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I - INTRODUCTION: 
 
The aims of this proposal are based on the observations from initial studies with human prostate 
cancer surgical specimens.  We discovered that prostate stem/early progenitor cells recovered from 
tumor specimens lack the TMPRSS-ERG translocation found in the original tumor, when examined by 
fluorescence in situ hybridization (FISH). Our findings suggest either ETS rearrangements are not 
present at the stem/progenitor cell level, or that genetically deranged prostate stem/progenitor cells 
are particularly vulnerable to apoptosis or senescence in vitro, resulting in selective advantage of 
benign cells.  We have subsequently evaluated a variety of growth conditions that may enable 
survival and expansion of cancer cells, using TMPRSS-ERG fusion status as an indictor, since the 
ability to generate an extensive collection of human prostate cancer cells would provide valuable 
biological tools for understanding characterizing prostate cancer stem/progenitor cells, the 
mechanisms of tumorigenesis, and identifying new therapeutic targets.  
 
We have identified a variety of factors that may effect successful isolation/expansion of primary 
tumors, including low tumor grade/volume present in many surgical samples, increased sensitivity of 
tumor cells to apoptosis after tissue dissociation, semi-competent immune systems in many SCID 
mouse strains that inhibit tumor take, and a microenvironment that lacks critical growth factors and 
cellular interactions.   Our laboratory has evaluated many of the issues above, as evident in the 
published and unpublished data presented over the course of this grant.  We have optimized 
conditions that enable isolation of TMPRSS-ERG+ cancer cells, by reducing tissue ischemia time, 
modifying tissue digestion conditions, and incorporating tumor dissection and FACS sorting.  We 
have identified culture conditions that enable expansion of these cells in vitro, although only 
transiently.  We are evaluating approached that enable recapitulation of the tumor microenvironment 
in vivo, by recombining freshly isolated tumor cells with a variety of human stromal sources. We have 
isolated primary stromal cells from human fetal prostate specimens and found that they support 
normal prostate tubule formation, induced by benign (adult) human prostate epithelial cells, 
eliminating the need for murine additives (i.e., urogenital sinus mesenchyme).  Human fetal stroma is 
also capable of supporting xenografts from rare primary tumors, resulting in the recapitulation of the 
patient’s original cancer specimen. Efficient and reproducible tumor regeneration will likely require 
additional support via development of microenvironmental cues. 

 
II - BODY: 
 
Background and Specific Aims: 
 

Expansion of Prostate Stem/Progenitor Cells:  The study of prostate stem cells (SCs) is 
facilitated by culturing dissociated primary cells as spheres[1, 2].  Spheres are multicellular globes 
that form in anchorage-independent conditions, and these cultures have been commonly used to 
study mammary and nervous system development[3, 4].  In our human prostate studies, spheres can 
be dissociated and passaged for multiple generations (self-renew), as well as be induced to form fully 
differentiated glands in vivo[5].   

The TMPRSS-ERG Fusion is Not Identified in Prostaspheres:  Since prostaspheres were 
generated from primary tumors, we presumed that in vitro cultures would include clonally derived 
benign and cancerous prostaspheres, reflective of the heterogeneity of glands found in tissue 
specimens.  We were not able, however, to distinguish prostaspheres based on phenotype, marker 
expression, or growth rate.  With the discovery of prevalent gene rearrangements involving ETS 
family members in prostate cancer, we anticipated that cytogenetic tools may enable identification of 
cancerous prostaspheres[6].  Gene fusions involving ERG, ETV1, and ETV4 involve a variety of 5’ 
partners that direct aberrant expression of these transcription factors and possibly initiate a cascade 
of events leading to tumorigenesis [6].  The most common rearrangement involves juxtaposition of 
the androgen-regulated TMPRSS2 gene with ERG.  TMPRSS-ERG gene fusions have been detected 
in primary prostate tumor specimens, metastases, and xenografts by fluorescence in situ 
hybridization (FISH)[6].  Analysis of prostate tumor surgical cohorts have found 36-78% of prostate 
cancers possess the TMPRSS-ERG fusion[6].  We wondered whether we could use TMPRSS-ERG 
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to distinguish normal and malignant prostaspheres.  The presence of this fusion in individual 
prostaspheres may suggest that cancer stem/early progenitor cells can be expanded in our cultures.   

To test the feasibility of this approach, FISH analysis was performed on select prostate tissue 
specimens and coordinating prostaspheres.  The TMPRSS-ERG fusion was found in approximately 
60% of cancer cases tested.  Surprisingly, the fusion was conspicuously absent from prostasphere 
cultures derived from TMPRSS-ERG+ tissues, even when the specimens contained >90% tumor.  
Analysis of monolayer cultures concomitantly derived from prostate tumor specimens also failed to 
demonstrate the presence of the gene fusion, indicating that both spheroid and adherent cultures 
select for fusion-negative cells[5].  

Review of ETS Rearrangements in Cultured Prostate Epithelial Cells:  The TMPRSS-ERG 
fusion has previously been identified in only one prostate cancer cell line, NCI-H660, derived from an 
androgen-independent small cell carcinoma of the prostate[7, 8]. None of the common prostate 
cancer cell lines including LnCaP, DU-145, PC-3, and CWR22 contain this fusion[6]. LnCaP and 
MDA-PCa2b were recently reported to contain rearrangement of the ETV1 gene to a prostate specific 
region resulting in aberrant expression with increased invasive activity[6].  The general inability to 
culture primary prostate cells that contain TMRPSS-ERG, and the under-representation of ETS 
rearrangements in prostate cancer cell lines is intriguing and suggests critical elements are absent in 
vitro, preventing the growth of these cells.   

We have formulated three distinct possibilities why TMPRSS-ERG is not preserved in human 
prostate cells in vitro 1) prostate cancer stem cells responsible for propagating primary cells do not 
contain the TMPRSS-ERG fusion, rather it is a genetic event that occurs later in tumorigenesis as a 
result of genomic instability 2) Fusion-positive prostate cells undergo anoikis, apoptosis, or 
senescence unless additional growth/survival factors or stromal interaction is provided, or 3) 
genetically normal cells have a dramatic growth advantage over TMPRSS-ERG cancer cells, 
resulting in their rapid overgrowth.   

Since the TMPRSS-ERG fusion is so prevalent in prostate cancer regardless of grade or 
stage, analyses of the genetic impact of these rearrangements is critical.  Deciphering the 
fundamental survival factors necessary for culturing these cells will yield biological tools for the study 
of ETS rearrangements in addition to valuable insight into the vulnerabilities of these cells.  
Consequently, we proposed to define what factors are critical for survival and expansion of TMPRSS-
ERG fusion-positive prostate cancer cells via the following aims: 
 
Aim 1: Generate a collection of tumor specimens that contain the TMPRSS-ERG translocation, 
as demonstrated by FISH of the primary tumor.   

a. Generate xenografts from TMPRSS-ERG tissue specimens 
b. Generate prostasphere and monolayer (adherent) cultures from TMPRSS-ERG specimens 

in a variety of culture conditions, including altering media and additives (i.e., androgen, 
stroma) 

c. Generate stocks of cryopreserved dissociated prostate cells from TMPRSS-ERG 
specimens 

 
Aim 2:  Assess for the retention of the TMPRSS-ERG mutation in xenografts, expanded in vitro 
monolayer (adherent) cultures, and prostasphere cultures. 
 
Aim 3:  Assess the effect of inhibiting anoikis and/or apoptosis pathways in dissociated 
prostate epithelial cells derived from TMPRSS-ERG+ tissues on prostasphere formation via 
viral mediated gene transfer of genes that are known to disrupt these processes (i.e., Bcl-2, 
Ras, dominant negative p53). 
  
III -KEY RESEARCH ACCOMPLISHMENTS: 
 
The tasks of the training program include: 
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1) Regularly meet with mentor to discuss career goals and progress 
2) Attend group meetings, journal clubs, and seminars related to research topics 
3) Direct research project outlined in the proposal according to the specific aims: 

a. Generate xenografts from (TMPRSS-ERG+) cancer specimens 
b. Evaluate the ability to preserve the TMPRSS-ERG fusion in vitro by varying culture 

conditions. 
c. Perform viral mediated gene transfer of genes that block anoikis and apoptosis 

pathways in dissociated human prostate cells in an effort to maintain TMPRSS-ERG+ 
cells in vitro. 

 
Progress on Tasks/Specific Aims:  
 
Training/Mentoring (Tasks 1 and 2): During the transition towards an independent research focus in 
human prostate stem cells and their role in tumor-initiation, my mentor interactions continue in the 
form of meetings and interactions with members of his research team to share data and discuss new 
strategies in prostate stem cell research.  Members of my laboratory have become active members of 
the prostate cancer research community at our Institution.  We are invited to present at journal clubs 
and seminars throughout the year and have formed collaborations with numerous intramural and 
extramural laboratories.   
 
Collecting Primary Human Prostate Cancer Samples:  We have continued to expand our 
collection of human prostate tissue samples, adding about 60 samples/year.  In addition to working 
with the Tissue Procurement Core Laboratory (TPCL) at UCLA for tumor isolation from prostate 
specimens, we have expanded out procurement to the Greater Los Angeles VA Medical Center.  This 
has enabled collection of significantly more high-risk tumors (Gleason score >8, PSA >10, advanced 
clinical stage). At both institutions, we have standardized procurement procedures in order to 
minimize ischemia time.  Upon en bloc removal of the prostate surgical specimen, an GU pathologist 
or experienced technician prepares 5 or 6 prostatic sections ranging in thickness from 3-4mm. A 
sleeve of fresh tissue is obtained from the posterior (peripheral zone) of selected sections. Frozen 
slides are prepared and stained by H&E staining. The GU pathologist examines the slides and 
cancerous areas are marked and mapped to the remaining fresh tissue. Tumor nodules are then 
dissected and isolated from benign tissue for further study.  
 
Epcam/CD44 Fractionation Enables Enrichment of TMPRSS-ERG+ Cancer Cells: In an effort to 
improve the retrieval of TMPRSS-ERG+ prostate cancer cells that are required for our studies, we 
utilized Epcam/CD44 fractionation to isolate luminal cells from tumors.  In initial experiments with 
tumor tissues, however, it was noted that only a minor population of Epcam+CD44- luminal cells 
remained after standard 12-hour digestion with Collagenase (Figure 1A).  This result was surprising, 
since the majority of cells present in tumor nodules should display Epcam+CD44- (luminal) profiles.  In 
order to evaluate whether or not standard enzymatic digestion procedures resulted in over digestion 
and loss of tumor cells, a series of experiments evaluating a variety of digestion times and 
collagenase concentrations was performed (data not shown).  When digestion time was reduced to 4 
hours in 0.25% collagenase, a marked shift in Epcam+CD44- cells was noted, enabling optimization of 
luminal cells recovery (Figure 1B).  FACS and RT-PCR of fractionated cells confirmed enrichment of 
basal Epcam+CD44- and luminal Epcam+CD44+ fractions (Figure 1C and E).   In order to confirm 
enrichment of tumor cells, PCR for TMPRSS-ERG fusion was performed on RNA isolated from cell 
fractions.  Significant TMPRSS-ERG message was detected exclusively in the Epcam+CD44- cell 
fraction (Figure 1E).  This confirms that the luminal cell optimization procedure for enzymatic 
digestion of prostate tumor specimens enables robust recovery of tumor cells containing TMPRSS-
ERG.  
 
Recreating the Tumor Microenvironment May Enable Expansion of Primary Prostate Tumor 
Cells: In addition to enrichment of the TMPRSS-ERG+ cells, we have continued to focus on 
recreating the microenvironment that is conducive to prostate tumor growth. One factor that may 
enable cancer cell growth is the incorporation of human support cells in place of murine urogenital 
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sinus mesenchyme for use in tissue regeneration assays with tumor cells.  It is possible that murine 
growth factors secreted by these cells may not be optimal stimulants of human tumor growth.  As a 
result, we have isolated stromal cells from fetal tissue, which demonstrate abundant growth in vitro 
and supports benign human prostate tissue regeneration when combined with adult prostate cells or 
prostaspheres (published in attached paper by Guo et al., 2012).  The use of fetal prostate stroma for 
tissue regeneration assays of primary prostate tumor cells has enabled retrieval of rare tumor grafts.  
Tumor nodules were dissected from high-grade surgical specimens and combined with human fetal 
prostate stroma and Matrigel prior to subcutaneous injection into NOD-SCID mice.  Approximately 12-
weeks following implantation, grafts were harvested and evaluated by immunohistochemistry (Figure 
2).  High-grade tumor foci were observed as well as areas of benign growth.  Tumor foci 
demonstrated similar expression pattern of prostate markers as the original tumor (data not shown).   
 
The ability to regenerate primary tumors would represent a significant leap forward in our ability to 
identify and characterize human prostate stem cells. We have subsequently isolated Epcam+CD44- 
tumor cells from several dissected high-grade tumor nodules and recombined with fetal stroma in 
tissue regeneration assays, however, the results are somewhat equivocal (Figure 3).  The majority of 
the regenerated grafts that we have evaluated appear to contain mostly benign tubular structures 
containing basal cells.  We are currently in the process of performing FISH on the regenerated tissue 
samples in order to evaluate TMPRSS-ERG status.  If the regenerated structures contain TMPRSS-
ERG, then it is possible that the microenvironment does not support the tumor phenotype, even when 
cells share similar genetics to the original tumor.  We are in the process of further exploring other 
human support cells, including isolating cancer-associated fibroblasts (CAFs) for in vitro expansion 
and in vivo validation.  Bona fide CAFs are capable of the malignant transformation of the benign cell 
line, BPH-1, demonstrated by tumor formation in vivo.  In collaboration with Dr. Neil Bhowmick, an 
expert in the tumor microenvironment, we are in the process of validating 20 CAFs that have been 
generated from primary tumors procured by our laboratory.  So far, 1/5 putative CAFs demonstrate 
transforming capability of BPH-1 (data not shown).  Upon determination of bona fide CAFs, we will 
assess their ability to support TMPRSS-ERG outgrowth in vitro and in vivo.        
 
IV - REPORTABLE OUTCOMES: 
 
We published the following original articles since our last progress report was submitted (please see 
appendix for copies): 
 

1.  Guo, C, Liu, H., Zhang, B, Cadaneanu, RM, Mayle, AM, and Garraway, IP*. Epcam, CD44, 
and CD49f Distinguish Sphere-Forming Human Prostate Basal Cells From a Subpopulation 
With Increased Tubule Initiation Capability.  PLOS One, April 13, 2012. PMID: 22514625; 
PMC3326009 

 
2.  Garraway, IP*.  Will identification of a prostate cancer stem cell lead to its cure? Urologic 

Oncology: Seminars and Investigations, 2012.  
 

3. Jing, J, Hindoyan, A, Goldstein, A, Lawson, D, Chen, D, Li, Y, Wang, S, Guo, C, Zhang, B, 
Gleave, M, Witte, O, Garraway, IP, and Wu, H.  Identification of CD166 as a marker for 
enriching prostate tumor initiating cells. PLOS One, August 3, 2012. PMID: 22880034; PMCID: 
PMC3411798 

 
4. Hance, MW, Dole, K, Fopal, U, Bohonowych, JE, Jerzierska-Drutel, A, Neumann, CA, Liu, H, 

Garraway, IP, and Isaacs, JS.  Secreted Hsp90 is a novel regulator of the epithelial to 
mesenchymal transition (EMT) in prostate cancer.  Journal of Biological Chemistry, September 
18, 2012. PMID: 22989880 

 
The following manuscripts are in preparation: 
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1. Zhang, B, Guo, C, An, D, and Garraway, IP*.  Human fetal prostate stroma supports prostate 
tissue regeneration.  In Preparation. 

 
2. Liu, H., Lai, K., Cadaneanu, R., Mayle, AM, Garraway, IP*.  Keratin 13 is a marker of human 

prostate stem/progenitor cells and is expressed on a rare subpopulation in benign prostate 
tissue.   In Preparation 

 
3. Liu, H. Lai, K., and Garraway,IP*.  Genetic profiles distinguish subpopulations of prostate 

epithelial cells with different functional capabilities.  In Preparation. 
 
Our data was presented at the Prostate Cancer Foundation Annual Retreat in Lake Tahoe, in 
September, 2012.   
 
V - CONCLUSIONS: 
 
Timeline for completion of research tasks documented in the original statement of work is 
listed below: 
 
Months 0-6: Initiate cloning of viral vectors; obtain regulatory approval for human and animal 

research protocols. 
 
Months 7-18: Collect prostate tissue specimens, attempt to establish new xenografts and monolayer 

cultures, and begin to evaluate TMPRSS-ERG fusion status in collected tissue 
specimens via FISH. 

 
Months 19-30: Continue to collect tissue and evaluate for TMPRSS-ERG status.  Begin altering 

growth conditions of dissociated cells that contain the translocation in attempt to 
preserve cells containing the fusion in vitro.  Begin viral-mediated gene transfer of anti-
anoikis and anti-apoptosis genes 

 
Months 31-60:Continue characterization of prostaspheres generated in altered growth environments 

and upon gene transfer of anti-anoikis/apoptosis genes.  Evaluated ability to generate 
prostaspheres from newly established xenografts.  

 
Major Findings: 
 
1)TMPRSS-ERG+ cells can be isolated using the combination of tumor macrodissection and cell 
sorting for Epcam+CD44-CD49fLo antigenic profile (Figure 1).  These cells can be expanded in vitro, 
but only transiently, prior to undergoing senescence (data not shown, see 2011 report). 
2) TMPRSS-ERG+ tumors fail to routinely expand in vivo as xenografts or reconstituted tumors, even 
with the addition of support cells of human origin (Figure 3). 
3) Human tubule-initiating cells are predominantly Epcam+CD44-CD49fHi.  The mechanisms that 
these cells utilize in order to interact with the niche and initiate new tubules may be exploited by 
tumor cells (See published report, Guo et al., 2012). 
4) Cancer-associated fibroblasts can be isolated from dissected primary tumor nodules and expanded 
in vitro (data not shown).  These cells may be important for sustaining the growth of tumor cells in 
vitro and in reconstitution assays.   
 
VI - REFERENCES: 
  
1. Al-Hajj, M. and M.F. Clarke, Self-renewal and solid tumor stem cells. Oncogene, 2004. 23(43): 

p. 7274-82. 



 

 10 

2. Singh, S.K., et al., Cancer stem cells in nervous system tumors. Oncogene, 2004. 23(43): p. 
7267-73. 

3. Dontu, G., et al., In vitro propagation and transcriptional profiling of human mammary 
stem/progenitor cells. Genes Dev, 2003. 17(10): p. 1253-70. 

4. Bez, A., et al., Neurosphere and neurosphere-forming cells: morphological and ultrastructural 
characterization. Brain Res, 2003. 993(1-2): p. 18-29. 

5. Garraway, I.P., et al., Human prostate sphere-forming cells represent a subset of basal 
epithelial cells capable of glandular regeneration in vivo. Prostate, 2010. 70(5): p. 491-501. 

6. Tomlins, S.A., et al., Recurrent fusion of TMPRSS2 and ETS transcription factor genes in 
prostate cancer. Science, 2005. 310(5748): p. 644-8. 

7. van Bokhoven, A., et al., Widely used prostate carcinoma cell lines share common origins. 
Prostate, 2001. 47(1): p. 36-51. 

8. Mertz, K.D., et al., Molecular characterization of TMPRSS2-ERG gene fusion in the NCI-H660 
prostate cancer cell line: a new perspective for an old model. Neoplasia, 2007. 9(3): p. 200-6. 

9. Litvinov, I.V., et al., Low-calcium serum-free defined medium selects for growth of normal 
prostatic epithelial stem cells. Cancer Res, 2006. 66(17): p. 8598-607. 

10. Goldstein, A.S., et al., Trop2 identifies a subpopulation of murine and human prostate basal 
cells with stem cell characteristics. Proc Natl Acad Sci U S A, 2008. 105(52): p. 20882-7. 

11. Lunacek, A., et al., Growth curves of the fetal prostate based on three-dimensional 
reconstructions: a correlation with gestational age and maternal testosterone levels. BJU Int, 
2007. 99(1): p. 151-6. 

 
 
APPENDIX: 
 
FIGURE LEGENDS: 
 
Figure 1:  TMPRSS-ERG fusion expression in fractionated prostate epithelial cells.  The combination 
of Epcam and CD44 was used to isolate Epcam+CD44+ basal-enriched (A) and Epcam+CD44- 
luminal-enriched cell fractions (B) for quantitative RT-PCR.  Fractionated cells were compared to total 
(unfractionated) cells.  Relative increased expression of luminal markers (AR, PSA, CK8) in 
Epcam+CD44- fractions confirms enrichment in this population (D).  Expression of TMPRRS-ERG is 
detected exclusively in the Epcam+CD44- fraction (E).  
 
Figure 2: Prostate Cancer Regeneration.  A slice of tissue from a radical prostatectomy specimen 
from a patient with high-grade (Gleason 5+4, pStage T3bN1M0) prostate cancer was procured with 
preparation of an adjacent frozen section. Tumor and benign tissue were separated and tissues were 
dissociated into single cells.  5x104 epithelial cells were combined with 1x106 fetal prostate stroma 
and injected subQ into NOD-SCID mice.  After 5 months, grafts were harvested for histological 
analysis. 
 
Figure 3: Tumor Regeneration of High-Grade, Macrodissected Tumor Nodules (Gleason 8-10).  With 
the exception of patient 1, benign-appearing tubule outgrowth is observed on histology. 
 
ATTACHED FIGURES: 
 
 Figure 1 
 Figure 2 
 Figure 3 
 
Original manuscripts attached.   
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Epcam, CD44, and CD49f Distinguish Sphere-Forming
Human Prostate Basal Cells from a Subpopulation with
Predominant Tubule Initiation Capability
Changyong Guo1,2, Haibo Liu1,2, Bao-Hui Zhang1,2, Radu M. Cadaneanu1,2, Aqila M. Mayle1,2,3,

Isla P. Garraway1,2,3*

1 Department of Urology, David Geffen School of Medicine at University of California Los Angeles, Los Angeles, California, United States of America, 2 Jonsson

Comprehensive Cancer Center, David Geffen School of Medicine at University of California Los Angeles, Los Angeles, California, United States of America, 3 Greater Los

Angeles Veterans Affairs Medical Center, Los Angeles, California, United States of America

Abstract

Background: Human prostate basal cells expressing alpha-6 integrin (CD49fHi) and/or CD44 form prostaspheres in vitro. This
functional trait is often correlated with stem/progenitor (S/P) activity, including the ability to self-renew and induce
differentiated tubules in vivo. Antigenic profiles that distinguish tubule-initiating prostate stem cells (SCs) from progenitor
cells (PCs) and mature luminal cells (LCs) with less regenerative potential are unknown.

Methodology/Principle Findings: Prostasphere assays and RT-PCR analysis was performed following FACS separation of
total benign prostate cells based upon combinations of Epcam, CD44, and/or CD49f expression. Epithelial cell fractions were
isolated, including Epcam+CD44+ and Epcam+CD44+CD49fHi basal cells that formed abundant spheres. When non-sphere-
forming Epcam+CD442 cells were fractionated based upon CD49f expression, a distinct subpopulation (Ep-
cam+CD442CD49fHi) was identified that possessed a basal profile similar to Epcam+CD44+CD49fHi sphere-forming cells
(p63+ARLoPSA2). Evaluation of tubule induction capability of fractionated cells was performed, in vivo, via a fully humanized
prostate tissue regeneration assay. Non-sphere-forming Epcam+CD442 cells induced significantly more prostate tubular
structures than Epcam+CD44+ sphere-forming cells. Further fractionation based upon CD49f co-expression identified
Epcam+CD442CD49fHi (non-sphere-forming) basal cells with significantly increased tubule induction activity compared to
Epcam+CD442CD49fLo (true) luminal cells.

Conclusions/Significance: Our data delineates antigenic profiles that functionally distinguish human prostate epithelial
subpopulations, including putative SCs that display superior tubule initiation capability and induce differentiated ductal/
acini structures, sphere-forming PCs with relatively decreased tubule initiation activity, and terminally differentiated LCs that
lack both sphere–forming and tubule-initiation activity. The results clearly demonstrate that sphere-forming ability is not
predictive of tubule-initiation activity. The subpopulations identified are of interest because they may play distinct roles as
cells of origin in the development of prostatic diseases, including cancer.
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Introduction

Human adult prostate S/Ps are characterized by surface marker

expression, as well as functional traits, including the ability to self-

renewal and differentiate into multiple lineages [1,2,3,4,5]. Markers

that have been utilized to isolate human prostate S/Ps include

Trop2, CD44, alpha2beta1-integrinHi, alpha6-integrinHi (CD49f),

and CD133 [1,2,4,6]. However, a consensus does not exist regarding

the antigenic profile of a functionally pure human prostate SC

population and how to distinguish multipotent tubule-initiating SCs

from progenitors with more limited potential. Making such a

distinction may have important implications in understanding the

etiology of prostatic disease, including benign prostatic hypertrophy

and cancer.

Sphere-forming cells isolated from dissociated primary tissues

are enriched in S/P cells in multiple organ systems [7,8,9,10]. In

the human prostate, sphere-forming capability enables the

selection of a subpopulation of epithelial cells with SC-like traits,

including self-renewal and the ability to differentiate into tubular

structures when implanted into immunocompromised mice [1,4].

Previous studies evaluating the antigenic profile of cells capable of

forming prostaspheres indicate that they reside within the basal

layer of normal prostatic ducts [1,4,11,12]. onsequently, the

combination of Trop2 and CD49fHi expression enables isolation of

the basal cell fraction (Trop2+CD49fHi), which exclusively forms
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spheres, regenerates benign tubules, and demonstrates malignant

transformation after genetic manipulations [1,4,6]. Sphere-form-

ing cells are rare in prostate subpopulations that display luminal

profiles (Trop2+CD49fLo or Trop2+CD442)[1,4].

Subdivision of the basal population and enrichment of a sphere-

forming and/or tubule-regenerating SC population has yet to be

accomplished. However, a functional delineation of the human

prostate cellular hierarchy, in addition to basal/luminal profile,

could provide more specific insight about the cells of origin for

prostate cancer and the pathways utilized by normal SCs that may

become corrupted in prostate disease. The aim of this work is to

employ in vitro sphere culture and in vivo tissue regeneration

assays to interrogate combinations of surface antigens that may

further subdivide human prostate epithelial cells and enable

functional separation of tubule-initiating SCs from progenitors

with more limited capabilities. In this report, we accomplish these

goals by incorporating a refined tissue regeneration assay, in which

human fetal prostate stroma (hFPS) is utilized to induce tubule

formation/differentiation in a fully humanized system. Our results

demonstrate that the combination of Epithelial Cell Adhesion

Molecule (Epcam), CD44, and CD49f can be used to isolate three

distinct populations: (i) a putative prostate SC population that does

not form spheres, but induces relatively robust tubule regenera-

tion, (ii) PCs possessing maximal sphere-forming ability, but

decreased tubule-initiation capability, and (iii) terminally differen-

tiated LCs that lack both sphere-forming and tissue regenerating

potential. The uncoupling of sphere-forming and tubule-initiating

functions indicates that human prostate cells with the most

potential for niche interaction and tubule development appear to

be quiescent in sphere-forming culture conditions.

Results

Epcam and CD44 enable separation of prostate cell
lineages.

Epcam/Trop1 is a pan-epithelial antigen that is also expressed

on most carcinomas, including prostate cancer [13]. In benign

human prostate, immunohistochemical (IHC) staining demon-

strates confinement of Epcam expression to epithelial cells that

compose prostate ducts and acini (Figure 1A). CD44 is a single

pass transmembrane glycoprotein involved in cell-cell matrix

adhesion, cell signaling, inflammation, and cell migration ([14]). In

the benign human prostate, CD44 marks basal cells and rare

neuroendocrine cells [15]. Based on the expression pattern of

Epcam and CD44 observed in IHC analysis of benign prostate

tubules, it appears that Epcam+CD44+ cells compose the basal

layer, while Epcam+CD442 cells appear predominantly luminal

(Figure 1A). We hypothesized that fractionating total prostate cells

based upon the combination of Epcam and CD44 expression

profiles could be a first step in determining antigenic profiles that

delineate human prostate cellular hierarchy, by enabling basal and

luminal separation. An advantage of both Epcam and CD44 is

that conjugated magnetic beads are readily available that enable

rapid fractionation of prostate cells without the need for a cell

sorter. This may increase the accessibility and feasibility of

fractionating surgical specimens. FACS analysis of total prostate

epithelial cells using fluorescent antibodies to detect Epcam and

CD44 expression demonstrate clear separation of (Epcam+)

epithelial cells from (Epcam2) stromal/blood cells (Figure 1B).

Although FACS analysis demonstrates that separation based on

CD44 expression is not as distinct as Epcam, both CD44+ and

CD442 fractions were obtained via cell sorting or magnetic beads

separation (Figure 1B).

Expression of basal- and luminal-specific genes correlates
with Epcam/CD44 status.

Prostate basal and luminal cells can be distinguished based on

marker profile, in addition to architectural organization. The

tumor protein p63 is a hallmark indicator of basal cells, which also

express relatively low levels of AR and PSA [16,17]. On the other

hand, luminal cells lack p63, but express strong levels of AR, PSA,

and cytokeratin 8 (CK8) [18,19]. In order to confirm enrichment

of basal and luminal cells after fractionation based on Epcam/

CD44 expression, quantitative RT-PCR analysis was performed

on total RNA isolated from fractionated cells with primers

targeting basal-specific and luminal-specific genes (Figure 1C).

Compared to unfractionated cells and the Epcam+CD44+ fraction,

Epcam+CD442 cells demonstrated significantly increased expres-

sion of AR, PSA, and CK8 with low relatively low expression of

the basal marker, p63. On the other hand, Epcam+CD44+ cells

demonstrated virtually undetectable AR, PSA, and CK8 and

enhanced expression of p63. These results are compatible with the

known expression profiles of basal and luminal cells and indicate

that the combination of Epcam and CD44 can effectively enrich

for these lineages [19,20].

We have previously shown that prostate S/P cells are capable of

prostasphere formation in vitro [4]. Additionally, we have found that

basal cells are exclusively capable of forming spheres [1]. Therefore

sphere-forming capability of Epcam+CD44+ and Epcam+CD44–

cell fractions was evaluated in comparison to unfractionated (U)

cells. Consistent with previous studies, virtually all of the sphere-

forming cells were confined to the basal-enriched Epcam+CD44+

cell fraction (Figure 1D), and this fraction demonstrated a 3-fold

increase in sphere-forming cells compared to unfractionated total

prostate cells. This data suggests that Epcam/CD44 fractionation

enables a functional segregation of epithelial cell populations, in

addition to basal and luminal separation.

HFPS Supports Prostate Tissue Regeneration Induced by
Adult Human Prostate Cells In Vivo.

We have previously described regeneration of human prostate

tissue following implantation of adult prostate cells (or prostaspheres)

combined with rat urogenital sinus mesenchyme (rUGSM) and

MatrigelH into Non-Obese Diabetic Severely Combined Immuno-

deficient mice that are Interluekin-2 Receptor Null (SCID-

NODIL2grNULL) [4,6]. In an effort to employ a fully humanized

prostate tissue regeneration system, rUGSM was replaced with

human prostate stromal cells cultured from dissociated fetal prostate

tissue (Figure 2). Histological evaluation of fetal prostate specimens

demonstrates abundant stroma surrounding the prostatic urethra

with developing epithelial buds/tubules (Figure 2A). FBS-supple-

mented culture media supported the outgrowth of a nearly pure

(Epcam-negative) human fetal stromal cell population (hFPS) that

could be passaged continuously for more than 10 generations

(Figure 2B and data not shown). Cryopreservation of hFPS, followed

by thaw and re-culture enabled further expansion of these cells prior

to use in vivo. When hFPS was combined with freshly isolated adult

prostate epithelial cells (Figure 2C) or sphere-forming cells (data not

shown) and MatrigelH, followed by subcutaneous implantation into

SCID-NODIL2grNULL mice, epithelial cord-like structures formed as

early as 6 weeks (data not shown). Fully differentiated ductal/acinar

structures with PSA-expressing luminal cells were prominent by

6 months (Figure 2C). Epithelial cords and/or tubular structures

failed to form if MatrigelH and hFPS were recombined in the

absence of prostate epithelial cells (Figure S1). No differences in

tubule development were noted in grafts induced by rUGSM or

hFPS (Figure S1). All structures typically identified in benign

Prostate Sphere Formation versus Tubule Initiation
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prostate surgical specimens were present in hFPS regenerated grafts,

including epithelial cords, corporal amylacea, and secretion-filled

ducts/acini. Layers of epithelial cells expressing basal markers (K5,

P63), luminal markers (K8, AR, PSA), or a combination of both were

also identified (Figure 2C). HFPS was generated from 6 different

fetal specimens and all demonstrated similar growth in culture,

FACS profile, and ability to support tubular outgrowth when

combined with adult prostate epithelial cells (data not shown).

Tubule initiating capability is prevalent in the non-
sphere-forming Epcam+CD442 luminal-enriched cell
fraction.

Although sphere formation is a common feature of S/Ps, one

critical characteristic that prostate SCs must demonstrate is the

ability to induce new tubule formation inclusive of ducts/acini

composed of both basal and luminal cells. Prostate tissue

regeneration assays have been utilized to interrogate the tubule

initiation capability of putative S/P populations in mouse and

human [4,21,22]. In these assays, total or fractionated cells

obtained from fetal or adult prostate tissues are combined with

supportive stroma (i.e., UGSM) followed by sub-renal implanta-

tion as a collagen graft or subcutaneous implantation with

MatrigelH into immunocompromised mice. Cell fractions that

possess S/P activity induce multi-layered tubular outgrowths with

secretions surrounded by stroma. We have previously shown that

sphere-forming cells as well as basal cells isolated based on co-

expression of Trop2 and high levels of CD49f have an increased

Figure 1. Variation in expression of Epcam and CD44 enables separation of distinct populations of prostate cells from dissociated
surgical specimens. A. Immunohistochemical analysis of Epcam and CD44 expression in benign human prostate tissue specimens (206
magnification). B. FACS analysis of Epcam and CD44 expression in total prostate cells isolated from dissociated benign human prostate tissue. Total
prostate cells stained with Epcam-PE and CD44-FITC conjugated antibodies prior to FACS analysis. C. Epcam+CD44+ and Epcam+CD442 fractions
display basal (P63+) and luminal (CK8+, AR+, PSA+) profiles, respectively. Quantitative RT-PCR reactions were performed in triplicate with a minimum
of 3 individual patient specimens. Black columns represent Unfractionated (U) cells, red columns represent Epcam+CD44+ cells (+/+), and blue
columns represent Epcam+CD442 cells (+/2). D. Unfractionated prostate epithelial cells isolated from benign prostate tissue specimens or cells
fractionated based on Epcam/CD44 expression were evaluated for sphere-forming capability in vitro. 16104 cells were plated in semi-solid (MatrigelH)
cultures. Approximately 14 days after seeding, prostaspheres were quantitated in all wells and the percentage of sphere-forming cells was calculated
in each fraction. All experiments were performed in triplicate, using a minimum of three individual patient samples. Statistical analysis was performed
using standard one-way ANOVA analysis; P,0.05(*), P,0.01(**).
doi:10.1371/journal.pone.0034219.g001
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ability for tubule initiation compared to luminal (Trop2+CD49fLo)

cells [1,4,6].

In order to investigate the ability of cells fractionated based

upon Epcam/CD44 expression to form tubules in vivo, human

prostate tissue regeneration was performed. Approximately 16105

unfractionated cells, Epcam+CD44+ cells, or Epcam+CD442cells

were combined with 26105 hFPS and MatrigelH, followed by

subcutaneous implantation into SCID-NODIL2grNULL mice.

Approximately twelve weeks following implantation, grafts were

harvested and analyzed for tubule induction via histological

analysis of paraffin embedded sections (Figure 3A). A table

containing the rate of engraftment of unfractionated and

fractionated cells is shown in Figure S2. Tubular structures were

identified in grafts that developed from unfractionated cells and in

Epcam+CD44+ recombinant grafts. Surprisingly, the Ep-

cam+CD442 luminal enriched/non-sphere-forming fractions

yielded the largest number of tubular structures (Figure 3A and

3C). All grafts demonstrated a range of epithelial cord-like

structures and more fully developed tubules with secretion-filled

lumens (Figure 3A). Immunohistochemical staining confirmed the

presence of basal (p63+) and luminal (CK8+) cells in regenerated

tubules (Figure 3B). Although FACS and cytospin examination of

fractionated cells confirmed CD442 status (data not shown),

CD44+ cord-like structures and tubules containing a distinct

CD44+ basal layer were identified in mature grafts induced by

Epcam+CD442 cell fractions (Figure 3B). This data suggests that

Epcam+CD442 cells may be precursors for Epcam+CD44+ cells

found in regenerated tubular structures.

A functional role for a non-sphere-forming/luminal-enriched

fraction appeared to contradict prior published results, in which

fractionation of luminal cells based on Trop2/CD49f expression

displayed no functional capabilities in vitro and in vivo[6]. To

Figure 2. Isolation of human fetal prostate stroma (hFPS) for use in prostate tissue regeneration assays. A. Gross specimen containing
17-week fetal bladder (FB), prostate (FP), and urethra (U) en block with adjacent panel showing transverse hematoxylin and eosin (H&E) stained
histological section. Developing prostate glands budding from the prostatic urethra are surrounded by abundant stroma. B. HFPS cells are cultured in
DMEM supplemented with FBS. FACS analysis of cultured hFPS cells using antibodies that target Epcam demonstrates lack of (Epcam+) epithelial cell
outgrowth. C. Regenerated graft induced by hFPS after recombination with freshly isolated adult human prostate cells and MatrigelH, followed by
subcutaneous injection. H&E staining of paraffin-embedded graft demonstrates tubules with a distinct basal layer, containing cells that express tumor
protein 63 (P63+) but lack luminal cell marker expression, including Androgen Receptor (AR), cytokeratin 8 (CK8), and Prostate Specific Antigen (PSA).
A luminal layer is identified in the majority of outgrowths and contains cells that are P632, AR+, CK8+, and PSA+. The bottom panel displays the
different types of outgrowths identified in recombinant grafts, including epithelial cords (EC), corpora amylacea (CA), and epithelial cords/buds (EC).
doi:10.1371/journal.pone.0034219.g002

Prostate Sphere Formation versus Tubule Initiation

PLoS ONE | www.plosone.org 4 April 2012 | Volume 7 | Issue 4 | e34219



investigate this discrepancy, FACS analysis comparing Epcam and

Trop2 expression was performed to evaluate co-expression of

these surface markers. Indeed, there appeared to be almost

complete overlap in expression of Trop2 and Epcam, with

virtually all Trop2+ cells co-expressing Epcam (Figure S3A). On

the contrary, high expression CD49f did not appear to be confined

to the CD44+ population, since a fraction of CD442 cells were

CD49fHi (Figure S3B). This result suggests that Epcam+CD442

prostate cells may be further subdivided based upon CD49f

expression and may explain differential functional capabilities of

basal/luminal cell fractions isolated based on Epcam/CD44

profile compared to Trop2/CD49f.

CD49f enables functional delineation of putative SCs,
PCs, and LCs.

As described above, previous studies indicated that

Trop2+CD49fHi basal cells display both sphere forming and

tubule regenerating capabilities, compared to the Trop2+CD49fLo

luminal cells, which lack these functional capabilities [4,6]. Given

the surprising result that luminal-enriched Epcam+CD442 cells

display predominant tubule-initiation activity, we investigated

whether or not CD49fHi cells present within this subpopulation

may be responsible for tubule initiation in vivo. FACS analysis was

performed on total prostate cells after incubation with antibodies

targeting Epcam, CD44, and CD49f. Both CD49fHi and CD49fLo

subpopulations were identified in Epcam+CD44+ and Ep-

Figure 3. Tubule formation induced by unfractionated and fractionated (Epcam+CD44+ and Epcam+CD44–) prostate cells in human
prostate tissue regeneration assays. A. H&E stained sections of paraffin-embedded 12-week grafts harvested from SCID-NODIL2crNULL mice.
Unfractionated (U) total prostate cells or Epcam+CD44+ and Epcam+CD442 cell fractions combined with human fetal prostate stromal cells and
MatrigelH were implanted subcutaneously into male SCID-NODIL2crNULL mice. Testosterone was supplemented via pellets inserted subcutaneously. B.
Example of secretion-filled ducts that display basal (p63 positive) and luminal (CK8 positive) cells induced by Epcam+CD442 prostate cell fractions.
Tubules and epithelial developed from cords containing CD44+ cells also developed from the CD44– cell fraction. C. Comparison of the number of
tubular structures identified in unfractionated, Epcam+CD44+, and Epcam+CD442 grafts. After paraffin embedding, sections were made throughout
the grafts. The two representative sections containing the highest number of tubules were identified and all tubules present in the low power (4X
magnification) field were quantitated. The average numbers of tubules from total grafts obtained from unfractionated or fractionated cells are
complied for the graph. Statistical analysis was performed using standard one-way ANOVA analysis; P, 0.001 (***).
doi:10.1371/journal.pone.0034219.g003
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cam+CD442 fractions (Figure 4A and S4). Cell sorting enabled

isolation of prostate cells based upon Epcam/CD44/CD49 status.

Prostasphere culture of Epcam+CD44+CD49fHi cells demonstrat-

ed enrichment of sphere-forming capability (10-fold over unfrac-

tionated cells and 3-fold over Epcam+CD44+ cells) with 40–50% of

cells within this fraction capable of forming spheres (Figure 4B).

On the other hand, less than 1% of Epcam+CD44+CD49fLo or

Epcam+CD442CD49fHi cells were able to form spheres (Figure 4B

and data not shown, respectively).

In order to evaluate tubule initiation activity of Epcam+CD442

non-sphere-forming cells subdivided by CD49f, in vivo tissue

regeneration with hFPS was employed (Figure 4C). Recombinant

grafts were retrieved from Epcam+CD442CD49fHi cell fractions

containing significantly more tubules than those induced by

Epcam+CD442CD49fLo cells (Figure 4C). FACS analysis of

dissociated grafts induced by Epcam+CD442CD49fHi cells

demonstrated a similar composition of cells (based on Epcam/

CD44/CD49f expression) as the original prostate surgical

specimen (Figure 4E), indicating that this minority population

could induce an intact prostate tissue profile.

As previously described, bright CD49f expression is associated

with a basal cell profile, therefore, Epcam+CD442CD49fHi and

Epcam+CD442CD49fLo cell fractions were evaluated by RT-PCR

analysis to determine if the original Epcam+CD442 fraction

contained a mix of luminal and basal cells [4,6,11]. RNA expression

of p63 in association with a lack of AR and PSA indicated that

Epcam+CD442CD49fHi cells possessed a basal profile, while

Epcam+CD442CD49fLo cells exhibited a luminal profile, demon-

strated by significant AR and PSA expression (Figure S5). This

contrasting expression profile of Epcam+CD442CD49fHi cells

compared to RT-PCR analysis of Epcam+CD442 cells (in which

fractionation with CD49f was not performed), indicates that the

Figure 4. Identification and functional evaluation of CD49fHi/Lo cells present in Epcam+CD44+ and Epcam+CD442 fractions. A. FACS
analysis of Epcam+CD44+ and Epcam+CD442for CD49fHi expression, with functionally distinct populations annotated. B. Sorting of Epcam+CD44+

based on CD49f expression followed by sphere analysis in vitro (***P,0.001). Unfractionated (U), Epcam+CD44+ (+/+), Epcam+CD4+iCD49fHi (+/+/H),
Epcam+CD44+CD49fLo (+/+/L). C. Sorting of Epcam+CD442 based on CD49f expression followed by quantification of tubule initiation in vivo. After
paraffin embedding, sections were made throughout the grafts. The two representative sections containing the highest number of tubules (46
magnification) were identified and quantitated. The average number of tubules from all the grafts retrieved is represented in the bar graph
(**P,0.01). Epcam+CD442CD49fHi (+/2/H), Epcam+CD442CD49fLo (+/2/L). D. FACS analysis of total cells obtained from three grafts induced by the
Epcam+CD442CD49fHi cell fraction. Grafts were mechanically and enzymatically digested to retrieve single cells that were pooled for FACS analysis.
Although only highly enriched Epcam+CD442CD49fHi cell fractions were combined with hFPS and Matrigel prior to injection, all of the cell types
identified in the original prostate surgical specimens were found in regenerated tissue grafts.
doi:10.1371/journal.pone.0034219.g004
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luminal expression profile observed with Epcam+CD442 cell

fractions was likely due to a masking effect by true luminal cells

(Epcam+CD442CD49fLo) that co-segregated with the non-sphere-

forming basal subpopulation (Epcam+CD442CD49fHi). Taken

together, these results suggest that the human prostate basal cell

population can be divided into populations with enriched sphere-

forming activity (Epcam+CD44+CD49fHi) or tubule-initiating

activity (Epcam+CD442CD49fHi).

Discussion

Identifying functionally distinct populations of prostate epithe-

lial cells could provide new insights about the cells of origin for

human prostate cancer, by determining which cells within the

hierarchy are susceptible to malignant transformation. Addition-

ally, the mechanisms employed by normal prostate SCs that

enable interaction with the niche and initiation of tubule

development could lead to therapeutic approaches that interfere

with similar pathways exploited by cancer cells or contributing to

the development of benign prostatic hypertrophy (BPH). revious

studies investigating human prostate S/P cells isolated from benign

tissues have indicated that both general epithelial and basal

antigens (Trop2, CD44, alpha2beta1-integrinHi, alpha6-integrinHi

(CD49f)) are expressed [1,2,4]. In these studies, the ability to form

self-renewing prostaspheres coincides with the potential to induce

fully differentiated prostate tubules in vivo. In the current study,

subpopulations of prostate basal cells with robust sphere-forming

capability are distinguished from those with optimal tubule

initiating capability based on specific antigenic profiles. Prostate

epithelial cells with an increased potential to induce tubules

inclusive of basal and luminal cell layers (putative SCs) are

incapable of forming prostaspheres in vitro. On the other hand,

highly proliferative sphere-forming cells (putative PCs) appear to

have more limited potential for tubule initiation. This study is the

first to functionally separate prostate epithelial cells based upon

sphere-forming versus tubule initiating capabilities.

Combinations of antigens that subdivide the basal population

and functionally distinguish prostate SCs from PCs have not been

reported, with the exception of CD133, a rare surface marker

found on less than 1% of basal cells [2]. A recent report regarding

a2b1
HiCD133+ cells indicated that these cells were incapable of

forming spheres, but readily formed proliferative monolayer

cultures [23]. Additional studies have demonstrated acinar-like

outgrowths induced by a2b1
HiCD133+ cells, in vivo [2]. This

combined data suggests that CD133+ cells are non-sphere-

forming, but possess SC traits of self-renewal and differentiation

capability, similar to the Epcam+CD442CD49fHi population

reported here. In previous studies, we have also reported that

CD133 expression did not enrich for sphere-forming cells [4].

However, given the surprising new finding of increased tubule

formation induced by the non sphere-forming, Ep-

cam+CD442CD49fHi cell fraction, analyzing concomitant expres-

sion of CD133 (and other putative SC markers) within this subset,

including further fractionation and functional analysis, should be

considered.

In previous studies of prostate S/P cells, Trop2, which has an

almost identical pattern of expression as Epcam (Trop1) within

prostate epithelial cells, was utilized to separate prostate epithelial

from stromal and blood cells [1]. One advantage of using Epcam,

as an alternative to Trop2, is stable and/or highly expressed

Epcam is detected in most adenocarcinomas, as well as metastases,

malignant effusions, and cancer stem cells [24]. Confirming the

presence of Epcam within the human prostate S/P population

may lead to investigations of therapeutic agents targeting Epcam

and evaluation of specific effects on prostate SC and PC activity

[24,25].

In the current study, CD44 expression appears to determine

whether Epcam+ prostate epithelial cells will form robust spheres

(CD44+) or remain quiescent in vitro, but induce robust tubule

formation in vivo (CD442). In the neural system, it is a well-

recognized limitation that quiescent neural SCs cannot be isolated

using the neurosphere assay [26]. Additionally, it is emphasized

that sphere-formation and self-renewal is a trait possessed by both

SCs and PCs. In the current study, the antigenic profile of cells

with the highest prostate sphere-forming capability is Ep-

cam+CD442CD49fHi. However, sphere-forming cells marked by

Epcam+CD44+ expression can form tubules in vivo, but at a

statistically significant lower rate than non-sphere-forming Ep-

cam+CD442 cells. Since previous in vivo studies clearly demon-

strate that CD49fHi is required for prostate tubule formation, we

hypothesized that the Epcam+CD442CD49fHi antigenic profile

designates non-sphere-forming cells capable of tubule regeneration

in vivo. Indeed, this antigenic profile was confirmed in our study to

represent a subpopulation of prostate basal cells with relatively

robust tubule-initiating capability (compared to Ep-

cam+CD442CD49fHi luminal cells) [6]. In contrast to our sphere

results, sub-fractionation of Epcam+CD442 cells with increased

tubule initiation capability did not appear to further enrich for this

activity. One factor that may have contributed to this observation

is the fact that FACS sorting with three markers requires longer

sort time, which could impact the long-term viability of these cells

that is required for in vivo grafting. Despite enrichment with the

more refined cell fraction, our results clearly demonstrate an

advantage in tubule formation capability compared to luminal

Epcam+CD442CD49fLo cells. Consequently, three distinct popu-

lations of prostate epithelial cells are revealed, including

subdivided basal (Epcam+CD44+CD49fHi and Ep-

cam+CD442CD49fHi) and luminal (Epcam+CD442CD49fLo)

fractions.

Bona fide SCs should be capable of residing in the quiescent

state and become activated to differentiate and form new tubules

as needed. With asymmetric cell division, progenitor daughter cells

develop with less potential to induce new tubules. In the current

study, although some sphere-forming cells retain the potential to

induce new tubules, the proportion is far less than the in vitro

quiescent Epcam+CD442population. This result implies that

prostaspheres contain both SCs and rapidly proliferating progen-

itors (possible transit-amplifying cells), resulting in an overall

decreased potential to induce tubules compared to non-sphere-

forming SCs. Hence, Epcam+CD44HiCD49fHi cells may be

further along the developmental pathway and suggests a hierarchy

of prostate epithelial cells.

Although the sphere-forming assays indicate that our putative

SCs are quiescent, further studies are needed to evaluate this trait.

It has been suggested that sphere-formation is an indicator of self-

renewal, yet we have found that the non-sphere-forming

(Epcam+CD442CD49fHi) cells are capable of inducing differen-

tiated tubules and regenerated grafts that include the full spectrum

of prostate cells found in original surgical specimens, including

putative SCs. This data indicates that in addition to differentiation

and niche interaction capabilities, the putative SCs are self-

renewing (despite the inability to form spheres).

Taken together, our results suggest that Epcam+C-

D44LoCD49fHi cells are non-sphere-forming SCs that may be

activated to form tubules when exposed to inductive stroma cells in

vivo. Lack of CD44 expression distinguishes non-sphere-forming

SCs from the more proliferative state of the CD44+ population,

which may contain an increased proportion of PCs with limited
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induction potential, relative to tubule-initiating SCs. Support for

CD44 as a proliferative marker exists. The majority of primary

prostate epithelial cells (transient amplifying cells) that grow as a

monolayer, in vitro, express CD44 [27,28,29]. Examination of

human prostate cancer cell lines and xenografts indicate that the

CD44+ population is more proliferative, clonogenic, tumorigenic,

and metastatic than CD442 cells[30,31,32].

Future studies that may yield more insight into prostate SC/PC

characteristics and function include gene expression array analysis

comparing Epcam+CD442CD49fHi and Epcam+CD44+CD49fHi

cells. Such efforts could reveal novel antigens and genetic

pathways that are unique to each subpopulation. Additionally,

genetic manipulation of benign prostate cell fractions based on

Epcam/CD44/CD49f expression, followed by in vivo regenera-

tion may suggest mechanisms of tumorigenesis or benign

proliferation (BPH) at different developmental stages.

Methods

Tissue Digestion and Cell Dissociation.
Human prostate tissue was obtained via a research protocol that

was approved by the Office for the Protection of Research

Subjects at UCLA and the Greater Los Angeles VA Medical

Center. Informed written consent was obtained on all participants

where identifying information was included. In cases where no

identifying information was included and tissue was acquired in an

anonymous fashion at UCLA, an approved Institutional Review

Board protocol with written consent was not required by Office for

the Protection of Research Subjects. Adjacent tissue specimens

were snap frozen in liquid nitrogen or fixed in formalin and

paraffin-embedded for histological analysis. Frozen sections were

immediately examined by a genitourinary pathologist and cancer

foci encircled. Fresh tissue specimens were matched with the

frozen section slides to enable macrodissection of benign tissue

away from tumor nodules. Typically, 2–10 grams of fresh tissue

was allocated for research studies. Tissue specimens were then

mechanically and enzymatically digested as previously described

[16]. Dissociated tissue containing single cells and organoids was

sequentially filtered through 100-mm and 40-mm cell strainer, and

then passed repeatedly through a 23-gauge needle, in order to

generate a single cell suspension. Cells were counted with a

hemocytometer and resuspended in RPMI supplemented with

10% FBS prior to cell sorting or plating in prostasphere cultures.

Approximately 1–2 million viable cells per gram of fresh tissue

were routinely obtained.

Magnetic activated cell sorting(MACS).
Miltenyi auto MACSH was used to separate Epcam+CD44+ and

Epcam+CD442 prostate epithelial cells. For Epcam+ cell separa-

tion, single cell suspensions obtained from freshly dissociated

prostate tissue were stained with anti-human Epcam-PE antibody

(Miltenyi Biotech), followed by incubation with anti-PE Multisort

Microbeads (Miltenyi Biotech). Stained cells were separated

through autoMACS (Miltenyi Biotech) with Mode POSSEL

(Positive Selection). Positive fraction was collected as Epcam+ cells

and microbeads were removed using Multisort Release Reagents

(Miltenyi Biotech). Cells were then stained with CD44 microbeads

before separation through auto MACSH separator with POSSEL,

with collection of positive (Epcam+CD44+) and negative (Ep-

cam+CD442) fractions. The negative fraction was separated

further with Mode DEPLETES (Depletion in sensitive mode.

The Epcam+CD44+ and Epcam+CD442 cells were stained with

anti-human CD44-PE-Cy-7 (eBioscience) and analyzed by FACS

to evaluate the purity of sorted cells.

Fluorescence-activated cell sorting (FACS).
Prostate cells were suspended in PBS, 2 mM EDTA,0.5%BSA

and stained with antibody for 15 minutes at 4uC. Fluorescence-

activated cell sorting and analysis were performed on a BD Special

Order FACS Aria II system and Diva v6.1.1 (BD Biosciences).

Live single cells were gated based on scatter properties and

analyzed for their surface marker expression. Cells were sorted

and collected at 4uC using 100um nozzle and 23psi. Antibodies

used for FACS include Epcam-PE (Miltenyi Biotech), CD44-FITC

(ebioscience), and CD49f-APC (BioLegend).

In vitro prostasphere assay.
Prostate cells were counted and re-suspended in 50:50 Matrigel:

PrEGM with a concentration of 56103 cells/80microliters. This

Matrigel/cellular suspension was plated at the edge of the well on

12-well plates and allowed to solidify by incubation at 37uC for

30 minutes. One milliliter of defined sphere media was then added

to each well and plates were replaced in 37uC incubator, as

previously described [4]. Quantitation of prostaspheres was

performed approximately 10–14 days after plating.

Tissue acquisition, isolation and culture of fetal prostate
cells.

Human fetal prostate tissue was acquired from 16–17 week

specimens in accordance with federal and state guidelines.

Adjacent prostate tissue was snap frozen in liquid Nitrogen or

fixed in formalin and paraffin-embedded to evaluate anatomy and

glandular architecture. The remainder of the tissue was mechan-

ically and enzymatically digested as described (13). Dissociated

prostate cell suspensions were sequentially filtered through 100-

micron and 40-micron filters, and then passed through a 23-gauge

needle. Cells were counted with a hemocytometer and resus-

pended in RPMI supplemented with 10% fetal bovine serum

(FBS), penicillin/streptomycin (Mediatech Inc.), and Methyltrie-

nolone R1881 (Sigma) for culture in vitro. After 3 passages, cells

were analyzed via FACS to confirm purity of stromal cells (See

below). HFBS is cryopreserved and thawed as needed for use in

recombination assays.

In vivo tissue regeneration.
In vivo tissue experiments were performed in male SCID-

NODIL2grNULL mice in accordance with protocol number 2007-

189-11A, approved by the Animal Research Committee within

the Office for the Protection of Research Subjects at UCLA. Mice

(6–8 weeks old) were subjected to subcutaneous injections of

prostate epithelial cells. Approximately 16105 epithelial cells were

combined with 26105 primary human fetal prostate stroma cells

(hFPS). The epithelial and stromal cells were then suspended in

50 microliters 50:50 MatrigelH: PrEGM. Subcutaneous implan-

tation of time-release testosterone pellets (Innovative Research of

America) was simultaneously performed at the time of graft

implantation. Subcutaneous nodules at the site of injection were

removed after approximately 12 weeks of the implantation and

frozen/paraffin-embedded sections were generated for immuno-

histochemical analysis. Fresh hFPS cells were cultured in RPMI

supplemented with 10% FBS and R1881 (Sigma) and passaged

three times prior to use in tissue regeneration assays.

Immunohistochemistry of tissue sections.
Prostate tissue was paraffin embedded as previously described

[33]. Four-micron thick sections of frozen or paraffin embedded

tissue were deparaffinized with xylene and rehydrated through a

descending series of ethanol washes as described [4]. Antigen
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retrieval and standard immunoperoxidase procedures were used in

combination with primary antibodies, including CK5, CK8

(Convane), p63, androgen receptor (AR), Prostate Specific Antigen

(PSA) (Santa Cruz), and CD44 (Abcam).

Real time RT-PCR Analysis.
RNA was extracted using Qiagen RNAeasy Micro Kit,

following the manufacturer’s instructions. The concentration and

purity of total RNA was assessed spectrophotometrically at 260

and 280 nm. CDNA was generated from total RNA (up to 5 mg)

using SuperScript III First-Strand Synthesis Kit (Invitrogen). For

quantitative Real-time PCR, a Bio-Rad CFX Multicolor Real-

time PCR detection system was employed, using the SYBRH-

Green Supermix (Bio-Rad Laboratories). Real-time PCR primer

pairs for CK8, PSA, AR and p63 were purchased from

SABiosciences Corporation. The PCR reaction conditions includ-

ed an initial step at 95uC for 3 min, followed by 40 cycles at 95uC
for 15 s (Melt) and 60uC for 45 s (Anneal/Extend). Detection of

PCR products was accomplished by measuring the emitting

fluorescence at the end of each reaction step (reaction cycles).

Threshold cycle corresponds with the cycle number required to

detect a fluorescence signal above the threshold. Calculations were

performed by Bio-Rad IQ5 software provided by the manufac-

turer. Gene expression analysis was performed using the

comparative method.

Supporting Information

Figure S1 Comparison of prostate tissue grafts induced
by rUGSM and hFPS. Total adult prostate cells (56105) isolated

from fresh benign surgical specimens were combined with either

rUGSM or hFPS (16106 cells). Grafts were retrieved approxi-

mately 12 weeks following subcutaneous injection into SCID-

NODIL2crNULL mice. H&E staining of paraffin-embedded sections

demonstrated similar composition of tubular structures within

grafts, including ductal/acini structures, corpora amylacea, and

epithelial cords. Similar to previous studies with rUGSM, grafts

that formed from hFPS without additive adult prostate epithelial

cells (PCs) did not contain any tubular structures. All grafts with

tubules (T) were found to have prominent vasculature (BV)

throughout (Right panel).

(TIF)

Figure S2 Table depicting number of patient samples
utilized for implants and grafts retrieved. A total of 29

implants yielded 20 grafts with tubules for comparative analysis

(69% engraftment rate).

(TIF)

Figure S3 Epcam (Trop1) and Trop2 demonstrate
overlapping expression in human prostate cells, while
CD49f and CD44 demonstrate disparate expression. A.

Total prostate cells were co-stained with antibodies recognizing

Epcam and Trop2 and subjected to FACS analysis. The majority

of Epcam+ cells co-expressed Trop2. B. Total prostate cells were

co-stained with antibodies recognizing CD44 and CD49f. A

population of CD49fHi cells were identified that appear to be

CD442, suggesting that a proportion of Epcam+CD442cells may

co-express CD49f.

(TIF)

Figure S4 FACS analysis of individual patient surgical
specimens for Epcam/CD44/CD49f. Four patient speci-

mens (A–D) are shown for comparative analysis of populations

retrieved. After mechanical and enzymatic digestion, single cell

suspensions are stained with antibodies targeting Epcam, CD44,

and CD49f. High and low CD44-expressing populations of

Epcam+ cells are gated and analyzed for CD49f expression. High

and low CD49f-expressing cells are then isolated for functional

analysis.

(TIF)

Figure S5 Quantitative RT-PCR demonstrates Ep-
cam+CD442CD49fHi cell fractions have a basal profile
(p63+ARLoPSA2), while Epcam+CD442CD49fLo cells dis-
play a luminal profile (p63LoARHiPSA+). Primers targeting

p63, AR, and PSA were used in fractionated cells to compare

expression relative to unfractionated cells (U). Ep-

cam+CD442CD49fHi (+/2/H), Epcam+CD442CD49fLo (+/2/

L). Statistical analysis was performed using standard one-way

ANOVA analysis. P,0.05(*), P,0.01(**).

(TIF)
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Abstract

New therapies for late stage and castration resistant prostate cancer (CRPC) depend on defining unique properties and
pathways of cell sub-populations capable of sustaining the net growth of the cancer. One of the best enrichment schemes
for isolating the putative stem/progenitor cell from the murine prostate gland is Lin-;Sca1+;CD49fhi (LSChi), which results in a
more than 10-fold enrichment for in vitro sphere-forming activity. We have shown previously that the LSChi subpopulation
is both necessary and sufficient for cancer initiation in the Pten-null prostate cancer model. To further improve this
enrichment scheme, we searched for cell surface molecules upregulated upon castration of murine prostate and identified
CD166 as a candidate gene. CD166 encodes a cell surface molecule that can further enrich sphere-forming activity of WT
LSChi and Pten null LSChi. Importantly, CD166 could enrich sphere-forming ability of benign primary human prostate cells
in vitro and induce the formation of tubule-like structures in vivo. CD166 expression is upregulated in human prostate
cancers, especially CRPC samples. Although genetic deletion of murine CD166 in the Pten null prostate cancer model does
not interfere with sphere formation or block prostate cancer progression and CRPC development, the presence of CD166 on
prostate stem/progenitors and castration resistant sub-populations suggest that it is a cell surface molecule with the
potential for targeted delivery of human prostate cancer therapeutics.
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Introduction

Despite advances in the early detection and management of

prostate cancer, castration resistant prostate cancer (CRPC)

remains the second most common cause of male mortality in the

United States [1]. Mounting evidence suggests that a subpopula-

tion of prostate cells can initiate prostate cancer and may be

responsible for the castration resistance [2,3,4,5]. Therefore, these

cancer initiating cells [6] may serve as promising cellular targets

for prostate cancer and identification of this subpopulation has

become the necessary step toward future effective therapy.

The origins of prostate cancer initiating cells are controversial

[7,8]. Normal prostate from human or mouse contains three

different types of cells, namely luminal secretory, basal and

neuroendocrine cells. Since human prostate cancer is character-

ized by loss of basal cells and expansion of luminal cells, several

animal models posit that luminal-specific progenitors are the

sources of prostate cancer initiation [9,10,11]. However, using the

tissue regeneration approach, basal cells have proved to be more

efficient oncogenic targets for both human and mouse prostate

cancer initiation [12,13]. Interestingly, Xin’s group demonstrated

that adult murine prostate basal and luminal cells are self-

sustained lineages that can both serve as oncogenic targets for

prostate cancer initiation [14].

PTEN plays an important role in human prostate cancer and

CRPC development [15] and is inactivated in 20% of primary and

60% of metastatic lesions [16]. The murine Pten prostate cancer

model (Pb-Cre+;PtenL/L) recapitulates the disease progression seen

in humans, including CRPC [17,18,19,20], and shares many

signature genetic changes with human disease [17]. Importantly,

the Pb-Cre+;PtenL/L model provides a unique tool for studying

tumor initiating cells as the majority of luminal cells and

subpopulations of basal cells have Pten deletion [17,18]. Using

this model, we demonstrated that Pten deletion causes an
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expansion of basal and transient amplifying subpopulations and

subsequent tumor initiation in vivo [18]. We further showed

Lin-Sca-1+CD49fhi (LSChi) prostate stem/progenitor cells from

the Pten null prostate are capable of initiating a cancerous

phenotype that mimics the primary cancer in the Pten null prostate

model [19].

Here, we report the identification of a cell surface marker,

CD166 or Activated Leukocyte Cell Adhesion Molecule (CD166/

ALCAM) that is highly upregulated in human and murine CRPC

samples. CD166 can be used to enrich for stem/progenitor

sphere-forming cells from both WT and Pten null mutant mouse

prostates. In addition, CD166 can separate LSChi mouse stem/

progenitor cells into CD166hi and CD166lo subpopulations, with

the LSChi;CD166hi subpopulation having much higher sphere-

forming activity. We further demonstrate that CD166 can be used

as an enrichment maker for isolating human prostate sphere-

forming cells and tubule-forming cells.

Results

CD166 Expression is Upregulated in Murine Castrated
Prostatic Epithelium and can be used for Enriching Stem/
progenitor Cells

Rodent prostate contains stem-like cells that are enriched in the

castrated prostate gland and can undergo more than 15 cycles of

involution-regeneration in response to androgen withdrawal and

replacement [21]. We reasoned that castration may also lead to

upregulation or enrichment of those stem cell surface molecules

that can potentially serve as marker for isolating stem/progenitor

cells and for targeted drug delivery. We therefore mined publically

available databases describing gene expression profiles of murine

prostates at day 0 and day 3 post-castration [22,23]. We focused

on those genes that fell in the gene ontology category of ‘plasma

membrane’ and identified CD166/ALCAM as one of only two

common castration-enriched cell surface molecules (Table S1).

CD166 was significantly increased (1-tail t-test ,0.015) 3 days

after castration as compared to intact mice. While Cxcl12 is also

upregulated, we chose not to focus on this gene as it is a chemokine

and not amenable for FACS-mediated stem/progenitor cell

enrichment.

CD166 is a type I transmembrane protein of the Ig superfamily

that mediates cell-cell interactions via heterophilic (CD166-CD6)

and/or homophilic (CD166-CD166) mechanisms [24,25]. We

found that in the intact mice, CD166 is preferentially expressed in

the stem/progenitor-enriched proximal region [21] but low in the

stem/progenitor-poor distal region of the WT prostate (Figure 1A

upper panels). CD166 protein levels are also up-regulated

immediately following castration (Figure 1A lower panels;

comparing day 0 and day 3 post- castration).

Prostate stem/progenitor cells are characterized by their ability

to form spheres in vitro [26]. We performed the sphere-forming

assay using sorted CD166hi and CD166lo cells and found that

CD166hi cells have significantly higher sphere-forming activity

compared to CD166lo cells (Figure 1B, left). Since we had

previously developed the LSChi enrichment scheme [26], which

yields 10-fold enrichment of WT sphere-forming cells, we tested

whether CD166 can be used for further enriching sphere-forming

activity. We gated LSChi cells according to their CD166

expression and found that LSChi;CD166hi cells have 5-fold higher

sphere-forming activity as compared to their LSChi;CD166lo

counterpart (Figure 1B, right). Therefore, CD166 can be used as a

marker to further enrich sphere forming cells within the WT

prostate. Serial passaging of the spheres generated from

LSChi;CD166hi cells demonstrated that this enhanced sphere-

forming activity could be maintained in vitro through at least three

passages (Figure S1A). In contrast, less spheres were generated

from LSChi;CD166lo cells (P0–P2) and cannot undergo continuous

passage due to the limited cell number. We observed no significant

difference in the sphere size distribution between LSChi;CD166hi

generated spheres and LSChi;CD166lo generated spheres (Figure

S1B and S1C). Similar to the LSChi subpopulation [26], castration

also leads to significant enhancement of the LSChi;CD166hi sub-

population (Figure 1C).

CD166hi Human Prostate Cells Have Higher Sphere
Forming and Regeneration Potential

Certain cell surface markers, such as Sca-1, are only expressed

in the mouse and therefore cannot be used for isolation of human

stem/progenitor cells. CD166, on the other hand, is expressed in

various human organs and upregulated in human cancers,

including prostate cancer [27]. To determine whether CD166

can be used for enriching human prostate stem/progenitors, we

first examined its expression and found that CD166 is highly

expressed in the developing human fetal prostate epithelium

(Figure 2A, left panel) and focally expressed in the benign adult

prostate, which overlaps with a subset of TROP2 and CD49f –

positive cells (Figure 2, middle and right panels).

We then evaluated whether CD166 could be used as a marker

for enriching human stem/progenitor cells. Benign regions of

prostate tissue were collected from multiple patients who

underwent radical prostatectomy and dissociated to single cells.

Consistent with our previous studies [13,28], the percentages of

CD166+ cells vary from patient to patient (data not shown).

However, the majority of sphere forming activity was identified in

the CD166hi population (Figure 2B), similar to our findings with

murine prostate cells. Data are shown from 6 representative

patients.

To evaluate whether CD166 can enrich human prostate tissue

regeneration capacity in vivo, benign human prostate cells were

dissociated and sorted according to cell surface CD166 expression

levels. Equal number of viable CD166hi and CD166lo cells (26105)

was implanted subcutaneously into NOD-SCID/IL2rc null mice,

in combination with 26105 rUGSM inductive mesenchymal cells.

After 8–16 weeks, grafts were harvested, fixed and embedded in

paraffin for quantification and analyses. CD166hi cells have more

tissue regeneration capacity as evidenced by increased number of

tubule-like epithelial structures found in the grafts, which is rarely

seen in the CD166lo grafts (Figure 2C). Further analyses showed

that the tubule-like structures initiated by CD166hi cells contain

CK5 and p63 expressing basal cells, CK8 luminal cells and AR

positive cells (Figure S2).

Combination of markers TROP2 and CD49f can separate

lineage-negative human prostate epithelial cells into various

subpopulations, with TROP2hi;CD49fhi (Lin-ThiChi or LTC) cells

possessing the highest sphere forming capability in vitro [29].

Additionally, LTC cells can develop cancer-like phenotype in vivo

following oncogenic transformation [13]. We tested whether

CD166 can further segregate this LTC population. FACS analysis

of benign human prostate cells indicated that more than 50% of

LTC stem/progenitor cells also express the CD166 surface marker

(Figure 2D, left and middle panel). Furthermore, we examined if

differences in regeneration potential exist between these two

subpopulations. Sorted LTC;CD166hi and LTC;CD166lo cells

were injected subcutaneously into NOD-SCID/IL2rc- null mice

with 26105 rUGSM cells and analyzed 8–16 weeks later. Our

in vivo data suggest that LTC;CD166hi cells can induce more

tubule-like structures, whereas LTC;CD166lo cells have less

regeneration capacity (Figure 2D, right panel).
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Figure 1. CD166 expression is upregulated in castrated prostate epithelium and CD166 can be used to enrich stem/progenitor cells
in WT mice prostate. (A) Top: Comparison of p63 (red) and CD166 (green) co-IF staining between prostate proximal region and distal region.
Bottom: IHC for CD166 expression from intact vs. castrated mouse prostate. Scale bar: 50 mm. (B) Lin-;CD166hi, Lin-;CD166lo, LSChi;CD166hi, and
LSChi;CD166lo cells were isolated by FACS from 8- to 12-week-old mice. Graph shows the percentage of sphere-forming cells, based on the spheres
from each population per 2500 cells plated after 8 days of growth. Data shown as mean +/2 STD (**, p,0.001, n = 3). (C) Fold change of
LSChi;CD166hi content based on intact WT from FACS analysis (*, p,0.05, n = 3).
doi:10.1371/journal.pone.0042564.g001
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Figure 2. CD166hi human prostate cells have higher sphere forming capacity in vitro and more graft outgrowth in vivo. (A) IHC
staining of CD166 on human fetal prostate tissue and patient prostate cancer tissues. Scale bar: 50 mm. (B) Total dissociated prostate cells, CD166hi

and CD166lo populations were isolated by FACS from 6 patient samples. Graph shows the percentage of sphere-forming cells, based on the spheres
from each population per 5,000 cells plated after 7 days of culture. Data shown as mean +/2 STD (**, p,0.001). (C) CD166hi, and CD166lo populations
were isolated by FACS from 3 patient samples. CD166hi and CD166lo cells (26105) were implanted subcutaneously into NOD-SCID/IL2rc null mice, in
combination with 26105 rUGSM inductive mesenchymal cells. Grafts were harvested, fixed and analyzed after 8–16 weeks. Left, graph shows that
CD166hi human prostate cells can form more tubules in graft regeneration assay compared to CD166lo human prostate cells. Right, H&E staining of
representive graft. Scale bar: 100 mm. (D) Left, FACS plots show gates drawn for sorting of LTC (TROP2hi;CD49fhi) CD166hi and LTC;CD166lo

subpopulations from one patient. Right, representative graph shows that LTC;CD166hi human prostate cells can form more tubules in graft
regeneration assay compared to LTC;CD166lo human prostate cells.
doi:10.1371/journal.pone.0042564.g002
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CD166 can be used to Enrich Tumor Sphere-forming
Cells in the Pten Null Prostate Cancer Model

To examine whether CD166 can enrich tumor initiating cells

after castration, we compared the percentage of CD166hi

subpopulation between intact and castrated Pten mutant mice

and observed the expansion of CD166hi subpopulation after

castration (Figure 3A). Next, we compared the sphere formation

capabilities of LSChi;CD166hi, LSChi;CD166lo, LSClo;CD166hi,

and LSClo;CD166lo subpopulations at the pre-cancer PIN

(6 weeks) and cancer stages (11 weeks). We found that the

LSChi;CD166hi subpopulation has much higher sphere-forming

ability, and nearly all sphere-forming activity in the cancer stage

resides in the LSChi;CD166hi subpopulation (Figure 3B). Consis-

tent with our previous observation that Pten mutant spheres are

larger than WT control spheres [19], both LSChi;CD166hi and

LSChi;CD166lo subpopulations form large prostate spheres (Figure

S3). Our previous study suggested that Pten deletion promotes the

expansion of LSChi prostate stem/progenitor cells [18,19]. Within

the LSChi population, we observed selective expansion of

LSChi;CD166hi cells. Pten mutant mice have more than a 3-fold

increase in the percentage of LSChi;CD166hi subpopulation,

compared to WT littermates (Figure 3C).

To further study the LSChi;CD166hi subpopulation, we isolated

RNA from LSChi;CD166hi, LSChi;CD166lo subpopulations and

the cell fraction depleted of LSC cells (non-LSChi) and compared

their gene expressions by RT-PCR analysis. LSChi;CD166hi

subpopulation expresses similar levels of basal cell markers Ck5

and p63 as the LSChi;CD166lo subpopulation (Figure 3D, left

panel). However, LSChi;CD166hi subpopulation expresses much

higher level of luminal marker Ck8 and Trop2, a new epithelial

surface marker we recently identified for enriching stem cell

activities in both murine and human prostates [13,29] (Figure 3D,

right panel). Further examination of several other epithelial cell

stem cells markers [10,30,31,32,33] showed that LSChi;CD166hi

cells have significantly higher CD44 and Nkx3.1 expression

compared to LSChi;CD166lo cells. Although compared to non-

LSC population, LSChi;CD166hi cells express less Nkx3.1. No

significant differences were found in CD117, and CD133 expres-

sions between these two populations (Figure 3D, right panel).

CD166 Expression is Upregulated in Human Castration
Resistant Prostate Cancer

Having found that CD166 can be used to enrich for human

LTC cells and mouse tumor in itiating cells, we then examined the

relationship between CD166 expression and human prostate

cancer progression. In clinically annotated data of 218 prostate

tumors [34], CD166 gene expression significantly correlates with

increased prostate cancer aggressiveness, as indicated by Gleason

score, with highest expression in metastasis samples (Figure 4A).

We further surveyed CD166 expression on human prostate cancer

tissue microarrays, which consist of 14 castration resistant (CRPC)

metastasis samples and 98 hormone naı̈ve primary cancer samples

from patients receiving either neoadjuvant hormone treatment

(NHT) for various periods or receiving no treatment. CD166 is

significantly enhanced in CRPC samples (Figure 4B for represen-

tative images). Compared to the predominant membrane locali-

zation of CD166 in hormone naı̈ve primary cancer samples, we

observed intense cytoplasmic localization of CD166 in CRPC

bone metastasis samples (Figure 4B, high magnification). CD166

expression levels were scored and p values are computed by

Mann-Whitney test. CD166 protein expression level is significant-

ly higher in CRPC samples as compared with primary cancers

with (p,0.0001) or without (p,0.02) NHT (Figure 4C). These

data suggest that CD166 is a castration-enriched marker for both

murine and human prostate cancer.

Loss of CD166 does not Interfere with WT Prostate
Development and Prostate Sphere Formation

While expressed in a wide variety of tissues, CD166 is usually

restricted to subsets of cells involved in dynamic growth and/or

migration, including neural development, branching organ devel-

opment, hematopoiesis and immune response [27]. To test

whether CD166 plays an intrinsic role in regulating prostate

stem/progenitor cells, we analyzed CD166 knockout mice

(CD1662/2). Genetic deletion of CD166 gene was achieved by

replacing its first exon with a cDNA encoding EGFP [35]. CD166

null mice are phenotypically normal and fertile [35]. We examined

the prostate at 8 and 20 weeks of age and found no difference in

gross anatomy and histology among WT (data not shown),

CD166+/2 and CD1662/2 mouse prostates (Figure 5A).

To further examine whether loss of CD166 has any effect on

prostate stem/progenitor cells, we compared sphere formation

activities of CD166+/2 and CD1662/2 prostate epithelium and

found there is no significant difference (Figure 5B). In addition,

spheres generated from CD1662/2 prostate have similar size

distribution compare to those from CD166+/2 prostate epithelium

(data not shown). Similarly, FACS analysis demonstrated that loss

of CD166 does not affect LSChi content of prostates isolated from

the CD1662/2 mice (Figure 5C), suggesting that CD166 does not

play an essential role in normal prostate gland development or

prostate stem/progenitor number and function.

Genetic Deletion of CD166 does not Block Prostate
Cancer Progression

It has been postulated that CD166 functions as a cell surface

sensor for cell density and controls the transition between local cell

proliferation and tissue invasion during melanoma progression

[36]. To examine whether CD166 plays an essential role in

prostate cancer development, especially in the tumor initiating

cells, we crossed CD1662/2 mice with the Pten conditional

knockout mice [17]. Histopathologic analysis indicated that loss

of CD166 did not significantly change the kinetics of prostate

cancer development in Pten null model and all Pb-Cre+;PtenL/

L;CD1662/2 mice developed adenocarcinoma around 9 weeks of

age (Figure 6A and data not shown). We observed similar levels of

Ki67+ cells between Pb-Cre+,PtenL/L,CD166+/+ and Pb-Cre+;PtenL/L;

CD1662/2 prostates (Figure 6A). SMA staining also demonstrated

that loss of CD166 does not block prostate cancer cells from local

invasion (Figure 6A, right panels).

We then compared the sphere formation between Pb-Cre+;PtenL/

L; CD166+/2 and Pb-Cre+;PtenL/L;CD1662/2 prostates and found

that loss of CD166 does not interfere with sphere-forming activity

of Pten null epithelium (Figure 6B). Moreover, CD1662/2 prostates

have similar LSChi content as compared to CD166+/2 Pten null

prostates (Figure 6C). Since PI3K/AKT pathway activation is a

driving force for cell proliferation and prostate cancer progression

in Pb-Cre+;PtenL/L prostate cancer [17,20], we then examined

whether there is any alteration of AKT activation after genetic

deletion of CD166. Western blot analysis demonstrated that Pb-

Cre+;PtenL/L;CD1662/2 prostate has no CD166 expression, but has

similar P-AKT levels compared to Pb-Cre+;PtenL/L;CD166+/+ and

Pb-Cre+;PtenL/L;CD166+/2 prostate (Figure 6D). We further con-

firmed that there is no negative selection against Pten2/2;CD1662/

2 cells since equal intensity of knockin-GFP protein can be

detected in all cohorts except CD166+/+ mice.

CD166 Enriches Prostate Cancer Sphere Forming Cell
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Figure 3. CD166 can be used to enrich tumor initiating cells in Pten mutant prostate. (A) FACS blots show increased Lin-CD166hi

population after castration of Pten mutant mice compared to intact Pten mutant mice. (B) Four subpopulations (LSChiCD166hi, LSChiCD166lo,
LSCloCD166hi, LSCloCD166lo) were isolated from Pten mutant prostate from either 6 weeks or 11 weeks old mice. Graph shows the percentage of
sphere-forming cells. Data from several experiments were pooled. Data shown as mean +/2 STD (*, p,0.05, n = 3). (C) Left: bar graph shows fold

CD166 Enriches Prostate Cancer Sphere Forming Cell

PLoS ONE | www.plosone.org 6 August 2012 | Volume 7 | Issue 8 | e42564

A 

c 

(.) 
(/) 
(/) 

4.0 

fo 3.5 
<.0 

0 3.0 
(.) 
. .:. - 2 5 0 . 
(/) 
_J 2.0 
'+-
0 
Q) 1.5 
0> 

§ 1.0 
..r: 
~ 0.5 
0 
u. 0.0 

D 
100 

c 80 
0 
'iii 
C/) 

~ 60 a.. 
>< 
<!) 

~ 40 ·.;::; 
ro 

03 
0::: 20 

-:iff:.i. 
·~· · 

0 

t 60 K 

SOK 

CD166 

WT 

n.s. 
rt 

Ck5 

n.s. 
rt 

p63 

Mutant 

5 

4 

3 

2 

1 

0 
Ck8 

B 

C/) 15 

E 10 
0 ....... 

0 

Sea -I 

• LSChi CD166hi 
• LSChiCD16610 

D Non-LSC 

* 

6 weeks 

• LSChi CD166hi 
D LSChi CD16610 

D LSC1° CD166hi 
D LSC1° CD1661o 

11 weeks 

n.s. .., 

CD166 

n.s. .., 
** .., 

** .., 

AR Nkx3.1 CD44 CD133 CD117 Trop2 CD166 



Since we see significant overexpression of CD166 in human

CRPC samples, we next investigated whether CD166 would

influence the development of CRPC in the Pten null prostate

cancer model. Pb-Cre+;PtenL/L;CD166+/2 and Pb-Cre+;PtenL/

L;CD1662/2 males were castrated at 12 weeks and prostates were

isolated 8 weeks later. As shown in Figure 7, deletion of CD166

does not significantly influence the formation of CRPC, as

evidenced by similar pathohistology (Figure 7A), CK5/CK8

marker distribution, BrdU pulse labeling and SMA staining in

both cohorts (Figure 7B). Taken together, our genetic studies

indicate that CD166 has limited intrinsic function in the prostate,

even in the tumor initiating cells.

Discussion

Few surface markers are currently available for enriching both

murine and human prostate tissue stem/progenitor cells and for

identifying prostate cancer initiating cells. By searching for those

cell surface molecules that are upregulated in castrated murine

prostate and castration resistant prostate cancers (CRPC) of

murine and human origins, we identified CD166 as a surface

marker for enriching both murine and human prostate tissue

stem/progenitor cells based on in vitro sphere forming and in vivo

tissue regeneration analyses. Importantly, upregulated CD166

expression and expansion of CD166hi cells correlate with Pten null

CRPC progression as well as human CRPC development,

although genetic deletion of CD166 does not interfere with normal

murine prostate development or Pten null prostate cancer

progression. Together, our study suggests CD166 can be used as

a potential surface marker for identifying castration resistant

tumor cells for targeted drug delivery.

CD166 expression has been proposed as a prognostic marker

for several cancers, including breast [37], prostate [38], ovarian

[39], pancreatic [40], colon [41], oral cancers [42], melanoma

[36] and gastric cancers [43]. Importantly, our microarray and

TMA studies demonstrate the association of increased CD166

expression with human prostate cancer metastasis and CRPC

development. Moreover, within both murine and human pros-

tates, we show that the CD166-high expressing subpopulation

encompasses prostate stem/progenitor and cancer initiating cells.

To investigate human prostate tissue stem/progenitor cell

properties, we evaluated adult human prostate epithelium

dissociated from benign prostate, rather than cell lines and

xenografts. The advantage of this approach is to maintain the

original heterogeneity in human prostate samples by avoiding the

effect of long-term in vitro selection. However, there appears to be

greater variability among patient samples in the tissue regenera-

tion assays. This may be due to the difference in sample variability

(i.e., ischemia time prior to tissue processing and cell retrieval),

individual variability in CD166 expression, and technical

challenges related to the tissue regeneration assays using human

prostate cells. Therefore, analysis of sufficient patient samples is

essential in order to draw a valid conclusion. In the current study,

6 human samples were utilized for the in vitro sphere forming and

another 6 samples were used for in vivo regeneration assays. Using

this system, we have previously defined TROP2hi;CD49fhi as a

cancer initiating cell (cell of origin) for human prostate cancer [13].

In the current study, CD166hi population demonstrated signifi-

cantly increased sphere-forming capacity compared to the patient-

matched CD166lo population. In addition, our study demonstrates

that CD166 can not only enrich human sphere-forming cells, but

also segregate TROP2hi;CD49fhi into two functionally different

populations, with TROP2hi;CD49fhi;CD166hi having higher

regeneration capacity in vivo, compared to TROP2hiCD49fhiC-

D166lo. CD166 is also highly upregulated in CRPC based on our

gene expression analysis and tissue microarray study. Therefore,

CD166 may enrich both human prostate tissue stem/progenitor

cells and castration resistant prostate cancer cells.

LSChi subpopulation has been defined as the murine prostate

tissue stem/progenitor cells and expands significantly following

castration [12,19,26]. LSChi cells express basal markers and

demonstrated robust sphere-forming activity in vitro and prostate

regeneration capability in vivo [26]. In contrast to luminal cells,

LSChi cells respond efficiently to multiple oncogenic insults for

prostate cancer initiation using a transplantation-based prostate

regeneration assay [12]. We and others have demonstrated that

the LSChi population, isolated from Pten null prostate tissue, is

sufficient to regenerate cancerous morphology upon transplanta-

tion that closely mimics that of primary cancers [19,44]. In this

study, we further separated LSChi subpopulation into CD166hi

and CD166lo subsets and found that most of sphere-forming

activities are associated with the LSChi;CD166hi cells. Important-

ly, this LSChi;CD166hi population was demonstrated to have self-

renewal activity as spheres from this population could be passaged

at least 3 generations with a high rate of sphere formation.

Moreover, LSChi;CD166hi cells are expanded upon castration as

well as Pten deletion in comparison to LSChi;CD166lo cells.

Therefore, CD166 can further enrich murine prostate cancer

initiating cells and castration resistant cells.

The relationship of LSChi;CD166hi cancer initiating cells

described here to other cell populations is of obvious interest

[45]. Using lineage tracing and cell type-specific Cre lines, a recent

report demonstrates that both luminal cells and basal cells can

initiate prostate cancer upon Pten deletion [14]. This new

observation is not in conflict with our previous studies: we showed

that Pten deletion mediated by Pb-Cre happens in both basal and

luminal cells [18]. In addition, we observed significant expansion

of a subset of prostate cancer cells positive for basal cell markers

CK5 and p63 and luminal cell marker CK8, suggestive of

transient amplifying/intermediate cells [18,46]. Compared to

LSChi;CD166lo cells, one of the distinguishing features of

LSChi;CD166hi cells is the higher Trop2 expression, a cell surface

marker we have used for enriching both murine and human tissue

stem cells [13,29]. TROP2 can functionally segregate mouse LSC

population but there is no cytokeratin phenotypic difference

between LSChi;Trop2hi and LSChi;Trop2lo population [29].

CD166, on the other hand, can enrich Pten null LSChi population

with CK5+/p63+/CK8+/AR2/TROP2hi characteristics, suggest-

ing that CD166 may preferentially enrich for CK5+/CK8+

transient amplifying/intermediate cells, which currently cannot

be prospectively purified. Increased CK5+;CK8+ cells have been

observed in the Pten conditional knockout model [18,47] as well as

Pten2/2;TP532/2 prostates cancer model [48]. A recent study also

identified a subset of tumor-initiating stem-like cells in human

prostate cancer cell lines and xenografts based on co-expression of

the human pluripotent stem cell marker TRA-1-60, CD151 and

change of Pten mutant LSChiCD166hi content compared to WT; right, FACS blots show the expansion of LSChi CD166hi cells within LSC population on
Pten mutant compared to WT. (D) RNA was isolated from non-LSC, LSChiCD166hi, and LSChiCD166lo fractions in duplicate experiments. RNA was
synthesized into cDNA and subjected to qRT-PCR. Graph shows fold-enrichment over the non-LSC cells for each gene. Gadph was used as the
reference gene (*, p,0.05; **, p,0.01; n.s., not significant).
doi:10.1371/journal.pone.0042564.g003
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Figure 4. Gene expression profiling and tissue microarray (TMA) demonstrates that increased CD166 expression is correlated with
high Gleason score and human castration resistant prostate cancer. (A) CD166 gene expression from 147 human prostate tumors was
analyzed by comparing different Gleason score groups to normal/benign (NL/BN) prostate. (B) Representative IHC staining of CD166 expression from
human prostate TMA. Top: hormone naı̈ve primary prostate cancer; Low: castration resistant prostate cancer showing highly intensive
immunostaining. Scale bar: 100 mm (left); 10 mm (right). (C) Data from 112 samples were calculated and statistical analysis of CD166 expression of
human TMA conducted. NHT: neoadjuvant hormone therapy; CRPC: castrate resistant prostate cancer. Column, mean CD166 staining in NHT and CR
tissues. Samples were graded from 0 to +3 representing the range from no staining to heavy staining by visual scoring. Error bar: standard error.
Immunoreactivity of CD166 is significantly higher in CRPC group compared with untreated group (p,0.021) or NHT with different treatment times
(p,0.0001).
doi:10.1371/journal.pone.0042564.g004
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CD166 [49]. Interestingly, this subtype of human prostate tumor

initiating cells also have the AR2;CK5+;CK8+ phenotype [49].

Another characteristic of LSChi;CD166hi cells is relatively higher

CD44 expression. Since knockdown of CD44 was very effective to

suppress cancer stem cell regeneration and metastasis [30], it will

be interesting to examine whether there is any functional role for

CD44 in LSChi;CD166hi tumor initiating cells.

As an adhesion molecule, CD166 can initiate homophilic

(CD166-CD166) or heterophilic interaction (CD166-CD6), and

play important roles in neural guidance and the immune system

[27]. CD166 has also been suggested to play a critical role in

various human cancers and as a potential therapeutic target for

cancer initiating cells, similar to CD44 [30] and CD47 [50]. A

truncated CD166 variant has been shown to block melanoma

metastasis by interfering with the CD166-CD166 homophilic

interaction [51]. Similarly, novel human recombinant single-chain

anti-CD166 antibodies have been shown to inhibit colorectal

carcinoma growth as well as breast cancer cell invasion [52].

Figure 5. Loss of CD166 does not block WT prostate development and stem/progenitor cell function. (A) Top: The gross anatomy of the
prostate of WT and CD1662/2 mice at 8 weeks of age, scale bar: 2 mm. Bottom: HE staining of DLP section from WT and CD1662/2 mice at 8 weeks
of age, scale bar: 200 mm. (B) Comparison of sphere formation from total unsorted prostate cells (5000 per 12-well) between CD166+/2 and CD1662/2

prostates. Data represented as mean +/2 STD (p.0.05, n = 3). (C) Comparison of LSChi content between CD166+/2 and CD1662/2 prostates at 8–
12 weeks age (p.0.05, n = 5).
doi:10.1371/journal.pone.0042564.g005
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Unlike subcutaneous allograft or xenograft models used in above

studies, we defined the functions of CD166 in prostate cancer

initiating cells and prostate cancer development in immune

competent mice within the natural prostate environment. By

generating the Pb-Cre+;PtenL/L;CD1662/2 line, our study demon-

strates that loss of CD166 within LSChi population does not

change their ability to form spheres in vitro and block prostate

cancer initiation and progression in vivo. As it is possible that other

members of the Cell Adhesion Molecule (CAM) family can

compensate for the role of CD166 in murine prostate cancer

development, we cannot conclude that CD166 has no in vivo

function on prostate cancer initiation. Nevertheless, since cancer

initiating cell surface markers can be used for molecular imaging

[53] and/or for internalizing a death-inducing compound for

targeted therapies [54], our work suggests that CD166 may be for

a suitable surface marker for future targeted drug delivery [55].

Recently, a promising study showed substantial cytotoxic effects of

the CD166 scFv-condugated drugs on three human prostate

cancer cell lines (Du-145, PC3, and LNCaP) [55]. Since CD166 is

highly expressed on both human and mouse tissue stem/

progenitor cells, it will be interesting to examine the effect of this

targeted drug delivery on their prostate sphere forming activity

and prostate regeneration potential. The Pb-Cre+;PtenL/L;CD166+/

2 and Pb-Cre+;PtenL/L;CD1662/2 mouse models generated in this

study, therefore, can be used to investigate the efficiency of CD166

- mediated drug delivery to prostate cancer initiating cells in vivo,

especially during CRPC development.

Materials and Methods

Mouse Strains
Mutant mice with prostate-specific deletion of Pten were

generated as described previously under a mixed background

[17]. The 129/C57 background CD166 knockout (CD1662/2)

was generously provided by the laboratory of Dr. Weiner of

University of Iowa [35]. PtenL/L mice on a 129/Balb/c

background were first crossed to the CD1662/2 mice [35] to get

F2 female PtenL/L;CD1662/2. Pb-Cre+; PtenL/L;CD1662/2 mice

were then generated by crossing female Cre-;PtenL/L;CD1662/2

with male Pb-Cre+;PtenL/L;CD166+/2. All animal experiments were

performed following Institutional Approval for Appropriate Care

and use of Laboratory animals by the UCLA Institutional Animal

Care and Use Committee (Chancellor’s Animal Research

Committee (ARC)), Animal Welfare assurance number A3196-01.

Tissue Collection and FACS
The preparation of prostate epithelial cell suspensions from

male mice were described previously [20]. Dissociated prostate

cells were suspended in DMEM/10% FBS and stained with

antibody for 15 min at 4uC. Antibodies are listed in Table S2.

FACS analysis was performed by using BD FACS Canto (BD

Biosciences, San Jose, CA). Cell sorting was done by using BD

FACS Vantage and the BD FACS Aria II.

In vitro Prostate Sphere-forming Assays
Prostate spheres were cultured and passaged as described

previously [56,57]. FACS-isolated prostate cells or unsorted

prostate cells were counted and suspended into a 100 mL mixture

of 1:1 Matrigel (BD Biosciences, San Jose, CA) and PrEGM

(Lonza, Walkersville, MD). Samples were plated around the rims

of wells in a 12-well plate and allowed to solidify at 37uC for

45 minutes, before 1 ml of PrEGM was added. Sphere media was

changed every three days. Spheres were counted after 8 days. To

passage spheres, medium was aspirated off and matrigel was

digested with 1 mL Dispase solution (Invitrogen, Carlsbad, CA,

1 mg/ml, dissolved in PrEGM medium) for 30 minutes at 37uC.

Spheres were collected, incubated in 1 ml warm Trypsin/0.05%

EDTA at 37uC for 5 minutes, passed through a 27-gauge syringe

5 times, and filtered through a 40 mm filter. Cells were counted by

hemocytometer and replated.

RNA Isolation and qRT-PCR
Sorted cells were collected and spun down. RNAs from sorted

cells were extracted using TRIzolH Reagent (Invitrogen, Carlsbad,

CA). RNAs were reverse transcribed into cDNA with SuperScript

III First-Strand Synthesis System for qRT-PCR (Invitrogen,

Carlsbad, CA), and quantitative PCR was done in the iQ thermal

cycler (Bio-Rad) using the iQSYBR Green Supermix (Bio-Rad) in

triplicate. Primers used for study are Ck5 (F59-ACCTTCGAAA-

CACCAAGCAC-39; R59-TTGGCACACTGCTTCTTGAC-39),

Ck8 (F59-ATCGAGATCACCACCTACCG-39; R59-TGAAGC-

CAGGGCTAGTGAGT-39), p63 (F59-CCCACAGACTGCAG-

CATTG-39; R 59-GAGATGAGGAGGTGAGGAGAAG-39), AR

(F59-AACCAACCAGATTCCTTTGC-39; R59-ATTAGT-

GAAGGACCGCCAAC-39), CD166 (F 59-CCTAAGAGAG-

GAGCGGATTG-39; R59-CAGCCACTCCCAGAACAAAG-

39), Trop2 (F59- AGACCAAAGCCTGCGCTGCG-39; R 59-

AGCTGGGGTGCAGCTTGTAG-39), Gadph (F59-ACTGG-

CATGGCCTTCCG-39; R59-CAGGCGGCACGTCAGATC-

39), CD117 (F5- AGAAGCAGATCTCGGACAGC-39; R59-

GACTTGGGTTTCTGCTCAGG-39), CD133 (F5-ACCAA-

CACCAAGAACAAGGC-39; R59-GGAGCTGACTTGAATT-

GAGG-39), CD44 (F5- GTCAACCGTGATGGTACTCG-39;

R59-AGTGCACAGTTGAGGCAATG-39), Nkx3.1 (F5’-

TCCGTCTTTTGGCTCTGAGT-39; R59- GTGAAAGTG-

CACGCTGAAAA-39).

Immunofluorescence and Immunohistochemistry
Analyses

Tissue analysis was carried out using standard techniques as

described previously [17]. Sections (4 mm) were stained with

hematoxylin and eosin (H&E) or with specified antibodies (Table

S2).

Western Blot Analysis
Total protein was extracted with RIPA buffer (20 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA,

1% NP-40, 1% sodium deoxycholate) with fresh added phospha-

tase inhibitors (Sigma, St. Louis, MO) and protease inhibitors

Figure 6. Loss of CD166 does not block prostate tumor progression and tumor initiating cell function in Pb-Cre+;PtenL/L;CD1662/2

mice. (A) Evaluation of CD166 deletion on prostate cancer progression (HE staining, scale bar: 200 mm), cell proliferation (Ki67 staining, scale bar:
100 mm), and prostate tumor invasion (SMA staining, scale bar: 100 mm) by comparing age matched Pb-Cre+, PtenL/L, CD166+/+ and Pb-Cre+, PtenL/L,
CD1662/2 prostate tissue at 20 weeks of age. (B) Comparison of sphere formation from total unsorted prostate cells (5000 per 12-well) between Pb-
Cre+, PtenL/L, CD166+/2 and Pb-Cre+, PtenL/L, CD1662/2 prostate (9 weeks of age). (C) A representative FACS blot shows LSC content between Pb-Cre+,
PtenL/L, CD166+/2 and Pb-Cre+, PtenL/L, CD1662/2. (D) Examination of protein levels of CD166, P-AKT and GFP among different prostate tissue with
indicated genotype by Western blotting. GADPH is included as an equal loading control.
doi:10.1371/journal.pone.0042564.g006
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Figure 7. Loss of CD166 does not block castration resistant prostate tumor progression in Pb-Cre+;PtenL/L;CD1662/2 mice. Pb-Cre+,
PtenL/L, CD166+/2 and Pb-Cre+, PtenL/L, CD1662/2 mice were castrated at the age of 12 weeks using standard techniques. At 8 weeks post-castration,
mice were intraperitoneal injected with a single dose of 100 ml (1 mg) of BrdU solution and sacrificed 4 hour later for analysis. Evaluation of the
effects of CD166 deletion on (A) castration resistant prostate cancer progression (HE), and (B) cell lineage composition (CK5/CK8), cell proliferation
(BrdU) and prostate tumor invasion (SMA) were performed. Scale bar: 50 mm.
doi:10.1371/journal.pone.0042564.g007
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(Roche, Indianapolis, IN). Protein concentrations were determined

by Bradford Assay kit (BioRad, Hercules, CA). Protein was

separated by 4–15% gradient SDS/PAGE (BioRad, Hercules,

CA) and transferred onto a PVDF membrane (Amersham

Biosciences, Arlington Heights, IL). The membrane was blocked

in 5% skim milk, and subsequently incubated with primary

antibodies against CD166 and GADPH (Santa Cruz Biotechnol-

ogy, Santa Cruz, CA), GFP (Abcam, Cambridge, MA), phospho-

AKT Ser473 (Cell Signaling Technology, Beverly, MA) at 4uC
overnight followed by incubation with peroxidase-conjugated goat

anti-mouse IgG or goat anti-rabbit IgG (Jackson ImmunoRe-

search, Inc., West Grove, PA), and developed with Pierce ECL

reagent (Thermal Scientific, Rockford, IL).

Human Prostate Cancer Tissue Microarray (TMA)
TMA used to survey CD166 expression is composed of 112

patient samples. Written consent was obtained from the patient as

well as ethics approval from University of British Columbia-British

Columbia Cancer Agency Research Ethics Board (UBC BCCA

REB), Vancouver, Canada. The 112 patient specimens were

spotted in triplicate to create a tissue microarray with 336 cores as

described previously in [58]. Scoring method was based on the

intensity of the staining in each core on a 4-point scale from none

(0) to high (3). Mann-Whitney test was used to compare CD166

protein expression difference between different groups. p values

,0.05 were considered significant.

Human Prostate Tissue Acquisition and Dissociation
Human prostate tissue was obtained via a research protocol that

was approved by the Office for the Protection of Research

Subjects at UCLA and the Greater Los Angeles VA Medical

Center. Informed written consent was obtained on all participants

where identifying information was included. A frozen section was

prepared from an adjacent slice of prostate tissue in order to

determine the location of tumor nodules. Tumor areas were

encircled and dissected away from benign regions within the fresh

tissue slice. Benign tissue specimens were placed on ice and

brought immediately to the laboratory for mechanical and

enzymatic digestion [28]. Prostate tissue was minced into small

fragments (1 mm3) in RPMI-1640 medium supplemented with

10% FBS and went through through enzymatic digestion (12 h in

0.25% type I collagenase followed by TripLE (Invitrogen) for

5 min at 37uC). Cell suspensions were passed through a 23-gauge

needle and were filtered through 40- mm filters. Cells were plated

overnight in PrEGM as described above for sphere formation

assay or tissue regeneration assay.

Tissue Regeneration Assay
In vivo tissue experiments were performed in male NOD-SCID/

IL2rc null mice in accordance with protocol number 2007-189-

11A, approved by the Animal Research Committee within the

Office for the Protection of Research Subjects at UCLA. Cells of

interest were collected from FACS sorting. 26105 viable cells were

then mixed with 26105 rat urogenital sinus mesenchyme

(rUGSM) and suspended in 100 mL with 50:50 matrigel:PREGM

[4,28,59]. Cell/Matrigel mixtures were then injected subcutane-

ously into NOD-SCID/IL2rc null mice. Animals were supple-

mented with a 12.5 mg 90-day release testosterone pellet under

the skin (Innovative Research of America, Sarasota, FL). Grafts

were harvested 8–16 weeks later and subjected to further analysis.

Supporting Information

Figure S1 WT LSChi; CD166hi prostate cells demon-
strate higher self-renewal activity. (A) LSChi;CD166hi and

LSChi; CD166lo cells were isolated by FACS from 8- to 10-week-

old mice and plated for sphere formation assay. Spheres from the

each subpopulation (P0) were dissociated and replated for 3

successive generations (P1–P3). Graph shows the percentage of

sphere-forming cells, based on the spheres from each population

per 5000 cells plated after 8 days of growth. Error bars represent

means and STD from triplicates of one of the two independent

experiments (**, P,0.001). (B) Comparison of sphere size

distribution between LSChi; CD166hi and LSChi; CD166lo formed

spheres. n.s., not significant. (C) Representative sphere images of

LSChi;CD166hi and LSChi; CD166lo cells generated spheres. Scale

bar: 100 mm.

(TIF)

Figure S2 Immunohistochemical analysis of CD166hi

human prostate epithelium-derived graft demonstrates
nuclear expression of AR and p63, CK5 and CK8 positive
cells and Ki67 positive cells within tubule structure.
Scale bar: 50 mm.

(TIF)

Figure S3 LSChi;CD166hi and LSChi; CD166lo cells
isolated from Pten mutant prostate form spheres with
similar size distribution. Representative sphere images of

LSChi;CD166hi and LSChi; CD166lo cells generated spheres. Top:

spheres maintained in matrigel. low: spheres released from

matrigel after dispase treatment. Scale bar: 200 mm.

(TIF)

Table S1 Compared to intact prostate epithelium WT CD166

gene expression is significantly increased at day 3 post-castration.

(TIF)

Table S2 Antibodies used for FACS, IHC and IF.

(TIF)
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News and topics

Will identification of a prostate cancer stem cell lead to its cure?

Urologic Oncology: Seminars and Original Investigations xx (2011) xxx
There is abundant evidence in mouse and man that the
prostate contains normal tissue stem cells within the epithe-
lium that are capable of self-renewal and inducing benign
tubule formation [1–5]. The premise that prostate tumors
contain cancer stem cells (CSCs) that ultimately lead to
development of castration-resistant prostate cancer remains
to be determined. The basic theory of CSCs is that they
represent a small fraction of tumor cells possessing biolog-
ical characteristics that render an exceptional propensity for
tumor initiation and resilience to traditional therapy [6–9].
CSCs self-renew, but also generate more differentiated
progeny that comprise the bulk and heterogeneity of tumors.
CSCs may be transformed normal tissue stem cells with
inherent self-renewal capability or deranged progenitor cells
with reactivated stem cell pathways, resulting in limitless
self-renewal potential. In the case of prostate cancer, it is
postulated that CSCs are relatively androgen insensitive.
Similar to normal prostate tissue stem cells, CSCs may
respond to androgen, but not require it for survival. CSCs
may be the seeds for local recurrence and metastasis, by
spreading from niche to niche. Hence, if CSCs are not
eliminated, the cancer cannot be cured. But do prostate
CSCs really exist?

Evidence supporting CSC populations is based on func-
tional evaluation of fractionated tumor cells. In order to be
characterized as a CSC, self-renewal must be demonstrated.
Putative CSCs, isolated according to a particular antigenic
profile, must also be capable of seeding and propagating
heterogeneous tumors. CSCs reside in niches and have bio-
logic regulatory mechanisms that induce chemo- and radio-
resistance. Abundant evidence for CSCs exist for hematologic
malignancies, (acute myeloblastic leukemia) as well as, glio-
blastoma, breast cancer, and colon cancer [10–16].

Evidence for the existence of prostate CSCs has lagged
because of technical hurdles associated with human prostate
tumor modeling [17]. Primary prostate cancer cells obtained
from human prostatectomy specimens are extremely diffi-
cult to culture in vitro, even for brief periods [18,19]. Cells
with luminal profiles (including tumor cells) are difficult to
recover following tissue dissociation, with the majority of
the cells retrieved being of basal, stromal, and blood lineage
[3,20]. Metastatic tumors are rarely available for live cell
investigations. Without isolation of viable prostate cancer

cells, fractionation and engraftment studies that evaluate

1078-1439/$ – see front matter
doi:10.1016/j.urolonc.2011.01.015
tumor regeneration capability cannot be done. Even if via-
ble tumor cells can be successfully isolated, xenograft for-
mation in immunocompromised mice remains a challenge.
Highly immunodeficient mouse models are required, and it
is likely that species-specific prostatic growth factors and
support cells may also be essential for recreation of the
niche and efficient tumorigenesis [17,21].

Studies that have advocated for the existence of human
prostate CSCs are limited in number and scope. The first
reports of prostate CSCs indicated that CD133� cells iso-
lated from tumors were more proliferative and could pro-
duce heterogeneous progeny [22]. These studies, however,
did not demonstrate tumor regeneration in vivo, an impor-
tant component supporting CSC function. Evaluation of
prostate cancer xenografts and cell lines indicate that CD44
may be a marker of prostate cancer CSCs [23,24]. Serially
passaged xenografts and cell lines, however, may not accu-
rately reflect primary tumor cell biology. Without confir-
matory studies with primary prostate tumors or metastases,
the relevance of these observations comes into question.

Recent reports have identified a human cancer cell of origin
from benign prostate tissue [20]. Prostate cells from dissoci-
ated tissues were fractionated based on surface marker expres-
sion and genetically manipulated to overexpress AR, in com-
bination with the oncogenes, AKT and ERG. Only prostate
cellular fractions containing Trop2�Cd49fHi basal cells were
able to induce tumors in immunocompromised mice. Whether
or not the cell of origin for prostate cancer and CSCs (the
cancer cells that propagate tumor and metastasize) share a
common antigenic profile remains to be determined.

If there are CSCs in human prostate cancer, would their
targeting and elimination lead to cure of castration resistant
disease? If the hypothesized CSC in prostate cancer is
indeed androgen insensitive and equipped with anti-apop-
totic mechanisms, specific targeting may achieve clinical
benefit in patients with metastatic disease. CSCs may be
targeted by interference of self-renewal and other pathways
involved in CSC maintenance, aptamer, or antibody-medi-
ated toxin-linked agents, or by disrupting the niche [25–27].

An alternative approach to curing prostate cancer is to
inhibit its initiation. Targeting the cells of origin for prostate
cancer (normal prostate stem cells) before cancer develops

or spreads should be considered. As prostate imaging mo-
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dalities improve, it is conceivable that small lesions could
be susceptible to treatment with agents targeting stem cells.

In order to make progress in the isolation and character-
ization of prostate cancer stem cells, improved methodolo-
gies are needed to retrieve viable cells from primary pros-
tate tumors and metastases for evaluation of CSC activity.
In the meantime, further characterization of the role of
normal stem cells in tumorigenesis is warranted, in order to
determine if genetic profiling or targeting of these cells will
make a diagnostic and/or prognostic impact.

Isla P. Garraway, M.D., Ph.D.
Department of Urology

Jonsson Comprehensive Cancer Center
Broad Center of Regenerative Medicine and Stem Cell

Research
David Geffen School of Medicine at UCLA

Los Angeles, CA, USA
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Background: EMT correlates with 
increased metastatic potential and poor 
prognosis  
Results: Secreted eHsp90 induces EMT, 
MMP activity and cell motility. 
Conclusions: EMT inducing activity of 
eHsp90 provides a mechanistic basis for its 
tumorigenic and metastatic function. 
Significance: The requirement for eHsp90 in 
supporting tumorigenic events indicates that 
targeting eHsp90 may represent a 
therapeutic approach to improve prostate 
cancer patient survival. 

SUMMARY 
 Prostate cancer (PCa) is the most 
frequently diagnosed malignancy in men, 
and the second highest contributor of male 
cancer related lethality. Disease mortality is 
due primarily to metastatic spread, 
highlighting the urgent need to identify 
factors involved in this progression. 
Activation of the genetic epithelial to 
mesenchymal transition (EMT) program is 
implicated as a major contributor of PCa 
progression. Initiation of EMT confers 
invasive and metastatic behavior in 
preclinical models and is correlated with 
poor clinical prognosis. Extracellular Hsp90 
(eHsp90) promotes cell motility and invasion 
in cancer cells and metastasis in preclinical 
models, however the mechanistic basis for 
its widespread tumorigenic function remains 

unclear. We have identified a novel and 
pivotal role for eHsp90 in driving EMT 
events in PCa. In support of this notion, 
more metastatic PCa lines exhibited 
increased eHsp90 expression relative to 
their lineage related non-metastatic 
counterparts. We demonstrate that eHsp90 
promoted cell motility in an ERK and MMP-
2/9-dependent manner, and shifted cellular 
morphology towards a mesenchymal 
phenotype. Conversely, inhibition of eHsp90 
attenuated pro-motility signaling, blocked 
PCa migration, and shifted cell morphology 
towards an epithelial phenotype. Lastly, we 
report that surface eHsp90 was found in 
primary PCa tumor specimens, and 
elevated eHsp90 expression was 
associated with increased levels of MMP-
2/9 transcripts. We conclude that eHsp90 
serves as a driver of EMT events, providing 
a mechanistic basis for its ability to promote 
cancer progression and metastasis in 
preclinical models. Further, its newly 
identified expression in PCa specimens, 
and potential regulation of pro-metastatic 
genes, supports a putative clinical role for 
eHsp90 in PCa progression.  

INTRODUCTION 
One of the greatest challenges 

associated with the widespread and early 
diagnosis of prostate cancer (PCa) in men 
(1-3) is the inability to accurately distinguish 
which subset of patients with apparently 
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localized disease will progress to metastatic 
disease. The propensity of tumor cells to 
metastasize to bone, rendering the disease 
incurable (4), is largely responsible for PCa 
as the second leading cause of male cancer 
associated lethality (5). Although rising 
levels of the serum protein prostate specific 
antigen (PSA) are indicative of tumor 
growth, its expression can be 
nonspecifically modulated by a number of 
benign conditions (6,7) such that this metric 
alone risk cannot accurately predict risk for 
progression. Similarly, Gleason score 
cannot accurately predict disease 
progression, relapse, or response to 
treatment (8,9). These clinical limitations 
illustrate the pressing need to utilize new 
and improved molecular indicators of PCa 
progression. 

Activation of the evolutionarily 
conserved developmental epithelial to 
mesenchymal transition (EMT) genetic 
program (10,11) is implicated as a 
significant contributor to PCa progression. A 
universal hallmark of EMT is loss of 
epithelial cell polarity and acquisition of 
elongated mesenchymal morphology, 
concomitant with disruption of cell adhesion, 
increased cell migration, invasion and 
metastasis (12). The adherens junction 
protein E-cadherin acts as a gatekeeper in 
suppressing EMT events, and 
corresponding cell motility and 
dissemination, by maintaining the cuboidal 
phenotype and architecture that defines the 
morphology of normal epithelium (10,11,13). 
As such, loss of E-cadherin function is a 
conserved and fundamental hallmark 
associated with early EMT events (10,11). 

Multiple preclinical models provide 
strong support for EMT in mediating PCa 
progression. Pathological EMT events have 
been shown to potentiate the transition from 
localized prostate adenocarcinoma to 
invasive carcinoma and subsequent 
metastasis (14-19). Conversely, repression 
of EMT events blocks the metastatic 
potential of PCa cells (20). In clinical 
specimens, measures of cancer progression 

correlate with loss of E-cadherin and 
upregulation of EMT-inducing transcriptional 
factors (18,20-23). EMT events are 
correlated with metastatic recurrence 
following surgery (18,24), and have recently 
been observed concurrently following 
androgen withdrawal therapy (25). 
Therefore, the ability to identify primary 
tumor cells with an increased propensity to 
undergo EMT-like events would improve 
diagnostic approaches to discriminate 
patients at risk for progression. 

Hsp90 is a well known intracellular 
chaperone responsible for mediating the 
ATP dependent folding and signaling 
function of numerous client proteins, many 
of which exhibit pro-tumorigenic functions 
(26-28). In addition to its intracellular 
localization, Hsp90 is also a secreted and 
cell surface protein. Extracellular Hsp90 
(eHsp90) exhibits distinct function from the 
intracellular chaperone with its signal 
transducing activity, in tandem with its 
receptor low density lipoprotein related 
protein (LRP1) (29,30). eHsp90 supports 
cell motility and invasion in several cancer 
cell lines (31-34), and promotes metastatic 
spread in preclinical models (35-38). 
Clinically, eHsp90 was first reported as a 
tumor antigen (39,40), and more recently 
found in the serum from patients afflicted 
with a variety of tumor types (37), including 
metastatic PCa (41). Although these reports 
strongly implicate eHsp90 in disease 
progression, a mechanistic basis for this 
putative function remains largely unknown. 

The present study identifies eHsp90 as 
a pivotal regulator of E-cadherin function in 
PCa. Importantly, we demonstrate that 
modest, physiologically relevant expression 
of secreted eHsp90 reduces the expression 
and alters the localization of E-cadherin in 
phenotypically epithelial cell lines. In 
addition, eHsp90 modulates numerous 
genetic events consistent with activation of 
EMT, as well as promoting diminished cell 
adhesion, conversion to a more 
mesenchymal morphology and increased 
cell motility. In addition to its role in initiating 
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EMT events, eHsp90 is also essential for 
sustaining the mesenchymal properties and 
behavior of more aggressive PCa cell types. 
Finally, we report that surface eHsp90 is 
found in primary PCa tumor specimens and 
is correlated with markedly elevated 
expression of a subset of pro-tumorigenic 
eHsp90 regulated transcripts. This newly 
identified role for eHsp90 as a mediator of 
EMT events provides a mechanistic basis 
for its ability to promote cancer progression 
and metastasis in a variety of preclinical 
models. Moreover, the newly identified 
expression of eHsp90 in PCa specimens, 
coupled with its potential role in modulating 
gene expression, implicates a clinical role 
for eHsp90 in PCa progression. 

Materials and Methods  

Western blot and Antibodies: Cell extracts 
for Western blot analysis were prepared and 
performed as described (30) and all blots 
are representative of a minimum of two 
independent experiments. Antibodies for N-
cadherin (ab12221), Slug (ab27568), Snail 
(ab63371), and Vimentin (ab8978) were 
purchased from Abcam.  Mouse and rabbit 
Hsp90 antibodies (ADI-SPA-830, ADI-SPS-
771) were from Enzo Lifesciences.  E-
cadherin (3195), ERK 1/2  (4695), P-ERK 
1/2 (4370), MEK1/2 (9122), P-MEK1/2 
(9121) and ZO-1(5406) were from Cell 
Signaling. FAK (AHO0502) and P-FAK (44-
624G) were from Invitrogen/Life 
Technologies. V5 antibody (NB600-381) 
was from Novus Biologicals. Twist (sc-
15393) was from Santa Cruz Biotechnology, 
and anti-alpha tubulin antibody (T6074) was 
from Sigma. Mouse monoclonal LRP1 
antibody (11H4) was purified from a 
hybridoma cell line (CRL 1936) purchased 
from ATCC. The hybridoma supernatant 
was concentrated with a Vivacell 70 
concentrator (Sartorius Biolab products) and 
purified with an NAb protein G antibody 
purification kit (Thermo Scientific) according 
to the manufacturer's instructions, and 
aliquots were stored at −20°C. 

Reagents: Recombinant Hsp90 alpha 
protein was obtained from Enzo Life 
Sciences (ADI-SPP-776). Geldanamycin 
was obtained from the Experimental 
Therapeutics Branch, National Cancer 
Institute, DMAG-N-oxide modified 
geldanamycin, (or non-permeable GA, 
NPGA used at 1µM) was synthesized by 
Chris Lindsey and Craig Beeson 
(Pharmaceutical Sciences, Medical 
University of South Carolina). MMP 
inhibitors GM6001 (CC1010 used at 1µM), 
MMP-2/9 inhibitor IV (444274 used at 1µM) 
and MMP-3 inhibitor IV (444243 used at 
5µM) were obtained from EMD Millipore 
Chemicals. MEK inhibitor U0126 (V112A 
used at 10µM) was obtained from Promega.  

Cell Culture, Plasmids, and Transfection: 
The prostate cancer cell lines DU145 and 
LNCaP were obtained from ATCC, the 
ARCaP cell pair was purchased from 
Novicure Biotechnology, and C4-2B was 
obtained from Viromed. The P69/M12 cell 
pair was a gift from Joy Ware. The ARCaP 
pair and P69/M12 cell pair was maintained 
in T-media supplemented with 5% heat 
inactivated fetal bovine serum, and the 
LNCaP and C4-2B pair was maintained in 
their specified media supplemented with 1% 
HEPES and 1% penicilin/streptomycin in a 
5% CO2-humidified atmosphere. The 
plasmid for shLRP1 was as previously 
described (29,30). The sequence for Hsp90 
alpha was cloned in frame to a 5’ signal 
peptide to direct its extracellular localization, 
and 3’ to a V5 tag and 6X His epitope, with 
each epitope separated by a flexible linker. 
The product was assembled in a Gateway 
entry vector and recombined (CRE) into 
Plenti6.3V5-Dest (Invitrogen). To obtain 
viral particles for LRP1 suppression and 
constitutive eHsp90 secretion, 293FT cells 
(Invitrogen) were co-transfected with the 
viral packaging plasmids VSVG and P∆R 
8.71, along with the corresponding lentiviral 
vector. All plasmid transfections were 
performed with Lipofectamine 2000 
(Invitrogen) according to the manufacturer's 
specifications. Following viral plasmid 
transfection, cell medium was harvested at 

 at U
C

LA
-Louise D

arling B
iom

ed. Lib., on O
ctober 4, 2012

w
w

w
.jbc.org

D
ow

nloaded from
 



  4

48 hr, the lentiviral supernatant was 
concentrated by ultracentrifugation, titered, 
and 5×104 particles were used to infect the 
recipient cells in the presence of polybrene 
(8 µg/ml). Cells transduced with eHsp90 
virus were selected in blasticidin 
(Invivogen), while GFP-shLRP1 transduced 
cells were selected by flow cytometry to 
isolate the highest GFP expressing cells.  
Selection for eHsp90 transduced cells was 
performed for two weeks, whereupon 
surviving cells were pooled. 

Patient Samples: Human prostate tissue 
was obtained via an approved research 
protocol with informed written consent of all 
participants. Adjacent tissue specimens 
were snap frozen in liquid nitrogen or fixed 
in formalin and paraffin-embedded for 
histological analysis. Tumor tissue 
specimens were mechanically and 
enzymatically digested as previously 
described (42) and dissociated tissue 
filtered and passed repeatedly through a 23-
gauge needle to generate single cell 
suspensions. Cells were resuspended and 
incubated (15 min at 4˚C) with either isotype 
matched control or anti-Hsp90 antibody 
(SPS-771-PE, 1:50), and subjected to 
FACS analysis (BD FACS Aria II system). 
Cell populations corresponding to 
eHsp90high and eHsp90low subtypes were 
gated and isolated (minimum signal 
threshold set at 10e2).  

RNA isolation and real time PCR analysis: 
RNA purification from patient samples was 
performed according to the manufacturer’s 
recommendations (Qiagen RNeasy Plus 
Micro kit; 74034). RNA purification from 
cells was performed following a 
trizol/chloroform extraction (Qiagen 
miRNeasy kit; 217004). mRNA from cells 
and patient material was converted into 
complimentary DNA (OriGene first strand 
cDNA synthesis kit; NP100042), and 
(BioRad iScript advanced cDNA synthesis 
kit; 170-8842), respectively, and amplified. 
Array samples were prepared according to 
the manufacturer’s instructions (Qiagen RT2 
first strand kit; 330401), and further 

analyzed using  an EMT profiler array 
(Qiagen; PAHS-090A). Biological replicates 
were utilized for the initial array analysis, 
and select results validated with additional 
biological replicates. Primers (supplemental 
table 1) were purchased from IDT. 

Cell motility assays: Wounding assays were 
performed as previously described (30). 
Briefly, a thin sterile pipette tip was used to 
create a scratch wound in confluent cell 
monolayers. Pictures were taken at 0 and 
16 -20 hrs with an inverted Nikon eclipse TE 
2000-S microscope with 10× magnification, 
and the extent of migration was calculated 
by measurement of the gap area using 
Image J software. For all motility 
experiments, mitomycin C (5 ug/ml) (Sigma) 
was added at the time of plating to suppress 
proliferation.  

Gelatin zymography assay: The gelatinolytic 
activity of MMP-2 and MMP-9 was 
determined by gelatin zymography in 0.1% 
gelatin-10% acrylamide gels. Samples were 
prepared by plating cells at 50% confluency, 
and conditioned medium  (0.25% serum in 
DMEM) was collected after 36 hr. 1 mM o-
phenanthroline monohydrate was added to 
halt MMP activity. Conditioned medium was 
incubated with gelatin-sepharose beads 
(GE Healthcare, 17-0956-01) and eluted 
samples run in non-reducing conditions. 
Gels were washed with 2.5% Triton X-100 
renaturing buffer, incubated in a Tris-
HCL/Brij35 developing buffer (42˚C for 24 
hours), and subsequently stained with a 5% 
Comassie solution.         

Hsp90α ELISA: To detect expression of 
secreted Hsp90α, equivalent cell numbers 
(7.5×105) were plated overnight and 
replenished with complete media 24 hr prior 
to harvest. Conditioned medium was 
collected, debris removed by centrifugation 
(5 min, 1200 x g) and Hsp90α levels 
detected by ELISA (Enzo Life Sciences). 
Values are presented as fold change of 
Hsp90 per ml of conditioned medium with 
the standard deviation shown. 
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Immunofluorescence: To evaluate cellular 
localization of E-cadherin and ZO-1, 
equivalent cell numbers (2.5×104) were 
plated overnight and replenished with 
complete media for 24 hr. Cells were then 
treated with either NPGA, GM6001, MMP-
2/9 and MMP-3 inhibitors for specified 
times. Cells were fixed with 4% 
paraformaldehyde and permeabilized with 
0.1% Triton X-100 in PBS. 
Immunofluorescence was performed as 
described (30). 

Statistical analysis: All cell motility and 
quantitative real time PCR were performed 
in triplicate. Data shown are presented as 
means and SD; differences in treatment 
groups are defined as statistically significant 
at P<0.05 value, as calculated from 
Student's t test. 

RESULTS 

An eHsp90-LRP1 signaling pathway 
initiates prostate cancer cell motility  

Although eHsp90 has been implicated in 
promoting cancer cell motility, invasion and 
metastasis in several models (30-34,36-
38,43), its role in PCa has not yet been 
explored. To investigate whether eHsp90 
supports PCa motility, we examined the 
effects of eHsp90 inhibition in PC3 cells. To 
inhibit eHsp90, PC3 cells were treated with 
two different anti-Hsp90 antibodies, an 
effective approach to neutralize eHsp90 
activity and diminish eHsp90 driven cell 
motility (30,35-37). As an additional means 
to inhibit eHsp90 function, cells were treated 
with NPGA specific for eHsp90 (30,36,44). 
Exposure of PC3 cells to either NPGA or 
blocking antibodies to Hsp90 and  
isoforms or to Hsp90 similarly suppressed 
cell migration over 50% (Fig. 1A and S1A). 
The similar results elicited by these three 
distinct eHsp90 targeted approaches 
validate the importance of eHsp90 in PCa 
motility. 

It has been shown that eHsp90 elicits 
autocrine signaling through LRP1 (29,30). 

We reasoned that if eHsp90 was eliciting its 
pro-motility effects through LRP1, then 
treatment of cells with either NPGA or 
suppression of LRP1 would similarly impair 
cell migration. In support of this notion, 
treatment of DU145 PCa cells with either 
NPGA or shLRP1 comparably blocked cell 
motility (Fig 1B and Fig. S1B). NPGA did 
not further block cell motility in LRP1 
suppressed cells, indicating impairment of a 
similar pathway. 

LRP1 has been shown to be required for 
activation of the pro-motility proteins 
extracellular-signal-regulated kinase (ERK) 
and focal adhesion kinase (FAK) (45-47). 
Treatment of DU145 with NPGA inhibited 
phosphorylation of both FAK and ERK (Fig. 
1C). To provide further evidence for an 
eHsp90-LRP1 signaling pathway, the 
activation status of FAK and ERK was 
evaluated in LRP1 suppressed cells. As 
shown, LRP1 suppression in DU145 cells 
dramatically diminished both FAK and ERK 
phosphorylation, with no further effect 
elicited by NPGA treatment (Fig. 1D). These 
data indicate that eHsp90-LRP1 plays an 
essential role in regulating the activation 
status of pro-motility effectors and 
supporting the migratory potential of PCa 
cells. 

eHsp90 is elevated in more aggressive 
PCa cell types and is essential for cell 
motility 

Increased cell motility is commonly 
associated with cells adopting a 
mesenchymal morphology (11,48). We 
therefore next investigated whether 
increased eHsp90 expression was 
associated with more highly motile 
mesenchymal cell types. To examine this, 
we analyzed 3 sets of lineage related 
prostate cancer cell pairs, with the 
mesenchymal derivative of each pair 
representing a more tumorigenic and 
metastatic derivative of its epithelial 
counterpart. The ARCaP model, consisting 
of ARCaPE and ARCaPM subtypes, 
recapitulates many of the pathological 
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features of PCa (49), and is one of the best 
characterized cell pairs for investigating 
EMT events (14,15,50). The epithelial 
ARCaPE disseminates at low frequency, 
while its mesenchymal counterpart 
ARCaPM is highly aggressive and 
metastatic (14,15,17). EMT events in 
ARCaPE can be initiated following exposure 
to a variety of soluble growth factors 
(22,51,52), and sustained EMT activation 
increases its metastatic potential (19,52). 
The cell pair represented by P69 and M12 is 
another useful model for monitoring EMT 
events. P69 is a normal nontumorigenic 
immortalized prostate epithelial cell line, 
whereas M12 a highly tumorigenic and 
metastatic subline (53). P69 expresses E-
cadherin and is responsive to EMT inducing 
stimuli that confer tumorigenic properties 
(54), while M12 expresses mesenchymal 
markers such as vimentin (17,54). We 
confirmed the epithelial and mesenchymal 
nature of these two cell pairs (Supplemental 
Fig. S2A). We included LNCaP and C4-2B 
as an additional lineage related model with 
differential metastatic potential. LNCaP is 
weakly tumorigenic (55,56), while C4-2B is 
an osteogenic derivative that is highly 
metastatic and efficiently forms bone 
metastases (57). Strikingly, we demonstrate 
that each of the three metastatic derivatives 
express several fold higher expression of 
eHsp90 relative to their less metastatic 
epithelial counterparts (Fig. 2A).  

We next evaluated whether the 
secretion of eHsp90 in these cell pairs 
influenced tumor cell motility. To assess 
this, exogenous Hsp90 protein (to mimic 
eHsp90 secretion) was added to ARCaPE, 
while eHsp90 in ARCaPM was targeted by 
NPGA. Addition of eHsp90 elicited a greater 
than threefold increase in ARCaPE cell 
motility, while inhibition of eHsp90 function 
in ARCaPM resulted in a fivefold reduction 
of cell motility (Fig. 2B and Fig. S2B). 
Similar trends were noted in the P69/M12 
pair (Fig. 2C and Fig. S2C). These findings 
solidify a causal relationship between 
eHsp90 expression and cell motility.  

To establish whether eHsp90 elicited its 
effects via autocrine signaling through 
LRP1, we evaluated the impact of LRP1 
suppression upon eHsp90 driven cell 
motility in ARCaPE. We show that 
downregulation of LRP1 suppressed 
ARCaPE basal migration, and completely 
blocked eHsp90 mediated cell motility (Fig. 
2D and Fig. S2D). To provide further 
support for eHsp90 initiated pro-motility 
signaling events, we evaluated the ability of 
eHsp90 to stimulate the MEK-ERK axis, a 
critical component of cell motility (58). Our 
results indicate that eHsp90 elicits a rapid 
activation of MEK-ERK signaling (Fig. S2E), 
supporting an autocrine eHsp90 directed 
signaling pathway in promoting cell motility. 

eHsp90 induces molecular and 
morphological changes consistent with 
an epithelial to mesenchymal transition     

Our data are consistent with the premise 
that increased eHsp90 expression is 
associated with migratory potential and 
mesenchymal morphology. Given this 
correlation, we next examined whether 
eHsp90 functionally regulated molecular 
and morphologic events consistent with 
activation of an epithelial to mesenchymal 
transition (EMT). We utilized ARCaPE cells 
as an EMT responsive model representative 
of early disease. Our data indicate that 
eHsp90 suppressed E-cadherin, while 
increasing the mesenchymal proteins N-
cadherin and Twist (Fig. 3A). Strikingly, 
addition of eHsp90 also induced 
morphological changes consistent with a 
mesenchymal phenotype, such as an 
elongated fibroblastic morphology, and 
conversion from a tightly packed epithelial 
cobblestone pattern to a loosely packed 
scattered phenotype. To assess the 
possible role of eHsp90 in supporting the 
mesenchymal phenotype of ARCaPM, 
eHsp90 was pharmacologically targeted by 
NPGA. This treatment reduced the 
mesenchymal marker N-cadherin, 
concomitantly reduced the extent of cell 
elongation and increased cell cohesiveness 
(Fig. 3B). E-cadherin is repressed in 
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ARCaPM (51) and NPGA treatment was 
unable to restore this expression.  

To solidify these trends, we next 
examined the role of eHsp90 in the 
P69/M12 cell pair. Addition of eHsp90 to 
P69 recapitulated a similar transition toward 
mesenchymal-like characteristics, with a 
modest reduction of E-cadherin and 
increased expression N-cadherin and Twist 
(Fig. 3C). Addition of eHsp90 elicited similar 
EMT-like morphological changes, such as 
cell elongation and increased cell scattering. 
Targeting eHsp90 in the mesenchymal 
counterpart M12 resulted in decreased N-
cadherin and a less dispersive phenotype, 
resulting in tight cellular clusters resembling 
epithelial cell types. These data indicate that 
targeting eHsp90 in mesenchymal cell types 
facilitates a reversal of a subset of EMT 
events, resulting in at least a partial 
mesenchymal to epithelial (MET) 
conversion. 

Modest elevation of eHsp90 is sufficient 
to suppress E-cadherin function and 
promote cell motility. 

Although treatment of cells with eHsp90 
consistently elicited EMT-like events, use of 
bacterially produced protein is a less than 
ideal system, due to confounding factors 
such as batch variation, protein instability, 
the potential presence of endotoxin, or 
additional minor protein species in the 
preparations. To address these concerns 
and to create a more physiologically 
relevant and reproducible model, we 
designed a genetic approach for eHsp90 
secretion by fusing a signal peptide to the 
N-terminus of Hsp90. This approach has 
been shown to direct the extracellular 
localization of proteins (59), including the 
chaperone protein Hsp70 (60). Expression 
of Hsp90 was chosen due to the relative 
lack of activity of the Hsp90 isoform in our 
model (data not shown). Lentivirus 
expressing V5 tagged Hsp90 (V5-eHsp90) 
was used to infect ARCaPE cells, while 
ARCaPE cells transduced with V5-lacZ 
served as the control. Stably transduced 

ARCaPE (ARCaPE-eHsp90) exhibited a 3-
fold increase in eHsp90 secretion, as 
determined by ELISA analysis for Hsp90 
protein (Fig. 4A). The increased secretion 
was further confirmed by immunoblot 
analysis of conditioned media for Hsp90, 
and by V5 detection, the latter of which is 
specific for exogenous V5-eHsp90 (Fig. 4A). 
Intracellular Hsp90 protein levels were not 
appreciably elevated in ARCaPE-eHsp90 
(Fig. 4B). This model replicated the 
molecular effects of exogenously added 
protein, and was able to elicit the 
characteristic cadherin switch associated 
with EMT events (Fig. 4B). Furthermore, 
relative to control (ARCaPE-Lacz) cells, 
ARCaPE-eHsp90 demonstrated a sustained 
activation of the pro-motility kinase ERK, 
demonstrated a more mesenchymal 
morphology, and an approximately 2.5 fold 
increase in cell motility, the latter of which 
was suppressed by NPGA (Fig. 4C). 
Consistent with a pro-EMT role, blockade of 
eHsp90 reduced E-cadherin to control 
levels (Fig. 4D).  

We next investigated whether eHsp90 
affected the integrity of cellular junctional 
complexes. Loss of membrane localization 
of the gap junction protein ZO-1 frequently 
accompanies the disruption of cell polarity 
during EMT (51,61,62). As clearly 
demonstrated, diminished expression and 
protein mislocalization of both E-cadherin 
and ZO-1 was observed in ARCaPE-
eHsp90 compared to control cells (Figs. 4E 
and 4F). A similar mislocalization of E-
cadherin and ZO-1 was observed in a 
parallel genetic model of eHsp90 
transduced P69 cells (P69-eHsp90) (Fig. 
S3A). To confirm the specific role of eHsp90 
in modulating junctional complexes, we 
evaluated the ability of NPGA to normalize 
these structures in the ARCaPE model. As 
shown, both E-cadherin and ZO-1 protein 
localization was restored to regions of cell-
cell contact, corresponding with the 
restoration of tightly packed cells with 
epithelial morphology (Figs. 4E and F).  
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To explore the possible therapeutic 
implications of eHsp90 treatment, we next 
examined whether eHsp90 inhibition in 
more aggressive mesenchymal cell lines 
might restore junctional complex integrity. 
Although NPGA did not elicit a re-
expression of E-cadherin in ARCaPM, it 
partially restored membrane localization of 
ZO-1 (Fig. S3B). Pharmacologic targeting of 
eHsp90 in M12 cells dramatically restored 
the junctional localization of E-cadherin and 
elicited a modest effect upon ZO-1 (Fig. 
S3B). Taken together, our results indicate 
that eHsp90 is a pivotal regulator of the 
junctional complexes that influence 
epithelial and mesenchymal morphology. 

eHsp90 modulates the expression of 
multiple genes associated with EMT 
activation  

To further strengthen the EMT-initiating 
role of eHsp90, we evaluated its ability to 
modulate additional EMT-associated 
transcripts. To monitor the temporal effects 
of eHsp90 action, RNA was harvested from 
ARCaPE cells following exposure to 
eHsp90 protein for the indicated times. The 
resultant heat map from a qRT-PCR array 
demonstrates that eHsp90 regulates a large 
number of EMT transcripts (Fig. 5A), 
including N-cadherin, as supported by our 
protein expression data. Longer eHsp90 
protein treatments most effectively 
increased the core EMT mediators Snail, 
Slug, Zeb1 and Zeb2. Changes were also 
observed in cytoskeletal, integrin/ECM 
proteins, and proteolytic proteins.  

To confirm these results, and to more 
carefully interrogate temporal effects, a 
subset of these targets was validated in 
ARCaPE in response to protein exposure 
for 1, 3, or 5 days. As shown, E-cadherin 
was progressively suppressed in a time 
dependent manner (Fig. 5B). Transcriptional 
upregulation of the key EMT mediators 
Snail, Slug, Zeb1, and Zeb2 was also 
validated by qRT-PCR. Our findings indicate 
that Slug and Zeb1 are early responders to 
eHsp90, whereas Snail and especially Zeb2 

exhibit a delayed response. We next 
evaluated expression of these transcripts in 
our ARCaPE-eHsp90 genetic model. 
Whereas the suppression of E-cadherin was 
consistent, there was a less dramatic, but 
statistically significant increase in both Snail 
and Zeb1. Transcripts for Slug were 
decreased, implicating this effector as 
eliciting an early and possibly transient role. 
A robust increase in Zeb2 suggests that this 
EMT factor may be required for later events, 
a finding in accordance with the later 
elevation of this transcript following protein 
exposure. In addition to these core EMT 
transcripts, we also evaluated expression of 
matrix metalloproteinases (MMPs), zinc-
dependent endopeptidases that degrade 
components of the basement membrane, 
promote EMT events and support 
metastatic spread (63,64). We found that 
MMP-9 transcript expression was 
upregulated greater than three-fold in both 
protein treated ARCaPE and ARCaPE-
eHsp90 cells (Fig. 5C).  In contrast, MMP-3, 
which also plays an important role in EMT 
events (65), was preferentially elevated at 
earlier time points in the protein treated 
model, whereas MMP-2 was only 
upregulated in the ARCaPE-eHsp90 genetic 
model. 

MMP and ERK activity are required for 
eHsp90 mediated motility and EMT 
events   

It has been demonstrated that eHsp90 
directly interacts with MMP-2/9 to modulate 
proteolytic activity and subsequent cell 
motility (35,66-68). We therefore utilized a 
standard zymogen gelatinase assay to 
determine whether the elevated levels of 
eHsp90 in ARCaPE-eHsp90 would be 
sufficient to increase MMP activity. As 
shown, MMP-2 and MMP-9 activity was 
increased in ARCaPE-eHsp90 cells relative 
to ARCaPE-LacZ control (Fig. 6A). As 
expected, this increase was abrogated by 
NPGA, demonstrating that eHsp90 is the 
initiating stimulus for increased MMP-2/9 
activity. Given that eHsp90 activates ERK in 
ARCaPE-eHsp90, and the demonstrated 
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ability of ERK to regulate MMP-2/9 activity 
(69,70), we evaluated the effects of ERK 
upon MMP-2/9. ERK inhibition most 
effectively blocked this activity, supporting 
the premise that eHsp90 mediated ERK 
activation is an initiating event for MMP-2/9 
activation. 

We next evaluated the effect of MMP-
2/9, MMP-3 and ERK upon E-cadherin 
transcript levels in ARCaPE-eHsp90. As 
indicated, broad spectrum targeting with 
GM60001 or MMP-2/9 inhibition robustly 
increased (approximately 10-fold) E-
cadherin message levels, comparably to 
NPGA (Fig. 6B). MMP-3 inhibition weakly 
induced transcript expression, while UO126 
elicited a potent (approximately 35-fold) 
increase.  We further investigated whether 
these trends correlated with changes in E-
cadherin protein expression. Inhibition of 
either MMP-2/9 or MMP-3 comparably 
restored E-cadherin protein expression by 3 
days, whereas UO126 promoted the most 
dramatic restoration, in accordance with its 
effects upon message levels (Fig. 6C). It is 
unclear why MMP inhibition diminished E-
cadherin at 5 days, as this trend was not 
supported via immunofluorescence 
microscopy (Fig 6D). It has been shown that 
E-cadherin may be found in an insoluble 
membrane fraction (71,72) when associated 
with the cytoskeletal matrix at apical 
junctions, offering a potential explanation. 
Interestingly, inhibition of either MMP-2/9 or 
MMP-3 attenuated ERK activity, with a more 
dramatic effect elicited by the former, 
indicating that these MMPs collaborate with 
eHsp90-ERK mediated suppression of E-
cadherin.  

Given that inhibition of MMP-2/9, MMP-
3 and ERK increased E-cadherin 
expression, we assessed whether this effect 
trended with the restoration of E-cadherin at 
cellular junctions, a hallmark of its EMT 
suppressive epithelial function. As shown 
(Fig. 6D), pan MMP inhibition, or targeted 
inhibition of MMP-3, MMP-2/9, or ERK, 
comparably re-established E-cadherin 
expression at the cell membrane in 

ARCaPE-eHsp90. Functional restoration of 
junctional complexes was further confirmed 
by the membrane expression ZO-1. These 
findings demonstrate that eHsp90 mediated 
activation of ERK and MMPs is required for 
the loss in cell polarity that accompanies the 
transition to a mesenchymal morphology. 

We next evaluated whether MMP and 
ERK activity were important for eHsp90 
directed pro-motility function. As shown, pan 
MMP inhibition with GM6001 blocked 
eHsp90 mediated cell motility (Fig. 6E). 
Interestingly, specific targeting of MMP-2/9 
or MMP-3 elicited a similar inhibition, 
highlighting a prominent role for MMP 
signaling in eHsp90 directed pro-motility 
function. ERK inhibition comparably 
diminished cell migration. Therefore, MMP 
and ERK are critical regulators of eHsp90’s 
coordinate effects upon junctional integrity 
and cell motility. 

Detection of eHsp90 protein and 
regulated transcripts in human 
prostatectomy tumor specimens    

The ability of eHsp90 to initiate EMT 
events has important clinical ramifications. 
We therefore investigated the potential 
translational relevance of our results and 
determined whether eHsp90 was found in 
primary PCa tumors. We reasoned that 
tumor cells with autocrine eHsp90 function 
would be represented by a subpopulation 
exhibiting higher cell surface eHsp90. 
Therefore, prostatectomy specimens from 
high risk, locally advanced patients were 
subjected to FACS sorting, and tumor cell 
populations isolated by either high or low 
surface eHsp90 expression. Interestingly, 
this approach reproducibly detected a 
subpopulation of eHsp90high cells 
corresponding to approximately 5% of the 
total cell number (Fig. 7A). We next 
investigated whether surface eHsp90 could 
be utilized as a marker to define a 
genetically distinct subpopulation of tumor 
cells. A modest increase in MMP-2 and a 
marked induction of MMP-9 was evident in 
these specimens, when comparing the 
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eHsp90high population of tumor cells, relative 
to each tumor matched eHsp90low 
population (Fig. 7B). No increases were 
observed in MMP-3 transcript expression. 
Intriguingly, these data parallel the trends 
observed in our constitutively expressing 
ARCaPE-eHsp90 genetic model (Fig. 5C). 
Importantly, these findings validate the 
clinical presence of eHsp90 in primary 
patient tumors, and further support the 
notion that eHsp90 may drive genetic 
events associated with increased risk for 
tumor progression.  A working model for 
eHsp90 mediated EMT events and tumor 
promotion is depicted in Fig. 7C. 

 

DISCUSSION 

Although reports demonstrate the ability 
of eHsp90 to promote cell motility (30-34) 
and facilitate metastatic spread in preclinical 
models (36-38,43), a unifying mechanistic 
basis for eHsp90 tumorigenic function has 
not yet been clearly defined. To our 
knowledge, we are the first to identify 
eHsp90 as a pivotal initiator of EMT-like 
events. We demonstrate that eHsp90 
increases the cell motility of epithelial 
ARCaPE and P69 several fold. This pro-
motility function of eHsp90 is dependent 
upon its impairment of E-cadherin, manifest 
as diminished protein expression and 
aberrant cellular localization. Strikingly, 
eHsp90 elicited dramatic changes in cell 
morphology, converting cells from an 
epithelial cuboidal clustered morphology to 
an elongated mesenchymal morphology 
with loss of cell-cell contacts.  Thus, eHsp90 
coordinates a multitude of key events 
associated with cancer progression, 
including impaired E-cadherin function, loss 
of junctional integrity, initiation of EMT, and 
increased cell motility. Importantly, these 
events were achieved with relatively modest 
increases in eHsp90 expression 
comparable to levels observed in metastatic 
PCa tumor cells and patient sera, further 
underscoring that eHsp90 is a potent driver 
of these processes. 

The EMT initiating activity of eHsp90 
was further supported by its ability to 
modulate a wide array of genetic events 
consistent with this program, including 
upregulation of the EMT effectors Snail, 
Twist, Zeb, and Slug. Not surprisingly, these 
factors also serve as transcriptional 
repressors of E-cadherin (74-77), in 
accordance with diminished E-cadherin 
message observed in ARCaPE-eHsp90. 
The finding that eHsp90 increases transcript 
expression of the proteolytic enzymes 
MMP-2, MMP-3 and MMP-9 is relevant 
given that sustained MMP-2/9 activity 
increases the tumorigenic and metastatic 
properties of ARCaPE (19), and initiates 
EMT events and tumor progression in 
preclinical models of PCa (19,78). While a 
causal role for MMPs in tumor progression 
is well known, the relation between eHsp90 
and MMPs is still unfolding. Reports 
demonstrate that eHsp90 increases the 
proteolytic activity of MMP-2/9 via direct 
protein-protein interactions (35,66-68). Our 
results indicate that eHsp90 plays a dual 
role in upregulating MMP-2/9 transcript 
expression, as well as increasing proteolytic 
function. Given that the eHsp90 regulated 
EMT transcriptional effectors additionally 
contribute to MMP expression (79-81), MMP 
proteolytic activity may be further influenced 
by these factors, as well as by direct 
eHsp90-chaperone mediated mechanisms 
(82).  

Collectively, our data support a model 
(Fig. 7C) whereby an eHsp90-LRP1 
signaling axis activates ERK and MMP 
activity to promote increased cell motility, 
impairment of E-cadherin function, and 
initiation of EMT events. The ability of 
eHsp90 to sustain ERK activation is 
significant, given the reported role of ERK 
as a potent effector of EMT, motility, 
malignant invasion, and metastasis (58,83-
86). Our data indicate that the relationships 
among ERK, MMPs, and EMT are complex. 
eHsp90 rapidly initiates ERK activation, 
which is required for increased MMP-2/9 
activity, supporting ERK as an upstream 
regulator of MMP function. In addition, it 
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was shown that ERK may be activated by 
MMP-2/9 in ARCaPE and other cancer 
models (19). Our data also indicate that 
ERK may additionally function downstream 
of MMP-2/9. We therefore propose that 
eHsp90 mediated MMP-2/9 activity is 
required to potentiate and sustain ERK 
activity, implicating a feed-forward 
mechanism. Our data support a contributory 
role for MMP-3, and MMP-3 has been 
implicated in promoting cell motility (65), at 
least in part via activation of MMP-9 (87).  

Further work is required to clarify the 
precise contribution of these proteins to 
eHsp90 mediated ERK activation and E-
cadherin suppression. Additional functions 
for MMP-2/9 may be considered (Fig 7C). 
First, MMP-2/9 signaling may induce ERK 
activation via growth factor initiated receptor 
activation (19). Although we cannot exclude 
this possibility, LRP1 silencing precludes 
ERK activation, indicating that LRP1 plays a 
dominant role in this process.  Second, 
MMP-2/9 may cleave E-cadherin, thereby 
attenuating its tumor suppressive function 
(88). Although this is possible, we did not 
observe cleavage products (unpublished), 
and MMP suppressive activity is at least 
partially due to its modulation of E-cadherin 
transcript expression. Third, MMP-9 is a 
ligand for LRP1 (89) and may signal through 
LRP1 in a non-proteolytic manner to 
regulate ERK activity (90). Nonetheless, our 
data conclusively establish that MMP-2/9 
and ERK are critical regulators of eHsp90’s 
coordinate effects upon junctional integrity 
and cell motility. 

Hsp90 has been detected from patient 
serum and ascites fluid in a number of 
cancer types (37,41,91,92), yet the source 
of this protein remains unclear. In support of 
a regulated secretory pathway, surface 
eHsp90 is detected from patients with 
metastatic melanoma tumors (93). Our 
discovery that Hsp90 is found on the 
surface of a subpopulation of primary tumor 
cells further reinforces a regulated pathway 

for Hsp90 secretion. A striking finding is the 
increased expression of MMP-2 and MMP-9 
transcripts associated with the eHsp90high 
population of tumor cells, which supports 
trends from our cell based models. Although 
it is possible that non-tumorigenic and/or 
stromal cells may be present in these 
preparations, this does not change the 
interpretation of our results that eHsp90 
appears to mark a distinct (presumably 
tumor) population of cells exhibiting 
transcripts associated with protumorigenic 
properties. Our finding that a relatively small 
subpopulation of eHsp90 expressing tumor 
cells may contribute to PCa progression 
also highlights the challenges in identifying 
a unifying genetic signature indicative of 
EMT events clinical samples.  

Despite its EMT inducing activity, 
eHsp90 was unable to enforce a permanent 
EMT, demonstrated by the ability of NPGA 
to reverse EMT like events in ARCaPE-
eHsp90. Within this context, it was 
remarkable that continued eHsp90 
expression was also required to sustain the 
aggressive properties of metastatic PCa cell 
types, including cell motility, expression of 
N-cadherin, and mesenchymal morphology. 
This constitutive reliance upon eHsp90 may 
be widespread, supported by the reported 
ability of eHsp90 targeting to suppress the 
metastatic potential of breast and other 
tumor types (35-38). Although the eHsp90 
mediated induction of MMP-2/9 has been 
implicated in several of these models, 
(35,37), the precise eHsp90 directed 
molecular events driving metastatic 
potential remain unresolved. A recent report 
has also implicated a role for N-cadherin in 
the invasion and metastasis of PCa (94). In 
light of these reports, the ability of eHsp90 
targeting to attenuate a subset of EMT 
events may have clinical utility in blocking or 
delaying cancer progression. Although more 
mechanistic details need to be elucidated, 
our data conclusively position eHsp90 as a 
novel and pivotal effector of tumor cell EMT 
plasticity.
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FIGURE LEGENDS 

 
FIGURE 1. An eHsp90-LRP1 signaling pathway initiates prostate cancer cell motility. A, 
Representative results from a scratch wound assay with PC3 prostate cancer cells following 
treatment with NPGA (1 uM) or either of two eHsp90 targeting antibodies (SPA-830, Ab1; SPS-
771, Ab2). B, Similar assay with DU145 cells transduced with either scrambled (scr) shRNA or 
shLRP1. C, Pharmacologic targeting of eHsp90 with NPGA (1 uM, 16 hr) and effects upon FAK 
and ERK activity. D, Comparison of shLRP1 and NPGA upon FAK and ERK activity. UT refers 
to untreated vehicle control.  Asterisks (*) indicate significance of p < 0.05. 

FIGURE 2. eHsp90 is elevated in more aggressive PCa cell types and is essential for cell 
motility. A, Detection of secreted eHsp90 alpha from the conditioned media of indicated cell 
pairs was assessed by ELISA. Each cell pair is lineage related, with the more metastatic 
derivative in black. B, Scratch wound assay assessed the effects of either exogenous eHsp90 
protein (3 day pre-treatment, 3 ug/ml) upon ARCaPE cell motility, or treatment of ARCaPM cells 
with NPGA. C, Similar treatment of epithelial P69 cells with eHsp90, and NPGA treatment of the 
metastatic counterpart M12. D, Effect of shLRP1 upon eHsp90 mediated cell motility in 
ARCaPE. UT refers to untreated vehicle control.  Asterisks (*) indicate significance of p-value 
<0.05.        

FIGURE 3.  eHsp90 induces molecular and morphological changes consistent with an 
epithelial to mesenchymal transition. A, ARCaPE cells treated for the indicated times with 
exogenous Hsp90 protein, and immunoblot analysis of epithelial E-cadherin (E-cad) and 
mesenchymal proteins N-cadherin (N-Cad) and Twist. Phase contrast images of cell 
morphology. B, Effects of NPGA treatment of ARCaPM upon E- and N-cadherin expression and 
corresponding cell morphology. C, Analysis of eHsp90 treatment of P69 non-tumorigenic cells 
as in A. D, Analysis of NPGA treatment  of M12 as in B.         

FIGURE 4. Modest elevation of eHsp90 is sufficient to suppress E-cadherin function and 
promote cell motility. A, (Upper panel) ELISA analysis of eHsp90 secretion from conditioned 
media collected from parental ARCaPE cells stably transduced with control (lacZ) or V5 tagged 
eHsp90 alpha lentivirus. (Lower panel) Immunoblot detection of total (endogenous and 
exogenous) eHsp90 alpha, or V5 detection of transduced eHsp90 protein. B, Immunoblot 
analysis of cell lysates from ARCaPE-LacZ or ARCaPE-eHsp90 confirmed consistent levels of 
intracellular eHsp90 alpha (IC Hsp90). Indicated analysis of E- and N- cadherin and ERK 
activity. C, Representative morphology of indicated ARCaPE cells. Analysis of cell motility of 
ARCaPE-eHsp90 either untreated or treated with NPGA. D, Effect of NPGA upon E-cadherin 
expression in ARCaPE-eHsp90. E, Analysis of E-cadherin localization in ARCaPE-LacZ and 
ARCaPE-eHsp90 untreated cells, or treated for the indicated times with NPGA. F, Membrane 
localization of ZO1 in ARCaPE-LacZ and ARCaPE-eHsp90 untreated cells, or treated with 
NPGA for 3 days. Asterisks (*) indicate significance of p-value < 0.05. Scale bar is 50 um.    

FIGURE 5. eHsp90 modulates the expression of multiple genes associated with EMT 
activation. A, A focused EMT qRT-PCR array was utilized to assess EMT regulated genes 
modulated by eHsp90 in ARCaPE cells. Samples for array data were derived from two identical 
biological replicate experiments. B, Transcript expression of E-cadherin and the indicated EMT 
transcriptional effectors from the array were validated by qRT-PCR in untreated (UT) ARCaPE 
or cells treated with eHsp90 protein for 1, 3, or 5 days (upper panel), whereas a similar analysis 
was performed for control or ARCaPE-eHsp90 genetically modified cells (lower panel). C, 
Increased expression of proteolytic MMP transcripts was also validated from both protein 
treated (upper panel) and ARCaPE-eHsp90 modified cells (lower panel). Quantitative PCR 
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levels were normalized to GAPDH expression. UT refers to untreated vehicle control.  Asterisks 
(*) indicate significance of p-value < 0.05.  

FIGURE 6. MMP and ERK activity are required for eHsp90 mediated motility and EMT 
events . A, A gelatin zymography assay was utilized to assay MMP-2/9 activity in control or 
ARCaPE-Hsp90 cells. For indicated inhibitors, cells were treated for 2 days prior to media 
collection. Cells were treated with ERK inhibitor (UO126, 10 uM), MMP-2/9 inhibitor (SB-3CT, 1 
uM), or NPGA (1 uM). B, Transcript expression of E-cadherin was evaluated in ARCaPE-
eHsp90 following a 3 day treatment with the following: NPGA (1 uM), pan-MMP inhibitor 
(GM6001, 1 uM), MMP-2/9 inhibitor (SB-3CT, 1 uM), MMP-3 inhibitor (inhibitor IV, 5 uM)  or 
ERK inhibitor (UO126, 10 uM). C, Immunoblot analysis of E-cadherin and ERK proteins in 
ARCaPE-eHsp90 following the time dependent inhibition of the following: MMP-2/9, MMP-3, or 
ERK. D, The effect of 3 days of MMP and ERK inhibition upon E-cadherin and ZO-1 localization 
in ARCaPE-LacZ and ARCaPE-eHsp90 was assessed by confocal microscopy. Cells were 
treated as in A, with inclusion of the pan-MMP inhibitor (GM6001, 1 uM) and the MMP-3 
inhibitor (inhibitor IV, 5 uM).  E, Evaluation of MMP and ERK in directing eHsp90 cell motility 
following a scratch wound assay. Scale bar is 50 um. UT refers to untreated vehicle control. 
Asterisks (*) indicate significance p-value < 0.05.  

FIGURE 7. Detection of eHsp90 protein and regulated transcripts in human 
prostatectomy tumor specimens. A, Prostate tissue from 2 patients was FACS sorted for 
eHsp90low and eHsp90high populations using a PE-conjugated antibody specific for Hsp90 alpha. 
In each instance, the subpopulation of eHsp90high cells represented approximately 5% of the cell 
population. Patient 1 was identified as Gleason 3+4 (stage T3aNO), while Patient 2 was 
Gleason 4+5 (stage T3bNO). B, RNA was harvested from these subpopulations and transcripts 
for MMP-2, MMP-3 and MMP-9 were evaluated via qRT-PCR. C, Proposed mechanism for 
eHsp90 mediated regulation of cell motility and EMT events. Tumor secreted eHsp90 functions 
in an autocrine manner via its receptor LRP1 to transduce ERK phosphorylation. eHsp90-LRP1-
ERK signaling subsequently initiates transcription of several pro-EMT transcription factors 
(Snail/Zeb/Twist), as well as MMPs. MMP activation serves to reinforce sustained ERK 
activation and E-cadherin suppression through several potential mechanisms (dotted arrows, 
see text for details). These concurrent processes deregulate junctional complexes (E-cadherin 
and ZO-1), resulting in a loss of cell polarity, increased migratory potential, and initiation of a 
subset of EMT events.  
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