation.
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Figure 5.
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RT-qPCR of Il-6 (A), Ccl5 (B), Cxcl5 (C), Lif (D) and Lox (E) in the indicated
genotypes of prostate epithelial cells. Columns: relative frequency plus S.D. (N = 3).
*P < 0.05, **P < 0.01 and ***P < 0.001 (Student′s t-test).

Figure 6.
(A): IB of the indicated proteins in the indicated genotype of primary prostate cells.
(B): IB of the indicated proteins in Trp53-/-; Rbf/f cells treated with 20 ng/ml or 50
ng/ml rIl-6 for the indicated time period. (C): Sphere assay of Trp53-/-; Rbf/f cells
treated with 20 or 50 ng/ml rIl-6. 5 x 104 cells were seeded on day 0 and observed on
day 14. Columns: relative frequency plus S.D. (N = 3). **P < 0.01 (Student′s t-test).
(D): Sphere of the indicated genotype of prostate epithelial cells transduced with the
indicated shRNA. 5 x 104 cells were seeded on day 0 and observed on day 14.
Columns: relative frequency plus S.D. (N = 3). *P < 0.05 and ***P < 0.001 (one-way
ANOVA followed by post-hoc Tukey's test). (E): Tumors developed in KSN athymic
mice inoculated with indicated genotype of prostate epithelial cells transduced with
the indicated shRNA. 3 x 106 cells were injected subcutaneously, and tumors were
observed and weighed after 2 months. Columns: frequency plus S.D. (N = 5). **P <
0.01 (Student′s t-test). Scale bar: 10 mm.
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Figure 7.
(A): Sphere assay of the indicated genotype of prostate epithelial cells treated with 0.4
µg/ml anti-Il-6R antibody. 5 x 104 cells were seeded on day 0 and observed on day 14.
Columns: relative frequency plus S.D. (N = 3). *P < 0.05, **P < 0.01 and ***P <
0.001 (one-way ANOVA followed by post-hoc Tukey's test). (B): RT-qPCR of Il-6 in
the indicated genotype of primary prostate cells treated with 5 μM stattic for 1 hr.
Dimethyl sulfoxide (DMSO): a vehicle. Columns: relative frequency plus S.D. (N =
3). *P < 0.05 and ***P < 0.001 (one-way ANOVA followed by post-hoc Tukey's test).
(C): Spheres of the indicated genotype of primary prostate cells treated with 5 μM
stattic. 5 x 104 cells were seeded on day 0 and observed on day 14. Columns: relative
24

frequency plus S.D. (N = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 (one-way
ANOVA followed by post-hoc Tukey's test). (D): RT-qPCR of Lox in Trp53-/-; Rbf/f;
Ptenf/f in primary prostate cells transduced with the indicated shRNA. Columns:
relative frequency plus S.D. (N = 3). ***P < 0.001 (Student′s t-test). (E): Spheres of
the indicated genotype of primary prostate cells transduced with the indicated shRNA.
5 x 104 cells were seeded on day 0 and observed on day 14. Columns: relative
frequency plus S.D. (N = 3). **P < 0.01 (one-way ANOVA followed by post-hoc
Tukey's test).
Table 1.
Gene ontology analysis of Trp53-/-; Rbf/f prostate epithelial cells
22177 entities with flags of ‘detected’ were extracted from 39485 entities in
microarray (Agilent #026655) using Gene Spring 12.6.1-GX-PA system. From these,
231 entities with > 2 fold change and corrected p value < 0.05 on moderated t-test
between Cre-recombinase infected Trp53-/-; Rbf/f prostate epithelial cells (N = 3) and
AD-LacZ infected (control) (N = 3) were identified. The gene set was finally assessed
by GO analysis on DAVID and pathway analysis on Single Enrichment Analysis
(SEA).
Table 2.
Gene ontology analysis of Trp53-/-; Rbf/f; Ptenf/f prostate epithelial cells
26,573 entities with flags of ‘detected’ were extracted from 55,821 entities in
microarray (Agilent #028005) using Gene Spring 13.0-GX-PA system. From these,
118 entities with > 2 fold change and corrected p value < 0.05 on moderated t-test
between Cre-recombinase infected Trp53-/-; Rbf/f; Ptenf/f prostate epithelial cells (N =
4) and AD-LacZ infected (control) (N = 4) were identified. After identification of
overlapped gene symbols, a data covering 77 genes was obtained. The gene set was
finally assessed by GO analysis on DAVID and pathway analysis on Single
Enrichment Analysis (SEA).
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Category

Term

p-value

GO (Molecular function)
GO:0005125

Cytokine activity

2.03E-08

GO:0005102

Receptor binding

1.39E-07

GO:0008083

Growth factor activity

1.07E-06

GO:0005515

Protein binding

5.30E-05

GO:0042379

Chemokine receptor binding

6.13E-05

GO (Biological process)
GO:0051094

Positive regulation of developmental process

2.49E-09

GO:0006954

Inflammatory response

2.06E-08

GO:0048584

Positive regulation of response to stimulus

4.98E-08

GO:0009611

Response to wounding

7.63E-08

GO:0009605

Response to external stimulus

1.64E-07

GO (Cellular component)
GO:0005615

Extracellular space

4.42E-16

GO:0005576

Extracellular region

3.55E-14

GO:0044421

Extracellular region part

7.29E-14

Pathway (SEA)
WP385_72108

Mm Myometrial Relaxation and Contraction Pathway

8.01E-06

WP2604_73066

Mm Limb and Fin Development

8.88E-06

WP512_69147

Mm Id Signaling Pathway

1.90E-05

WP2292_72463

Mm Chemokine signaling pathway

2.55E-05

WP1270_72216

Mm Endochondral Ossification

4.94E-05

WP2589_72924

Mm Limb Development

2.72E-04

WP258_73847

Mm TGF-beta Receptor Signaling Pathway

4.27E-04

WP2309_72004

Mm XpodNet, protein-protein interaction in the podocyte

1.01E-03

expanded by STRING

WP2316_69143

Mm PPAR signaling pathway

1.85E-03

WP2310_72005

Mm PodNet, protein-protein interactions in the podocyte

4.29E-03

Kyoto Encyclopedia of Genes and Genomes (KEGG)
mmu04060

Cytokine-cytokine receptor interaction

4.15E-04

mmu05200

Pathways in cancer

1.10E-02

mmu04062

Chemokine signaling pathway

1.80E-02

Category

Term

p-value

GO (Molecular function)
GO:0005125

Cytokine activity

3.85E-05

GO:0005179

Hormone activity

7.40E-03

GO:0008009

Chemokine activity

7.94E-03

GO:0042379

Chemokine receptor binding

8.34E-03

GO:0003924

GTPase activity

1.04E-02

GO (Biological process)
GO:0006955

Immune response

1.96E-06

GO:0006954

Inflammatory response

8.05E-05

GO:0006952

Defense response

8.18E-05

GO:0009611

Response to wounding

8.26E-04

GO:0043410

Positive regulation of MAPKKK cascade

1.01E-02

GO (Cellular component)
GO:0005615

Extracellular space

3.95E-05

GO:0005576

Extracellular region

2.19E-04

GO:0044421

Extracellular region part

8.93E-04

Pathway (SEA)
WP2432_71041

Mm Spinal Cord Injury

3.28E-06

WP447_73875

Mm Adipogenesis genes

2.52E-04

WP1271_69089

Mm Toll-like receptor signaling pathway

1.40E-03

WP222_70944

Mm Cytokines and Inflammatory Response (BioCarta)

1.77E-03

WP385_72108

Mm Myometrial Relaxation and Contraction Pathways

5.66E-03

WP512_69147

Mm Id Signaling Pathway

6.20E-03

WP1266_69139

Mm SIDS Susceptibility Pathways

8.50E-03

WP2292_72463

Mm Chemokine signaling pathway

8.64E-03

WP1254_69153

Mm Apoptosis

1.58E-02

WP387_72091

Mm IL-6 signaling Pathway

2.20E-02

Kyoto Encyclopedia of Genes and Genomes
(KEGG)
mmu04060

Cytokine-cytokine receptor interaction

7.25E-04

mmu04621

NOD-like receptor signaling pathway

1.57E-02

mmu04620

Toll-like receptor signaling pathway

3.77E-02

