
                                                                                                          AD______________ 
 
 
Award Number:  W81XWH-07-1-0156
 
  
 
TITLE: Targeting Neuropilin-1 in Prostate Cancer Bone Metastasis
 
     
   
 
PRINCIPAL INVESTIGATOR: Dr. Daqing Wu
 
                                                   
                                               
   
 
                   
CONTRACTING ORGANIZATION:  Emory University
                                                         Atlanta, GA  30322 
 
                                                       
 
REPORT DATE:  April 2011
 
 
 
TYPE OF REPORT:  Final
 
 
 
PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
                               Fort Detrick, Maryland  21702-5012  
 
 
 
DISTRIBUTION STATEMENT:  Approved for public release; distribution unlimited 
                         
 
 
The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To) 

 
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER 

 

 5b. GRANT NUMBER 
 

 5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 5d. PROJECT NUMBER 
 

 5e. TASK NUMBER 
 

E-Mail: 5f. WORK UNIT NUMBER 
 
 7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

 
 
 
 
 

 
 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 
U.S. Army Medical Research and Materiel Command 
 

  
Fort Detrick, Maryland  21702-5012   
  11. SPONSOR/MONITOR’S REPORT  
        NUMBER(S) 
   12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited  
 
 
 
 

13. SUPPLEMENTARY NOTES 
  
14. ABSTRACT  

15. SUBJECT TERMS  

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 
USAMRMC  

a. REPORT 
U 

b. ABSTRACT 
U 

c. THIS PAGE 
U 

 
UU 

 
 

19b. TELEPHONE NUMBER (include area 
code) 
 

 Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std. Z39.18 

 
 

W81XWH-07-1-0156

1 APR 2007 - 31 MAR 2011Final01-04-2011

Targeting Neuropilin-1 in Prostate Cancer Bone Metastasis

Dr. Daqing Wu

Emory University    
Atlanta, GA  30322 

prostate cancer, bone metastasis, neuropilin-1, CREB, VEGF, c-Met, Stat3, Mcl-1

Abstract on next page.

195

dwu2@emory.edu



 

 

14. ABSTRACT 

 

The role of neuropilin-1 (NRP1) in the progression of human prostate cancer 

(PCa) remains unclear. This New Investigator Award is to investigate the 

signaling mechanism and targeting potential of NRP1 in PCa bone metastasis. 

During the entire period of award performance, we accomplished three major 

tasks: 1) Molecular mechanism of NRP1 signaling in bone metastatic PCa cells. 

We elucidated a novel signaling mechanism by which bone metastatic PCa cells 

acquire survival advantages through the induction of VEGF via a CREB-HIF-1-

dependent pathway, which subsequently activates autocrine signaling by 

inducing NRP1-c-MET signaling and upregulates Mcl-1 expression via Stat3. We 

identified Mcl-1 as a convergent molecular target of VEGF and PDGF signaling 

in bone metastatic PCa cells. 2) Clinical significance of NRP1 signaling 

components in human PCa bone metastasis. We validated the clinical importance 

of our findings in human PCa bone metastasis. Expression of the key signaling 

components, including p-CREB, VEGF, NRP1, p-c-MET and Mcl-1, was found to be 

significantly associated with PCa bone metastasis. 3) Targeting NRP1 signaling 

in bone metastatic PCa cells. We explored the targeting potential of the NRP1-

Mcl-1 signaling pathway in treating PCa bone metastasis. Several strategies 

(including siRNA, shRNA, monoclonal antibody and small molecule agents) were 

developed to effectively induce apoptosis and tumor regression in pre-clinical 

models of PCa metastasis.  

 

This project has resulted in 6 peer-reviewed publications, 1 manuscript under 
review and 3 meeting abstracts.  
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Introduction   
 
Overexpression of neuropilin-1 (NRP1), a "co-receptor" of  vascular endothelial growth factor (VEGF), has 
been implicated in the progression of prostate cancer (PCa) and other solid tumors. However, the signaling 
mechanism of NRP1 in cancer cells lacking the “classic” receptors (VEGFRs), and the clinical significance of 
NRP1 signaling in PCa, remain largely unknown. This New Investigator Award is to investigate the signaling 
mechanism and targeting potential of NRP1 in PCa bone metastasis. Three tasks are proposed: 
 
1) To investigate a crucial role of NRP1 signaling in the survival of bone metastatic PCa cells; 
 
2) To evaluate the clinical significance of NRP1 signaling in human PCa bone metastasis;   
 
3) To explore therapeutic strategies for interrupting the NRP1 signaling to inhibit PCa growth and colonization 
in bone. 
 
Our major findings and accomplishments during the entire funding period are described in detail below.  
 
Body   
 
A. Molecular mechanism of NRP1 signaling in bone metastatic PCa cells 
  
In this task, we characterized the regulatory mechanism for VEGF expression, and NRP1-mediated 
VEGF signaling components in PCa cells. We demonstrated that: 1) cAMP-responsive element-binding 
protein (CREB) is a novel regulator of VEGF expression in bone metastatic PCa cells. CREB may 
regulate VEGF transcription via a hypoxia-inducible factor-1α (HIF-1α)-dependent mechanism in 
normoxic conditions. 2) VEGF-NRP1 signaling confers PCa cells resistance to apoptosis and supports 
tumor growth by inducing expression of myeloid cell leukemia-1 (Mcl-1) via c-MET-dependent 
activation of Src kinases and signal transducers and activators of transcription 3 (Stat3).  
 
1. Elucidation of a novel regulatory mechanism for VEGF expression in bone metastatic PCa cells  
 
We elucidated a novel signaling 
mechanism by which bone metastatic 
PCa cells acquire survival advantages 
through the induction of VEGF via a 
CREB-HIF-1-dependent pathway. 
 
1.1. CREB activation is associated with 
bone metastatic potential and EMT in 
PCa cells 
  
We used a human PCa ARCaP 
progression model with epithelial-to-
mesenchymal transition (EMT) 
properties to investigate the roles of 
CREB in PCa bone metastasis. An 
ARCaP subclone, ARCaPE, has a 
relatively low propensity for bone 
metastasis (12.5%) after intracardiac 
injection, whereas ARCaPM, a bone 
metastatic derivative of ARCaP closely 
associated with ARCaPE, has 
dramatically greater bone metastatic 
potential (100%) and significantly 
shorter latency.   

 
Figure 1. CREB phosphorylation is associated with bone-
metastatic potential and EMT. a) Western blot analysis 
demonstrated increased expression of p-CREB in whole-cell lysates 
and nuclear portions of ARCaPM cells. b) IHC staining of p-CREB 
increased in primary tumor specimens of ARCaPM and increased 
further in ARCaPM bone metastatic tissue specimens.    
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 Western blot analysis (Fig.1a) showed a slight increase in CREB expression in ARCaPM total lysates, with 
significantly elevated activated CREB. Phosphorylation of CREB (p-CREB) proteins was more abundant in the 
ARCaPM nucleus, indicating activation of CREB-dependent transcription. The association of p-CREB 
expression with increased bone metastatic potential was confirmed in tumor tissues from ARCaP primary and 
bone metastasis specimens (Fig.1b).  
 
1.2. Activation of CREB induces VEGF 
transcription in ARCaP cells  
  
We examined differential expression of 
VEGF transcripts in normoxic ARCaP cells. 
Reverse transcription-PCR (RT-PCR) 
analysis showed elevated endogenous 
mRNA levels of both VEGF121 and VEGF165 
in ARCaPM cells (Fig.2a). ELISA of ARCaP 
conditioned medium (CM) confirmed a 2-fold 
increase in total VEGF secretion by ARCaPM 
when compared to ARCaPE cells (Fig.2b), 
indicating that VEGF upregulation occurred in 
normoxic PCa cells and this increased 
secretion may be associated with EMT and 
the invasiveness of PCa cells.   
  
Pharmacological and gene transfer 
experiments in ARCaPE cells 
explored whether CREB activation 
is responsible for VEGF 
expression in PCa cells. 
Treatment with adenylate cyclase 
activator forskolin (FSK) rapidly 
increased VEGF mRNA levels, 
with more significant induction of 
VEGF165 than VEGF121 (Fig.3a). 
Conversely, a PKA selective 
inhibitor, H89, reduced VEGF 
mRNA levels. VEGF ELISA in 
ARCaPE CM confirmed these 
results; VEGF secretion was 
induced by FSK and inhibited by 
H89 (Fig.3b). VEGF expression 
may be controlled by PKA-CREB 
signaling in normoxic PCa cells.  
 
ARCaPE cells were transiently 
transfected with expression 
vectors for wild-type CREB 
(WTCREB), a dominant negative 
mutant of CREB (KCREB), using 
empty vector (pCMV) as the 
control. KCREB forms an inactive 
dimer with CREB, blocking its 
ability to bind cAMP-response 
element (CRE) without interfering 
with CREB phosphorylation. 
Western blot analysis confirmed 

 
Figure 2. VEGF up-regulation is associated with bone-
metastatic potential and EMT. (a) Expression of VEGF isoforms 
VEGF165 and VEGF121 was increased in ARCaPM cells in 
normoxia. (b) VEGF secretion increased in ARCaPM CM (p < 0.01). 
Relative VEGF levels were normalized by dividing VEGF 
concentrations (pg/ml) by total protein concentrations (mg/ml) in CM.  
 

 
 
Figure 3. CREB regulates VEGF transcription in ARCaP cells. (a) FSK 
treatment (10 μM; 4 h) induced and H89 (5 μM) inhibited VEGF transcription in 
ARCaPE cells. (b) FSK treatment (2 d) induced and H89 inhibited VEGF 
secretion in ARCaPE CM. (c) Transient expression (72 h) of pCMV (vector), 
WTCREB or KCREB in ARCaPE cells. (d) Ectopic expression (72 h) of 
WTCREB induced and KCREB inhibited VEGF transcription in ARCaPE cells.   
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expression of WTCREB or KCREB. p-CREB expression was significantly higher in WTCREB-transfected 
ARCaPE cells and slightly increased in KCREB-transfected cells (Fig.3c). RT-PCR analysis showed that mRNA 
levels of VEGF165 and VEGF121 were remarkably enhanced by WTCREB but inhibited by KCREB (Fig.3d), 
suggesting that CREB could regulate VEGF transcription in ARCaP cells. 
  
1.3. HIF-1α is required for CREB regulation of VEGF in ARCaP cells   
  
We investigated 
whether p-CREB 
directly interacts with 
putative CRE site(s) 
within VEGF promoter 
to regulate VEGF 
transcription. We 
performed 
computational analysis 
on the 5’-flanking 
sequence of the human 
VEGF gene and 
identified a putative 
CRE site was located 
about 5 kb upstream 
from the transcriptional 
start site, with one base 
variation (TGAGGTCA) 
(Fig.4a). We used a  
pVEGF-KpnI plasmid 
for a reporter assay, 
with a 2.65 kb fragment 
of VEGF promoter 
including a 47-bp HRE 
sequence (-985 to -939 
bp) but not the putative 
CRE motif (Fig.4a). 
Luciferase activity 
showed that WTCREB 
increased and KCREB 
inhibited VEGF reporter 
activity (Fig.4b), 
confirming that CREB 
induces VEGF 
transcription in 
normoxic PCa cells and 
suggesting the putative 
CRE site may be 
dispensable for CREB 
induction of VEGF. 
CREB may rely on HIF-1α to regulate VEGF expression in PCa cells, since higher basal HIF-1α expression 
was found in ARCaPM cells compared to normoxic ARCaPE cells (Fig.4c). ARCaPM also expresses more p-
CREB and VEGF (Fig.1a, Fig.2). HIF-1α small interfering RNA (siRNA) experiments tested whether HIF-1α-
dependent gene transcription is involved in CREB regulation of VEGF transcription. HIF-1α siRNA inhibited 
endogenous HIF-1α expression in ARCaPE cells. FSK could stimulate VEGF transcription in control- siRNA- 
but not HIF-1α-siRNA-transfected ARCaPE cells (Fig.4d). These data suggest that HIF-1α and CREB activation 
are essential to promote VEGF expression in PCa cells.    
 

 
Figure 4. HIF-1α is required for CREB regulation of VEGF transcription in normoxia. 
(a) Schematic description of the human VEGF 5’-flanking region. The locations of HRE and 
a putative CRE site are shown relative to the transcriptional initiation site in human VEGF 
gene. (b) pVEGF-KpnI reporter activity was induced by transient expression (48 h) of 
WTCREB but inhibited by KCREB in ARCaPE cells. (c) HIF-1α expression was increased in 
total lysates and nucleus of ARCaPM cells. (d) HIF-1α siRNA transfection (48 h) reduced 
HIF-1α expression in ARCaPE cells. FSK (10 μM; 2 h) induced VEGF transcription in 
ARCaPE cells transfected with control siRNA (48 h), but not in HIF-1α siRNA-treated cells.  
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1.4. Activation of CREB recruits 
HIF-1α and facilitates its binding 
to VEGF promoter region  
 
To examine whether activated 
CREB induced intracellular 
translocation of HIF-1α, 
ARCaPE nuclear proteins were 
extracted after FSK treatment 
(10 μM) at various time periods. 
Western blot analysis showed 
dynamic changes in expression 
of several CREB-interacting 
transcription factors in the 
nucleus (Fig.5a). CREB 
activation seems to be 
accompanied by a dynamic 
change in nuclear accumulation 
of HIF-1α, CBP and p300, 
which may form a 
transcriptional complex induced 
by hypoxia or FSK to regulate 
VEGF promoter activity and 
HIF-1α-dependent transcription.   
 
To determine whether CREB 
activation induces HIF-1α 
binding to HRE, we used ELISA 
to quantify HIF-1α activation 
and binding to HRE in ARCaPE 
cells (Fig.5b). The data suggest 
that CREB activation by FSK 
induced specific interaction 
between the ARCaPE nuclear 
transcription complex which 
comprised of CREB/HIF-1α and 
the HRE consensus.    
 
We investigated whether CREB 
activation promoted specific 
binding of HIF-1α to VEGF promoter by chromatin immunoprecipitation (ChIP) assay. Activation of CREB 
signaling by FSK showed a considerable increase in HIF-1α binding with the HRE region in ARCaPE cells, but 
not in KCREB-transfected ARCaPE cells (Fig.5c), demonstrating that CREB activation facilitates association of 
HIF-1α with VEGF promoter. Further supporting this model, HIF-1α reporter activity was significantly induced in 
WTCREB-transfected, but not in KCREB-transfected cells in the pHIF1-luc reporter assay (Fig.5d).    
 
In summary, these results elucidated a novel regulatory mechanism of VEGF expression in bone 
metastatic PCa cells (Fig.6). This signaling pathway was independently supported by our other studies 
in PCa and renal cancer cells. For detailed description, please refer to our publications (1-3) (Appendices 1-
3).  
 
2. Elucidation of NRP1 downstream signaling in bone metastatic PCa cells  
 
We elucidated a novel mechanism by which VEGF regulates Mcl-1 expression through NRP1-dependent 
activation of c-MET signaling, which may contribute to PCa bone metastasis.  

 
Figure 5. Activation of CREB may induce a HIF-1α-dependent transcriptional 
complex on VEGF promoter. (a) FSK (10 μM) induced rapid nuclear translocation 
of p-CREB, HIF-1α, CBP and p300 in ARCaPE cells. (b) Transcription factor 
ELISA assay demonstrated that FSK (10 μM) induced specific binding of ARCaPE 
nuclear extracts to the HRE consensus in a time-dependent manner, which was 
inhibited by wild-type HRE oligonucleotide, but not by mutated oligonucleotide. 
COS nu .prot: CoCl2-treated COS-7 nuclear extract (5µg); wt. oligo: wile-type HRE 
consensus; mut. oligo: mutated HRE consensus; nu. prot: ARCaPE nuclear 
proteins. (c) ChIP assay demonstrated that FSK treatment (10 μM) induced 
specific binding of HIF-1α to the HRE site within the VEGF promoter in ARCaPE 
cells, but not in KCREB-transfected cells. (d) Transient expression of WTCREB 
induced, but KCREB inhibited, HIF-1α reporter activity in ARCaPE cells.   
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Figure 6. Proposed model for CREB regulation of VEGF expression. CBP 
or p300 may be scaffold proteins for p-CREB and HIF-1 to form a 
transcriptional complex on VEGF promoter in response to CREB activation 
(Wu et al., Oncogene, 2007).

2.1. Mcl-1 is a survival factor in human PCa cells 

We developed a new model for the 
study of PCa bone metastasis. The 
ARCaPM-C2 subclone, derived 
from metastatic bone tissues after 
two rounds of intracardiac injection 
of ARCaPM cells in athymic mice, 
forms predictable metastases to 
bone, adrenal gland and other soft 
tissue with higher propensity and 
shorter latency  (Fig. 7a). RT-PCR
and immunoblotting analyses found 
that Mcl-1 was substantially 
expressed by ARCaPM cells, and 
further increased in ARCaPM-C2 
cells (Fig. 7b). Similarly, increased 
Mcl-1 expression was observed in 
metastatic C4-2 and C4-2B cells 
when compared to their parental, 
androgen-dependent human PCa 
cell line LNCaP. These results 
suggested a possible association 
between Mcl-1 expression and 
invasive phenotypes of PCa cells.  

To examine the function of Mcl-1 in 
PCa cell survival, a Mcl-1 siRNA was transfected into ARCaPM cells. siRNA treatment effectively inhibited Mcl-
1 expression and significantly reduced cell viability by ~36% after 72h (Fig. 7c). Annexin V staining by 
fluorescence-activated cell sorting (FACS) analysis showed that the Mcl-1 siRNA induced apoptosis in 
24.4±2.3% of ARCaPM cells (Fig.7d). These results indicated that Mcl-1 may be an important survival factor in 
PCa cells. 

2.2. VEGF regulates Mcl-1 expression in human PCa cells 

RT-PCR assay that could differentiate mRNA expression of VEGF165 and VEGF121 isoforms was performed in 
ARCaPM and ARCaPM-C2 cells, showing a significant increase in the expression of both VEGF isoforms in 
ARCaPM-C2 cells, as confirmed at protein level by ELISA. Similarly, C4-2 cells express higher levels of VEGF 
when compared to LNCaP cells (Fig.8a). These data suggested that VEGF expression is elevated in 
metastatic PCa cells.  

Intriguingly, VEGF165 was found to rapidly induce Mcl-1 mRNA expression in a dose- and time-dependent 
manner, with the maximum accumulation of Mcl-1 mRNA after 2 h-incubation at the concentration of 10 ng/ml. 
Western blot analysis confirmed a remarkable increase of Mcl-1 protein in ARCaPM cells and LNCaP cells 
treated with VEGF165 (Fig.8b). Conversely, when ARCaPM cells were transfected with a VEGF siRNA 
nucleotide that selectively inhibited expression of VEGF165 but not VEGF121, expression of Mcl-1, but not Bcl-2, 
was reduced after 72 h (Fig. 8c). These results indicated that VEGF165 may specifically regulate Mcl-1
expression in PCa cells.  
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Figure 7. Mcl-1 is a survival factor in human PCa cells. (a) Intracardiac (i.c) injection of ARCaPM cells in athymic 
mice resulted in metastases to bone and soft tissues. The ARCaPM-C2 subclone was derived from metastatic bone 
tissues after two rounds of intracardiac inoculation of ARCaPM cells. (b) Endogenous Mcl-1 expression in the ARCaPM 
model was examined by RT-PCR and western blotting analyses. (c) Effect of Mcl-1 siRNA on ARCaPM cell viability. 
Subconfluent ARCaPM cells on a 6-well plate were transiently transfected with Mcl-1 siRNA (30 nM) for 72 h. 
Endogenous expression of Mcl-1 at the mRNA and protein levels, and cell viability of ARCaPM cells as counted with 
trypan blue staining, were significantly inhibited by Mcl-1 siRNA treatment compared to the control. (d) Effects of Mcl-1 
siRNA on ARCaPM cell apoptosis. Subconfluent ARCaPM cells were transfected with Mcl-1 siRNA or control siRNA for 
72h, expression of annexin V was measured by FACS. 
 

 
 

 



7 
 

 
2.3. NRP1 regulates both basal expression and VEGF induction of Mcl-1 in PCa cells 
 
 Expression of VEGF-Rs was examined in several PCa cell lines with human umbilical vein endothelial cells 
(HUVEC) as a positive control (Fig. 9a). VEGF-R1 was undetectable in PCa cells. Only very low expression of 

 

 
Figure 8. VEGF165 regulates Mcl-1 expression in PCa cells. (a) VEGF expression in ARCaPM-ARCaPM-C2 and 
LNCaP-C4-2 models. (b) VEGF165 effects on Mcl-1 expression in ARCaPM and LNCaP cells. Cells were treated with 
VEGF165 at indicated concentrations and times, and Mcl-1 mRNA expression was measured. For immunoblotting, 
ARCaPM cells were incubated with VEGF165 (10 ng/ml) for 72h. (d) Effects of VEGF siRNA on Mcl-1 expression. 
ARCaPM cells were transfected with VEGF siRNA or control siRNA (80 nM) for 72 h.   
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VEGF-R2 could be observed in ARCaPM-C2 cells. However, NRP1 was ubiquitously expressed in PCa cells at 
a level comparable to that in HUVEC, and higher in metastatic ARCaPM-C2, PC3, C4-2 and C4-2B cells. 
NRP2, the “co-receptor” for VEGF-C, was not detected in PCa cells. These data implied that NRP1 may be the 
major receptor mediating VEGF effects in PCa cells.  
 
The role of NRP1 in the regulation of Mcl-1 expression was investigated. Compared to the control, ectopic 
expression of NRP1 resulted in increased Mcl-1 at both the mRNA and protein levels (Fig.9b). Conversely, 
transfection with a NRP1 siRNA specifically inhibited NRP1 and reduced endogenous Mcl-1 expression in 
ARCaPM cells (Fig. 9c). These data indicated that NRP1 may be required and sufficient for basal expression of 
Mcl-1 in PCa cells. Further, Fig. 9d showed that expression of NRP1 siRNA, but not control siRNA, abrogated 
VEGF165 induction of Mcl-1 in ARCaPM cells. These data indicated an indispensible role of NRP1 in mediating 
VEGF165 induction of Mcl-1 in PCa cells.    

 
2.4. c-MET signaling is required for VEGF regulation of Mcl-1 in PCa cells 
  
We demonstrated that c-MET is involved in VEGF regulation of Mcl-1 in PCa cells. A c-MET siRNA construct 
was transfected into 
ARCaPM cells, which 
effectively inhibited 
endogenous c-MET 
(Fig.10a). c-MET siRNA 
treatment reduced Mcl-1 
protein expression, 
suggesting that c-MET is 
involved in maintaining 
basal expression of Mcl-1 
in PCa cells. Interestingly, 
however, recombinant 
HGF treatment did not 
significantly affect Mcl-1 
expression at either RNA 
or protein levels (Fig.10b), 
indicating that HGF-
dependent activation of c-
MET signaling is not 
sufficient to induce Mcl-1 
expression in these cells.  
 
We further investigated 
whether c-MET signaling is 
required for VEGF165 
induction of Mcl-1. VEGF165 
only induced Mcl-1 
expression in ARCaPM 
cells transfected with 
control siRNA, not in those 
expressing c-MET siRNA 
(Fig.10c). PHA-665752, a 
c-MET selective inhibitor, 
was used to treat ARCaPM 
cells prior to addition of 
VEGF165. PHA-665752 
significantly attenuated 
VEGF165 induction of Mcl-
1in ARCaPM cells 

 
Figure 9. NRP1 is required for basal expression and VEGF165 induction of Mcl-1 in 
ARCaPM cells. (a) Expression of VEGF-Rs in PCa cells and HUVEC. (b) Effect of 
ectopic expression of NRP1 on Mcl-1 basal level. Subconfluent ARCaPM cells on 6-well 
plates were transfected with pCMV-NRP1 or pCMV-XL4 (16 µg) for 48h (for RT-PCR) or 
72h (for immunoblotting). (c) Effects of NRP1 siRNA on Mcl-1 basal expression. ARCaPM 
cells were transfected with NRP1 siRNA or control siRNA (60 nM) for 48h (for RT-PCR) 
or 72h (for immunoblotting). (d) Effects of NRP1 siRNA on VEGF165 induction of Mcl-1. 
ARCaPM cells were transfected with NRP1 siRNA or control siRNA for 48 h, respectively. 
Cells were then serum-starved overnight, and treated with VEGF165 (10 ng/ml) or PBS for 
2h.  
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(Fig.10d). These data indicated that 
c-MET signaling is required for 
VEGF regulation of Mcl-1 in PCa 
cells.  
 
2.5. VEGF induces c-MET 
activation by a NRP1-dependent 
mechanism in PCa cells 
 
We showed that VEGF165 could 
induce c-MET activation through 
NRP1. ARCaPM cells were 
transiently transfected with NRP1 
siRNA or control siRNA before 
VEGF165 treatment. VEGF165 
induced rapid phosphorylation of c-
MET at Tyr1230/1234/1235 
residues in ARCaPM cells 
transfected with control siRNA, but 
this effect was significantly 
attenuated by expression of NRP1 
siRNA. Expression of total c-MET 
protein was not affected by siRNA 
treatment (Fig.11a).  

 
An immunoprecipitation assay was 
performed in ARCaPM cells treated 
with VEGF165 for varying times, 
which demonstrated that VEGF can promote the physical association between NRP1 and c-MET, and 
activation (phosphorylation) of c-MET (p-c-MET) (Fig.11b). Confocal microscopy (Fig.11c) independently 
supported a mechanism that NRP1 may be constitutively associated with c-MET on plasma membrane. Upon 
VEGF165 binding, NRP1 may further recruit c-MET and facilitate its activation, subsequently transmitting 
VEGF165 signal (Fig.12).  

 
2.6. Src kinases and Stat3 mediate VEGF induction of Mcl-1 
 
We demonstrated that the Src kinase-Stat3 pathway is a downstream component in NRP1 signaling in 
ARCaPM cells (Figure 13a). Expression of NRP1 siRNA in ARCaPM cells significantly inhibited phosphorylation 
of Src kinases at Tyr416 (p-Src), as well as activation of Stat3 at Tyr705 (p-Stat3), without altering expression 
of endogenous Src kinases and Stat3.  
 
VEGF165 rapidly induced expression of both p-Src (Tyr416) and p-Stat3 (Tyr705) in a time-dependent manner 
in ARCaPM cells. Significantly, VEGF165 promoted rapid intracellular translocation of p-Stat3 (Tyr705) from the 
cytoplasm to the nucleus, indicating activation of Stat3-dependent gene expression. By contrast, nuclear 
presence of p-Stat3 (Ser727), which has been associated with HGF-induced Mcl-1 expression in primary 
human hepatocytes, was not affected (Fig.13b). These data indicated that Src kinase-Stat3 pathway activation 
may be an important event following VEGF165 stimulation.  
 
We assessed the role of Src kinase-Stat3 signaling in VEGF165 regulation of Mcl-1. PP2, a selective inhibitor of 
Src kinases, was used to treat ARCaPM cells before VEGF165 stimulation. PP2 treatment effectively abrogated 
VEGF165 induction of Mcl-1 (Fig.13c). Similarly, Mcl-1 mRNA expression was rapidly induced by VEGF165 in 
ARCaPM cells transfected with control siRNA, but not in the cells expressing Stat3 siRNA (Fig.13d). 
Collectively these data suggested that Src kinase-Stat3 signaling may be required for VEGF induction of Mcl-1 
in PCa cells (Fig.12). 

 
Figure 10. c-MET signaling is required for VEGF165 induction of Mcl-1 in 
ARCaPM cells. (a) Effects of c-MET inhibition on Mcl-1 expression. ARCaPM 
cells were transfected with c-MET siRNA or control siRNA (30 nM) for 72h. (b) 
Effects of recombinant HGF treatment (10 ng/ml) on Mcl-1 expression at RNA 
(0, 2, 4 and 6 h) and protein levels (72h). (c) ARCaPM cells were transfected 
with c-MET siRNA or control siRNA for 48 h, serum-starved overnight, and 
treated with VEGF165 (10 ng/ml) for 2h. (d) ARCaPM cells were treated with 
PHA-665752 (0.5 μM) or dimethyl sulfoxide (DMSO) for 2h, before treatment 
with VEGF165 (10 ng/ml) or PBS for 2h. 
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Figure 11. VEGF165 induces c-MET activation through a NRP1-dependent mechanism. (a) Effects of NRP1 
depletion on VEGF165-mediated c-MET phosphorylation. ARCaPM cells were transfected with NRP1 siRNA or 
control siRNA for 48h, serum-starved overnight, then treated with VEGF165 (10 ng/ml) for 60 min. (b) 
Immunoprecipitation assay of NRP1-c-MET interaction. Serum-starved ARCaPM cells were treated with VEGF165 
(10 ng/ml) for the indicated times, and immunoprecipitated with anti-NRP1 (upper), or anti-c-MET (low) antibody. 
(c) Co-localization of NRP1 and c-MET or p-c-MET. Serum-starved ARCaPM cells were treated with VEGF165 
(10ng/ml) or PBS for the indicated times. Immunofluorescence staining of NRP1, c-MET or p-c-MET was 
performed and visualized by confocal microscopy. Arrows indicate co-localization of NRP1 and c-MET or p-c-
MET. 
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In summary, we demonstrated that 
activation of VEGF-NRP1-c-MET 
signaling is responsible for Mcl-1 
expression, which may confer survival 
advantages allowing PCa cells to evade 
apoptosis and progress towards invasive 
states (Figure 12). For detailed description, 
please refer to our recent publication (4) 
(Appendix 4).  
 
3. Mcl-1 is a convergent target gene of 
VEGF and platelet-derived growth factor 
(PDGF) signaling in bone metastatic PCa 
cells.  
 
We demonstrated PDGF-BB could 
significantly activate Mcl-1 expression at 
mRNA level, which may contribute to PCa 
bone metastasis. 
 
3.1. PDGF-BB induces Mcl-1 expression 
and antagonizes apoptosis in PCa cells 
 
PDGF-BB was found to significantly induce 

 
Figure 13. Src kinase-Stat3 signaling mediates VEGF165 induction of Mcl-1 expression in ARCaPM cells. (a) 
Effects of NRP1 inhibition on phosphorylation of Src kinases and Stat3. ARCaPM cells were transfected with NRP1 
siRNA or control siRNA for 72 h. (b) Effects of VEGF165 on the phosphorylation of Src kinases and Stat3. ARCaPM cells 
were treated with VEGF165 (10 ng/ml) for the indicated time, and immunoblotting was performed on total lysates (left) 
and nuclear extracts and cytoplasmic proteins (right). (c) Effects of Src kinases on VEGF165 regulation of Mcl-1. 
ARCaPM cells were treated with PP2 (10 μM) or DMSO for 2h before treatment with VEGF165 or PBS. (d) Effects of 
Stat3 depletion on VEGF165 induction of Mcl-1. ARCaPM cells were transfected with Stat3 siRNA or control siRNA (80 
nM) for 48h, serum-starved overnight, then treated with VEGF165 (10 ng/ml) or PBS for 2h.  
 

 

 
 
Figure 12. A proposed model for VEGF165 regulation of Mcl-1 in 
PCa cells. NRP1 may be constitutively associated with c-MET on 
plasma membrane. VEGF165 engagement recruits c-MET into the 
protein complex and promotes its interaction with NRP1, thereby 
enhancing phosphorylation of c-MET. Src kinase-Stat3 signaling is 
subsequently activated, resulting in nuclear translocation of p-Stat3 
and activation of Mcl-1 expression. Increased intracellular Mcl-1 
protects PCa cells from apoptosis (Zhang et al., Mol. Cancer., 2010). 
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Mcl-1 expression in PCa cells (Fig. 14a). Treatment with recombinant human PDGF-BB increased Mcl-1 
mRNA in a 
dose- and time-
dependent 
manner. 
Western blot 
analysis 
confirmed the 
inductive 
effects of 
PDGF-BB on 
Mcl-1 
expression at 
protein level. 
These data 
identified 
PDGF-BB as a 
novel regulator 
of Mcl-1 
expression, 
which could 
provide a 
survival 
mechanism to 
protect PCa 
cells from apoptosis. Indeed, addition of PDGF-BB in PCa cell cultures effectively antagonized the cytotoxicity 
of docetaxel (Fig.14b). 

 
3.2. An autocrine PDGFR signaling mediates PDGF-BB regulation of Mcl-1 in PCa cells 
 

Fig. 14. PDGF-BB upregulates Mcl-1 and protects PCa cells from apoptosis. (a) Upper and 
middle panels: The dose- and time-dependent effects of PDGF-BB on Mcl-1mRNA expression in 
ARCaPM cells; bottom panel: The effects of PDGF-BB treatment (20ng/ml, 72 h) on Mcl-1 protein 
expression in ARCaPM cells. (b) The effects of exogenous PDGF-BB on the cytotoxicity of docetaxel 
in ARCaPM cells, as determined by the MTS assay. 
 
 

 
Figure. 15. Activation of the PDGFR signaling is required for Mcl-1 expression in PCa cells. (A) Expression profile 
of PDGFR signaling components in PCa cells, as analyzed by RT-PCR and Western blotting. (B) The effects of PDGF-BB 
(20 ng/ml) on the phosphorylation of PDGFR-α and -β in ARCaPM cells. (C) The effects of depleting PDGFR-α or/and -β 
on Mcl-1 protein expression in ARCaPM cells. The cells were transfected with either isotype-specific siRNAs targeting 
PDGFR-α (left panel, 30 nM) or PDGFR- β (central panel, 100 nM), or a mixture of PDGFR-α and -β siRNAs (right panel) 
for 48 h, serum-starved overnight, and incubated in the presence or absence of PDGF-BB (20 ng/ml) for 72 h.  
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RT-PCR analyses showed that the PDGF isoforms were differentially expressed at mRNA level. Interestingly, 
PDGFR-α mRNAs appeared to be substantially expressed in PCa cells, which was confirmed at protein level 
by Western blot analysis. In contrary, though PDGFR-β mRNAs were detected by RT-PCR in most PCa cell 
lines, immunoblotting analysis could only confirm protein expression in ARCaPE and ARCaPM cells (Fig.15a). 
Taken together, these data suggested a functional PDGF autocrine signaling in certain PCa cells. 
 
 

 
Figure 16. β-catenin mediates PDGF regulation of Mcl-1 expression in PCa cells. (A) Expression profile of β-
catenin-TCF signaling components in PCa cells. (B) TCF reporter activity in the LNCaP-C4-2 and ARCaPE-ARCaPM 
cells. (C) Upper panel: The effects of PDGF-BB (20 ng/ml) on the nuclear translocation of β-catenin in ARCaPM cells; 
Bottom panel: The effects of PDGF-BB (20 ng/ml) on TCF reporter activity in the presence (100 nM) or absence of AG-
17. (D) The effects of ectopic expression of β-catenin (72 h) on Mcl-1 expression at both mRNA and protein levels. (E) 
The effects of β-catenin depletion on PDGF-BB regulation of Mcl-1 expression in ARCaPM cells. The cells were 
transfected with β-catenin siRNA or control siRNA (30 nM) for 48 h, serum-starved overnight, and incubated in the 
presence or absence of PDGF-BB (20 ng/ml) for 72 h. (F) The effects of β-catenin depletion on Mcl-1 reporter activity in 
ARCaPM cells. The cells were transfected with β-catenin or control siRNA (30 nM) for 48 h, and further transfected with a 
human Mcl-1 reporter for 24 h. Following serum starvation overnight, the cells were incubated in the presence or 
absence of PDGF-BB (20 ng/ml) for 48 h. 
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Figure 17. PDGF-BB activates the c-Abl-p68-β-catenin signaling cascade in PCa cells. (A) Expression of c-Abl and 
p68 in PCa cells. (B) The effects of PDGF-BB (20 ng/ml) on the phosphorylation of c-Abl and p68, and the expression of 
β-catenin in the p68 immunoprecipitates in ARCaPM cells. (C) The effects of PDGF-BB (20 ng/ml) on the nuclear 
translocation of p68 in ARCaPM cells. (D) Confocal microscopy analysis of the effects of PDGF-BB on the co-localization 
of β-catenin and p68 in the nucleus in a time course experiment in ARCaPM cells. (E) The effects of p68 depletion on 
PDGF regulation of Mcl-1 in ARCaPM cells. The cells were transfected with p68 or control siRNA (30 nM) for 48 h, serum-
starved overnight, and incubated in the presence or absence of PDGF-BB (20 ng/ml) for 72 h. (F) The effects of p68 
depletion on Mcl-1 reporter activity in ARCaPM cells. The cells were transfected with p68 or control siRNA (30 nM) for 48 
h, and further transfected with human Mcl-1 reporter for 24 h. Following serum starvation overnight, the cells were 
incubated in the presence or absence of PDGF-BB (20 ng/ml) for 48 h. 
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Both PDGFR-α and -β were highly expressed in bone metastatic ARCaPM cells, and rapidly phosphorylated in 
a time-dependent manner in response to the stimulation of exogenous PDGF-BB (Fig.15b). Interesting, 
depletion of either PDGFR-α or -β by isoform-specific siRNA did not block the inductive effect of PDGF-BB on 
Mcl-1 expression (Fig.15c, left and central panels), suggesting that activation of either receptors may be 
sufficient for the upregulation of Mcl-1. Supporting this hypothesis, transient transfection with a mixture of 
siRNAs targeting both PDGFR-α and -β inhibited the basal expression of Mcl-1, and abrogated PDGF-BB 
induction of Mcl-1 ARCaPM cells (Fig.15c, right panel).  

 
3.3. β-catenin mediates PDGF regulation of Mcl-1 expression in PCa cells 
 
Western blot analysis found that β-catenin and TCF4, a major β-catenin-interacting transcription factor, were 
differentially expressed in PCa cells (Fig.16a), suggesting a functional β-catenin-TCF4 signaling in these cells. 
In fact, an artificial TCF promoter was activated in both the LNCaP-C4-2 and ARCaPE-ARCaPM cell lineages, 

 

 
 
Figure 18. PDGF-BB promotes protein interaction between β-catenin and HIF-1α in PCa cells. (A) The 
effects of HIF-1α depletion on Mcl-1 expression in ARCaPM cells. The cells were transfected with HIF-1α or control 
siRNA (30 nM) for 72 h, and analyzed for Mcl-1 expression by immunoblotting. (B) Western blot analysis of the 
effects of PDGF-BB (20 ng/ml) on the nuclear translocation of β-catenin and HIF-1α in ARCaPM cells. (C) Co-
immunoprecipitation assays of the effects of PDGF-BB (20 ng/ml) on the interaction between β-catenin and HIF-
1α in the nucleus in ARCaPM cells. (D) Confocal microscopy of the effects of PDGF-BB (20 ng/ml) on the co-
localization of β-catenin and HIF-1α in the nucleus in ARCaPM cells. 
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Figure 19. A putative HRE site is required for PDGF-BB activation of Mcl-1 promoter. (A) The effects of PDGF-BB 
on the HIF-1 reporter activity in ARCaPM cells. The cells were transiently transfected with HIF-1 reporter or pGL3 for 24 
h, serum-starved and incubated in the presence or absence of PDGF-BB (20 ng/ml) for 48 h. (B) Schematic diagram of 
human Mcl-1 promoter and its deletion mutation at the putative HRE site. (C) The effects of deleting the putative HRE 
site on PDGF regulation of Mcl-1 promoter activity in ARCaPM cells. IL-6 (200 ng/ml) was included as the positive 
control. (D) ChIP assay of the effects of PDGF-BB treatment (20 ng/ml) on HIF-1α binding to human Mcl-1 promoter 
region in ARCaPM cells. 
 

and the reporter activities appeared to be associated with increased in vivo metastatic potential in C4-2 and 
ARCaPM cells (Fig.16b).  
 
Upon PDGF-BB treatment, the nuclear presence of β-catenin was rapidly increased in ARCaPM cells (Fig.16c, 
upper panel). Consistently, TCF reporter activity was also significantly increased following PDGF-BB 
stimulation, which was attenuated by the pre-treatment with AG-17 (Fig.16c, bottom panel). These data 
indicated that PDGF-BB activated β-catenin signaling in a PDGFR-dependent manner. 
 
To investigate the role of β-catenin in the regulation of Mcl-1 expression, ARCaPM cells were transiently 
transfected with a construct expressing wild-type β-catenin. RT-PCR and Western blot analyses showed that 
ectopic epression of β-catenin increseased Mcl-1 at both mRNA and protein levels (Fig.16d). In contrary, β-
catenin depletion using a siRNA pool efficiently inhibited both the basal expression of Mcl-1 and its induction 
by PDGF-BB (Fig.16e). Consistently, whereas PDGF-BB significantly induced the luciferase activity of a full-
length human Mcl-1 promoter in ARCaPM cells transfected with non-targeting control siRNAs, this effect was 
abrogated by transient depletion of endogeneous β-catenin (Fig.16f). These results suggested that activation 
of β-catenin signaling may be sufficient and required for Mcl-1 expression in PCa cells. 
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3.4. PDGF activates p68-β-catenin signaling in PCa cells 
 
Western blot analyses found that c-Abl and p68 were differentially expressed in PCa cells (Fig.17a). Upon 
PDGF-BB treatment, tyrosine phosphorylation of c-Abl and p68 were rapidly activated, as evidenced by 
immunoprecipitation-immunoblotting assays (Fig.17b). Importantly, the presence of β-catenin in p68 
immunoprecipitates was also increased in a time-dependent manner, suggesting an enhanced physical 
association between β-catenin and p68 proteins. In fact, PDGF-BB induced rapid nuclear translocation of p68 
(Fig.17c), which was associated with increased co-localization of p68 and -catenin in the nucleus (Fig.17d). 
These data indicated that PDGF-BB could activate the c-Abl-p68 cascade and subsequent β-catenin signaling 
in PCa cells. 
 
As shown in Figure 17e, depletion of p68 inhibited endogeneous β-catenin and effectively attenuated PDGF-
BB induction of Mcl-1 protein. Consistently, Mcl-1 promoter activity was significantly inhibited by the treatment 
with p68 siRNA in ARCaPM cells, either with or without the presence of PDGF-BB in the cultures (Fig.17f). 
These data indicated an 
indispensible function of p68 in 
the regulation of Mcl-1 in PCa 
cells. 
 
3.5. PDGF-BB promotes 
protein interaction between β-
catenin and HIF-1α in PCa cells 
 
Transfection of a HIF-1α-
specific siRNA significantly 
reduced Mcl-1 protein 
expression in ARCaPM cells 
(Fig.18a), suggesting that HIF-
1α may be required for Mcl-1 
regulation in PCa cells. 
Western blot analysis found 
that both HIF-1α and β-catenin 
were rapidly increased in the 
nucleus (Fig.18b). A co-
immunoprecipitation assay 
showed that in response to 
PDGF-BB stimulation, nuclear 
presence of β-catenin and HIF-
1α was increased (Fig.18c). 
The enhanced co-localization 
of β-catenin and HIF-1α 
proteins was further 
demonstrated by confocal 
microscopy, which appeared to 
acheive the maximum intensity 
at 30 min upon PDGF-BB 
stimulation (Fig.18d). These 
results indicated that in 
repsonse to PDGF-BB 
stimulation, β-catenin physically 
interacts with HIF-1α in the 
nucleus, which may lead to the 
activation of Mcl-1 transcription 
in PCa cells. 
 

 
Figure 20. A proposed model for PDGF-BB regulation of Mcl-1 expression 
in PCa cells. The engagement of PDGF-BB to PDGFR dimers activates the c-
Abl-p68 cascade, which subsequently stablizes β-catenin and promotes its 
nuclear translocation. In the nucleus, interaction between β-catenin and HIF-1α 
increases the binding of HIF-1α to the HRE site within Mcl-1 promoter, thereby 
activating the transcription of Mcl-1 gene. Upregulation of Mcl-1 antagonizes 
apoptotic signals and confers survival advantages to metastatic PCa cells. 
Furthermore, tumor-derived and locally expressed PDGF may mediate the 
interactions between PCa and bone microenvironment. Co-targeting the PDGF 
signaling in PCa cells (autocrine) and microenvironment (paracrine) could 
provide a new strategy to disrupt the "vicious cycle" and efficaciously treat 
metastatic PCa. 
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3.6. A putative HRE motif is required for PDGF-BB activation of Mcl-1 promoter 
 
In ARCaPM cells, PDGF-BB treatment significantly increased luciferase expression driven by an artificial HRE 
promoter (pHIF-luc) (Fig.19a). Interestingly, a putative HRE motif was identified within human Mcl-1 promoter 
region, which is located between -900 and -884 nucleotides at the 5'-upstream of transcription start site. We 
characterized a deletion mutant of the putative HRE motif using human Mcl-1 promoter region as the template 
(Fig.19b). The resulting reporter construct (p-Mcl-1-Luc: ∆HRE), or the luciferase reporter driven by the full-
length Mcl-1 promoter (p-Mcl-1-Luc), was transiently expressed in ARCaPM cells respectively, and treated with 
PDGF-BB or PBS. IL-6, which has been shown to activate Mcl-1 transcription in PCa and cholangiocarcinoma 
cells through a signal transducer and activator of transcription 3 (Stat3)-dependent mechanism, was included 
as the positive control. Luciferase activity assay showed that PDGF-BB induced the activation of p-Mcl-1-Luc 
promoter to a greater degree than IL-6 in ARCaPM cells. Significantly, deletion of the HRE motif not only 
reduced the basal activity of Mcl-1 promoter, but also abrogated the inductive effects of PDGF-BB on reporter 
activity. In contrary, p-Mcl-1-Luc: ∆HRE, containing a Stat3-binding sequence at position between -92 and -83, 
remained activated upon IL-6 treatment  (Fig.19c). These data indicated that the putative HRE cis-element is 
required for PDGF-BB activation of Mcl-1 expression in PCa cells. Finally, we investigated whether PDGF-BB 
promoted specific binding of HIF-1α to Mcl-1promoter by ChIP assay. Fractionated chromatin from controls 
and PDGF-BB-treated ARCaPM cells was immunoprecipitated with HIF-1α antibody or control IgG. From the 
isolated DNA, a 151-bp region was amplified by PCR. Upon PDGF-BB stimulation, a considerable increase in 
HIF-1α binding with the HRE region in was observed (Fig.19d), demonstrating that PDGF-BB could facilitate 
association of HIF-1α with Mcl-1 promoter, thereby activating its expression. 
 
In summary, we demonstrated that PDGF-Mcl-1 signaling is a crucial survival mechanism in bone 
metastatic PCa cells (Figure 20), indicating that interruption of the PDGF-Mcl-1 survival signal may 
provide a novel strategy for treating PCa metastasis. For detailed description, please refer to our 
manuscript under review (Appendix 5).  
 
B. Clinical significance of NRP1 signaling components in human PCa bone metastasis 
 
We used human PCa specimens (tissue and blood samples) as 
"gold standard" to evaluate the clinical importance of the 
NRP1 signaling components in PCa metastasis. This task was 
in collaboration with Drs. Haiyen Zhau (who relocated to 
Cedars-Sinai Medical Center at LA in 2009) and Adeboye 
Osunkoya (Emory University School of Medicine, Department 
of Pathology).  
 
1. CREB activation is associated with human PCa bone metastasis  
  
To investigate the clinicopathologic significance of CREB, we 
analyzed the IHC protein expression of p-CREB in primary and 
bone metatstatic PCa tissue. We defined well-differentiated PCa as 
Gleason score ≤6 and poorly-differentiated PCa as Gleason score 
≥8. In all specimens, activated CREB or nuclear localization of p-
CREB expression was undetectable in normal/benign glands (0/5; 
Fig.21a) or well-differentiated cancer (0/5; Fig.21b) but was 
positively associated with poorly-differentiated cancers (5/5; 
Fig.21c).All seven PCa bone metastatic tissue specimens were 
positive for p-CREB (Fig.21d).  
 
2. Serum levels of VEGF in PCa patients positively correlate with 
bone metastasis  
  
A double-blind study measured VEGF levels in sera from 31 patients with non-metastatic PCa versus 24 
patients with bone-metastatic PCa. ELISA results indicate a statistically significant difference between the two 

 
 
Figure 21. CREB phosphorylation 
positively correlates to clinical PCa 
progression. IHC analysis of p-CREB 
expression in PCa tumor specimens. P-
CREB expression (arrows) was seen in 
poorly-differentiated primary tumors and 
bone-metastatic tumors, but not in 
normal/benign prostatic glands or well-
differentiated primary tumors.   
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groups (p=0.0013). The mean serum 
level of VEGF in patients with non-
bone metastatic PCa was 207.8 
pg/ml (27.3 - 613.6 pg/ml) and 397.4 
pg/ml in patients with bone 
metastasis (135.6 - 1,083.7 pg/ml) 
(Fig.22), suggesting that serum 
VEGF positively correlates with bone-
metastatic status. In this study, the 
average serum prostate-specific 
antigen (PSA) levels of these two 
groups of patients were 3.1 ng/ml 
(incomplete data, n=19; serum PSA 
in 8 patients was less than 0.1 ng/ml) and 358.1 ng/ml (n=24), respectively (p=0.004).  

 
3. NRP1 overexpression and c-MET activation are positively associated with human PCa progression and 
bone metastasis 

 
Figure 22. Serum VEGF levels are associated with PCa bone 
metastasis. Dotplot analysis showed there is a statistically significant 
difference between serum VEGF levels in patients with non-bone 
metastatic tumors (n=31) and with bone metastasis (n=24).  
 
 

 

 
Figure 23. Expression of NRP1 
and p-c-MET is associated 
with bone metastatic status of 
human PCa specimens and the 
ARCaPM model. IHC analyses of 
NRP1 expression in human 
normal/benign, cancerous and 
metastatic prostatic tissue 
specimens (a) and primary and 
bone metastatic tissue 
specimens from ARCaPM model 
(b), and of p-c-MET expression 
in human PCa progression (c) 
and ARCaPM xenografts (d). 
Arrows indicate positively-stained 
cells. 
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To validate the clinical significance of NRP1-c-MET signaling in PCa progression, and avoid the potential bias 
from using human PCa cell lines, IHC analyses were performed to determine the expression of NRP1 and p-c-
MET in human PCa tissue specimens. Prostatic tissue specimens of normal/benign glands, primary and bone 
metastatic tumors were analyzed. NRP1 expression was increased from normal/benign glands (0/5) or well-
differentiated cancer (1/5) to poorly-differentiated cancers (5/5) and bone metastatic tissues (5/5) (Fig.23a). 
NRP1 staining was also determined in tumor specimens from the ARCaPM xenograft model in which ARCaPM 
cells were inoculated into athymic mice orthotopically, resulting in skeletal metastases with a short latency. 
Consistently, NRP1 expression was significantly greater in bone metastatic tumors than in primary tumors 
(Fig.23b).  
 
We and others have reported that c-MET overexpression is positively associated with PCa progression. As 
shown in Fig.23c, p-c-MET was expressed at a low level in normal human prostatic tissue, but increased 
significantly from well-differentiated and intermediate to poorly-differentiated primary PCa. Importantly, bone 
metastatic PCa specimens displayed a higher expression of p-c-MET than primary PCa. p-c-MET expression 
was also remarkably increased in bone metastatic ARCaPM tumors (Fig.23d).  
 
4. Elevated Mcl-1 expression is associated with PCa progress and bone metastasis 
 
IHC analyses were performed to determine the expression of Mcl-1 in a human PCa tissue microarray with 
matched normal adjacent tissue and bone metastatic bone specimens (Fig.24). We defined tumors with 
Gleason score 2-6 as well-differentiated (n=2), Gleason score 7 as intermediately-differentiated (n=26) and 
Gleason score 8-10 as poorly-differentiated (n=43). Mcl-1 immunointensity was increased from normal tissues 
to well-differentiated cancer and further elevated in high grade PCa, although the difference between Mcl-1 
intensity in intermediate- and poorly-differentiated cancers was not statistically significant (p = 0.93). 
Intriguingly, Mcl-1 staining in bone metastatic tumors (n=6) was remarkably increased compared to that in 
either intermediate- or poorly-differentiated PCa (p < 0.002). These data correlated elevated Mcl-1 expression 
to clinical PCa progression, particularly bone metastasis.  

 
In summary, we validated the clinical significance of the following VEGF-NRP1 signaling components 
in human PCa bone metastasis: 1) CREB phosphorylation positively correlates to clinical PCa bone 
metastasis; 2) serum VEGF was significantly elevated in PCa patients with bone metastasis compared 
to that in those with non-metastatic PCa; 3) Mcl-1 expression is positively associated with PCa 
progression, particularly bone metastasis. For detailed description, please refer to our publications (1, 4) 
(Appendices 1 and 4). 
 

 

Figure 24. IHC staining of Mcl-1 
in human PCa tissue microarray 
consisting of normal adjacent 
tissues, primary PCa and bone 
metastases. 
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Figure 25. Blockade of NRP1-Mcl-1 signaling induces apoptosis in ARCaPM cells. (a) 
Treatment with NRP1 or Mcl-1 siRNA induced cell death after 72 h. (b) Annexin-V analysis of 
apoptotic ARCaPM cells after transfection with NRP1 or Mcl-1 siRNA (72 h). (c) NRP1 or Mcl-1 
siRNA treatment increased cleavage of caspase 3 and PARP.   
 

C. Targeting NRP1 signaling in bone metastatic PCa cells 
 
We explored the targeting potential of the NRP1-Mcl-1 signaling pathway in treating PCa bone 
metastasis. Several strategies (including siRNA, shRNA, monoclonal antibody and small molecule 
agents) were developed to effectively induce apoptosis and tumor regression in pre-clinical models of 
PCa metastasis.  
 
1. Inhibition of NRP1-Mcl-1 signaling induces PCa cell apoptosis.  
   
Treatment with siRNAs for NRP1 or Mcl-1 effectively inhibited cell proliferation by 37% or 48% after a 3-day 
culture, respectively (Fig.25a). Annexin-V staining showed that the two siRNA constructs respectively induced 
apoptosis in 14.8% or 24.4% of ARCaPM cells (Fig.25b). Cleavage of caspase 3 and PARP increased in 
ARCaPM cells following treatments with NRP1 or Mcl-1 siRNAs (Fig.25c), indicating that the NRP1-Mcl-1 
pathway is a survival mechanism in metastatic PCa cells.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 26. Genentech NRP1 
antibodies inhibited proliferation 

of ARCaPM cells.  

 

 
Figure 27. Expression of shRNA 
(no. 1 and 3) stably inhibited 
NRP1 expression in ARCaPM 

cells. pRS, control vector.  
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2. Genentech NRP1 monoclonal antibodies moderately inhibited proliferation of bone metastatic PCa cells 
 
In collaboration with Genentech, we evaluated the in vitro effects of two NRP1 monoclonal antibodies on the 
proliferation of ARCaPM cells. Figure 26 showed that at the concentration of 20 μg/ml, both antibodies inhibited 
proliferation moderately, with a higher degree when NRP1^1 was used. We will test the in vivo effects of these 
antibodies with the intention of co-targeting tumor and vasculature to achieve more efficacious inhibition of 
tumor growth in animal models.  
 
3. Establishment of ARCaPM cells stably expressing NRP1 short-hairpin RNA (shRNA) 
 
To explore the targeting potential of NRP1 in treating PCa bone metastasis, we established two sublines of 
ARCaPM that express specific shRNA against human NRP1 (obtained from Origene, Inc.), which could be 
used in experimental models of PCa bone metastasis (Fig.27). 
 
4. Small-molecule blockade of PDGF-Mcl-1 signaling induces apoptosis in bone metastatic PCa cells 
 
In bone metastatic PCa cells, treatment with AG-17 (Tyrphostin), a selective pharmacological inhibitor of 
PDGFRs, reduced Mcl-1 expression at both mRNA and protein levels and markably increased cleavage of  
PARP. These effects were attenuated by the presence of PDGF-BB in cultures (Fig.28a). Consistently, AG-17 
treatment at low doses (such as 100 nM) effectively induced apoptosis in ARCaPE and ARCaPM cells 
(Fig.28b), indicating a pivotal role of PDGFR signaling in the survival of PCa cells. We are testing the in vivo 
efficiacy of AG-17 in retarding PCa growth in mouse bone. 
 
In summary, we explored several independent approaches, including shRNA, monoclonal antibody and 
small-molecule agents, to specifically and effectively target the NRP1-Mcl-1 survival axis in bone 
metastatic PCa cells.

 
 
Figure 28. AG-17 inhibition of Mcl-1 induces apoptosis in bone metastatic PCa cells. (a) Upper panel: The time-
dependent effects of AG-17 (100 nM) on Mcl-1 mRNA expression in ARCaPM cells; bottom panel: The effects of AG-
17 treatment on the expression of Mcl-1 and cleaved PARP in the presence (20 ng/ml) or absence of PDGF-BB (20 
ng/ml) in ARCaPM cells. (b) The effects of AG-17 treatment (100 nM, 72 h) on the viability of ARCaPE and ARCaPM 
cells. 
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Key Research Accomplishments   
 
During the entire period of award performance, our key research accomplishments are: 
 
1. Elucidation of NRP1 signaling mechanism in bone metastatic PCa cells. We characterized the 
regulatory mechanism for VEGF expression, and NRP1-mediated VEGF signaling components in PCa cells. 
We demonstrated that:  
 
a) CREB is a novel regulator of VEGF expression in bone metastatic PCa cells. CREB may regulate VEGF 
transcription via a HIF-1α-dependent mechanism in normoxic conditions. 
 b) VEGF-NRP1 signaling confers PCa cells resistance to apoptosis and supports tumor growth by inducing 
expression of Mcl-1 via c-MET-dependent activation of Src kinases and Stat3 
c) We identified Mcl-1 as a convergent molecular target of VEGF and PDGF signaling in bone metastatic PCa 
cells. 
 
2. Validation of clinical significance of NRP1 signaling components in human PCa bone metastasis. We 
validated the clinical significance of the CREB-VEGF-NRP1 signaling components in human PCa bone 
metastasis. We demonstrated that: 
 
 a) CREB phosphorylation positively correlates to clinical PCa bone metastasis;  
b) Serum VEGF was significantly elevated in PCa patients with bone metastasis compared to that in those with 
non-metastatic PCa;  
c) Mcl-1 expression is positively associated with PCa progression, particularly bone metastasis.  
 
3. Exploration of novel approaches for targeting NRP1 signaling in bone metastatic PCa cells. We 
explored the targeting potential of the NRP1-Mcl-1 signaling pathway in treating PCa bone metastasis. Several 
strategies (including siRNA, shRNA, monoclonal antibody and small molecule agents) were developed to 
effectively induce apoptosis and tumor regression in pre-clinical models of PCa metastasis.  We demonstrated 
that: 
 
a) Inhibition of NRP1-Mcl-1 signaling induces PCa cell apoptosis; 
b) Genentech NRP1 monoclonal antibodies moderately inhibited proliferation of bone metastatic PCa cells; 
c) A small-molecule agent AG-17 blockade of PDGF-Mcl-1 signaling induces apoptosis in bone metastatic PCa 
cells; 
d) We establishment of ARCaPM cells stably expressing NRP1 shRNA for in vivo testing. 
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Reportable Outcomes   
 
1. Publication/manuscript/abstract   
 
During the supporting period (04/01/2007-03/31/2011), this project has resulted in 6 peer-reviewed publications, 
1 manuscript under review and 3 meeting abstracts (please see the Appendices). 
 
Publications 
 
Research Papers 
 
Wu, D., Zhau, H.E., Huang, W.C., Iqbal, S., Habib, F.K., Sartor, O., Cvitanovic, L., Marshall, F.F., Xu, Z., and 

Chung, L.W. 2007. cAMP-responsive element-binding protein regulates vascular endothelial growth 
factor expression: implication in human prostate cancer bone metastasis. Oncogene 26:5070-5077 
(Appendix 1). http://www.ncbi.nlm.nih.gov/pubmed/17310988. 

 
Zhang, S., Zhau, H.E., Osunkoya, A.O., Iqbal, S., Yang, X., Fan, S., Chen, Z., Wang, R., Marshall, F.F., Chung, 

L.W., et al. 2010. Vascular endothelial growth factor regulates myeloid cell leukemia-1 expression 
through neuropilin-1-dependent activation of c-MET signaling in human prostate cancer cells. Mol 
Cancer 9:9 (Appendix 4). http://www.ncbi.nlm.nih.gov/pubmed/20085644. 

 
Iqbal S, Zhang S, Driss A, Liu Z-R, Zhau HE, Kucuk O, Chung LWK, Wu D.2011.  Platelet-derived growth 

factor upregulates myeloid cell leukemia-1 through activation of β-catenin and hypoxia-inducible factor-
1α-dependent signaling in human bone metastatic prostate cancer cells. PLoS ONE (manuscript in 
review) (Appendix 5). 

 
Seo S, Gera L, Zhau HE, Qian W, Iqbal S, Johnson NA, Zhang S, Zayzafoon M, Stewart J, Wang R, Chung 

LWK, Wu D. 2008. BKM1740, an acyl-tyrosine bisphosphonate amide derivative, inhibits the bone 
metastatic growth of human prostate cancer cells by inducing apoptosis. Clin Cancer Res., 14, 6198-
6206 (Appendix 6). http://www.ncbi.nlm.nih.gov/pubmed?term=bkm1740. 

 
Zhang S, Zhau HE, Wang X, Osunkoya AO, Chen Z, Iqbal S, Müller S, Chen Z, Josson S, Coleman IM, Nelson 

PS, Wang R, Shin DM, Marshall FF, Kucuk O, Chung LWK, Wu D. 2011. EPLIN downregulation 
promotes epithelial-mesenchymal transition and correlates with lymph node metastasis in human 
prostate cancer. Oncogene (Epub ahead of print) (Appendix 7). 
http://www.ncbi.nlm.nih.gov/pubmed/21625216. 

 
Reviews 
 
Sung SY, Hsieh CL, Wu D, Chung LW, Johnstone PA. 2007. Tumor microenvironment promotes cancer 
 progression, metastasis, and therapeutic resistance. Curr Probl Cancer 31:36-100 (Appendix 8). 
 http://www.ncbi.nlm.nih.gov/pubmed/17362788  
 
Chung LWK, Huang W-C, Sung S-Y, Wu D, Odero-Marah V and Zhau HE. 2007. Cancer-host interactions: a 

 paradigm shift brings new understanding and new opportunities. In Prostate Cancer: Biology, Genetics 
 and the New Therapeutics (2nd edition) (Chung LWK, Isaacs WB and Simons JW, eds), Humana, 
 Totowa, NJ, 73-86. 

 
Abstract 
 
Wu D, Iqbal S, Seo S, Zhau HE, Chung LWK. Vascular endothelial growth factor (VEGF) is a survival factor in 

metastatic human prostate cancer cells via induction of myeloid cell leukemia-1 (Mcl-1). American 
Association for Cancer Research Annual Meeting, Los Angeles, CA, 2007.  
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Zhang S, Zhau HE, Iqbal S, Chung LWK, Wu D. Vascular endothelial growth factor regulates myeloid cell 
leukemia-1 expression through neuropilin-1-dependent activation of c-MET signaling in metastatic 
human prostate cancer cells. American Association for Cancer Research Annual Meeting, Denver, CO, 
2009. 

 
Iqbal S, Zhang S, Driss A, Liu Z-R, Zhau HE, Chung LWK, Wu D. Platelet-derived growth factor upregulates 

myeloid cell leukemia-1 through activation of β-catenin and hypoxia-inducible factor-1α-dependent 
signaling in human bone metastatic prostate cancer cells. DoD IMPaCT meeting, Orlando, FL, 2011. 

 
2. Cell lines and animal models 
 
ARCaPM-C2 cells with high in vivo bone metastatic propensity (Zhang et al., Mol. Cancer). 
ARCaPE cells stably expressing NRP1 or pcDNA3.1. 
ARCaPM cells stably expressing NRP1 shRNA. 
 
3. New collaborations 
 
We collaborated with Genentech, Inc., in the evaluation of a NRP1 mAb in inhibiting the growth of bone 
metastatic PCa. We also established new collaboration with Dr. Adeboye Osunkoya at the Department of 
Pathology, Emory University School of Medicine, in evaluating the expression of VEGF-NRP1 signaling 
components in human PCa tissues. 
 
4. Personnel 
 

 Daqing Wu, Ph.D., Emory University 
 Shumin Zhang, Ph.D., Emory University 

 Haiyen E. Zhau, Ph.D., Cedars-Sinai Medical Center 
  
Conclusion   
 
In this DoD PCRP New Investigator Award project, we accomplished three major goals: 1) elucidation of the 
NRP1 signaling mechanism in bone metastatic PCa cells; 2) evaluation of the clinical significance of NRP1 
signaling components in human PCa bone metastasis; and 3) development of novel strategies targeting NRP1 
signaling for the treatment of PCa bone metastasis. Our studies provided important evidence supporting a 
pivotal role of NRP1 in bone metastatic PCa. Interruption of this survival mechanism, thereby, may provide a 
new strategy to efficiently treat PCa bone metastasis.  
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Aberrant expression of vascular endothelial growth factor
(VEGF) is associated with human prostate cancer (PCa)
metastasis and poor clinical outcome. We found that both
phosphorylation of cyclic AMP-responsive element-bind-
ing protein (CREB) and VEGF levels were significantly
elevated in patient bone metastatic PCa specimens. A PCa
ARCaP progression model demonstrating epithelial-to-
mesenchymal transition exhibited increased CREB phos-
phorylation and VEGF expression as ARCaP cells
became progressively more mesenchymal and bone-meta-
static. Activation of CREB induced, whereas inhibition of
CREB blocked, VEGF expression in ARCaP cells. CREB
may regulate VEGF transcription via a hypoxia-inducible
factor-dependent mechanism in normoxic conditions.
Activation of CREB signaling is involved in the coordi-
nated regulation of VEGF and may pre-dispose to PCa
bone metastasis.
Oncogene (2007) 26, 5070–5077; doi:10.1038/sj.onc.1210316;
published online 19 February 2007

Keywords: prostate cancer; bone metastasis; EMT; CREB;
VEGF; HIF

Introduction

Cyclic AMP (cAMP)-responsive element-binding pro-
tein (CREB) signaling is implicated in tumor progres-
sion, stimulating growth, conferring apoptotic resistance
and supporting angiogenesis (Abramovitch et al., 2004;
Kinjo et al., 2005). In human prostate cancer (PCa),
CREB may promote acquisition of neuroendocrine

differentiation, associated with androgen-independent
progression (Chen et al., 1999; Deeble et al., 2001).
Previous studies from our laboratory and others
indicated that CREB signaling regulated osteomimicry
in PCa bone metastasis, conferring tumor survival and
growth advantages in the bone microenvironment
(Huang et al., 2006). Our results demonstrated that
b-2 microglobulin activation of protein kinase A (PKA)-
CREB signaling resulted in increased expression
of osteocalcin and bone sialoprotein and conferred
explosive PCa growth in bone. This communication
seeks to demonstrate a functional link between CREB
activation and vascular endothelial growth factor
(VEGF) expression in PCa bone metastasis.

Increased plasma levels of VEGF correlate with
clinical lymph node and skeletal metastasis in PCa
(Duque et al., 1999; George et al., 2001; Chen et al.,
2004). Overexpression of VEGF and its receptors is
associated with increased tumor vascularity, metastasis,
chemoresistance and poor prognosis (Ferrer et al.,
1998). VEGF may affect bone remodeling and facilitate
nesting of metastatic cancer cells, crucial for tropism
during bone metastasis (Kitagawa et al., 2005). VEGF-
induced activation of VEGFR-1 may promote tumor
progression by inducing epithelial-to-mesenchymal tran-
sition (EMT) (Yang et al., 2006), tumor cell migration,
invasion and metastasis (Huber et al., 2005).

VEGF expression is regulated by several factors
(Ferrara et al., 2003). Hypoxia is a major modulator.
Hypoxia inducible factor-1 (HIF-1) is a key regulator of
transcriptional response to hypoxia, binding the hypoxia-
response elements (HREs) within VEGF promoter, and
activation of VEGF promoter activity (Forsythe et al.,
1996). Optimal control of VEGF expression requires the
assembly of a transcriptional complex dynamically
coordinated by HIF-1a and its co-activators, including
CREB-binding protein (CBP)/p300 (Arany et al., 1996;
Niu et al., 2002; Ziel et al., 2004). In this study, we
demonstrate that CREB may be crucial for promoting
PCa bone metastasis, inducing VEGF expression via
HIF-1-dependent signaling.
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Results

Expression of activated CREB in human PCa tissue
specimens
To investigate the clinicopathologic significance of
CREB, we analysed the immunohistochemical (IHC)
protein expression of phosphorylated CREB (p-CREB)
in primary and bone metatstatic PCa tissue. We defined
well-differentiated PCa as Gleason score p6 and
poorly-differentiated PCa as Gleason score X8. In all
specimens, activated CREB or nuclear localization of
p-CREB expression was undetectable in normal/benign
glands (0/5; Figure 1a) or well-differentiated cancer
(0/5; Figure 1b) but was positively associated with
poorly-differentiated cancers (5/5; Figure 1c). All seven
PCa bone metastatic tissue specimens were positive for
p-CREB (Figure 1d).

CREB activation is associated with bone metastatic
potential and EMT
We used a human PCa ARCaP progression model with
EMT properties (Zhau et al., 1996; Xu et al., 2006) to
investigate the roles of CREB in PCa bone metastasis.
An ARCaP subclone, ARCaPE, has a relatively low
propensity for bone metastasis (12.5%) after intracar-
diac injection, whereas ARCaPM, a bone metastatic
derivative of ARCaP closely associated with ARCaPE,
has dramatically greater bone metastatic potential
(100%) and significantly shorter latency.

Western blot analysis (Figure 2a) showed a slight
increase in CREB expression in ARCaPM total lysates,
with significantly elevated activated CREB. Phosphor-
ylation of activating transcription factor-1, a member of
the CREB transcription factor family, was also elevated

in ARCaPM cells. p-CREB proteins were more abun-
dant in the ARCaPM nucleus, indicating activation
of CREB-dependent transcription. The association of
p-CREB expression with increased bone metastatic
potential was confirmed in tumor tissues from ARCaP
primary and bone metastasis specimens (Figure 2b).

Serum levels of VEGF in PCa patients positively correlate
with bone metastasis
A double-blind study measured VEGF levels in sera
from 31 patients with non-metastatic PCa versus 24
patients with bone-metastatic PCa. Enzyme-linked
immunosorbent assay (ELISA) results indicate a statis-
tically significant difference between the two groups
(P¼ 0.0013). The mean serum level of VEGF in
patients with non-bone metastatic PCa was 207.8 pg/
ml (27.3–613.6 pg/ml) and 397.4 pg/ml in patients
with bone metastasis (135.6–1,083.7 pg/ml) (Figure 3),
suggesting that serum VEGF positively correlates with
bone-metastatic status. In this study, the average serum
prostate-specific antigen (PSA) levels of these two
groups of patients were 3.1 ng/ml (incomplete data,
n¼ 19; serum PSA in eight patients was less than
0.1 ng/ml) and 358.1 ng/ml, (n¼ 24), respectively
(P¼ 0.004). However, the possible effects of treatment
on serum VEGF in patients with bone metastasis were
not determined.

Activation of CREB induces VEGF transcription in
ARCaP cells
We examined differential expression of VEGF tran-
scripts in normoxic ARCaP cells. The human VEGF
gene consists of eight exons, and alternative exon
splicing generates at least four isoforms: VEGF121,
VEGF165, VEGF189 and VEGF206. VEGF165 is the
predominant isoform, with optimal bioavailability and
is responsible for VEGF biological potency (Ferrara
et al., 2003). Reverse transcription–polymerase chain
reaction (RT–PCR) analysis showed elevated endogen-
ous mRNA levels of both VEGF121 and VEGF165 in
ARCaPM cells (Figure 4a). ELISA of ARCaP-condi-
tioned medium (CM) confirmed a two-fold increase in
total VEGF secretion by ARCaPM when compared
to ARCaPE cells (Figure 4b), indicating that VEGF
upregulation occurred in normoxic PCa cells and this
increased secretion may be associated with EMT and the
invasiveness of PCa cells.

Pharmacological and gene transfer experiments in
ARCaPE cells explored whether CREB activation is
responsible for VEGF expression in PCa cells. Treat-
ment with adenylate cyclase activator forskolin (FSK)
rapidly increased VEGF mRNA levels, with more
significant induction of VEGF165 than VEGF121

(Figure 5a). Conversely, a PKA selective inhibitor,
H89, reduced VEGF mRNA levels. VEGF ELISA in
ARCaPE CM confirmed these results; VEGF secretion
was induced by FSK and inhibited by H89 (Figure 5b).
VEGF expression may be controlled by PKA–CREB
signaling in normoxic PCa cells.

Figure 1 CREB phosphorylation positively correlates to clinical
PCa progression. IHC analysis of p-CREB expression in PCa
tumor specimens. p-CREB expression (arrows) was seen in poorly-
differentiated primary tumors and bone-metastatic tumors, but not
in normal/benign prostatic glands or well-differentiated primary
tumors.
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ARCaPE cells were transiently transfected with
expression vectors for wild-type CREB (WTCREB), a
dominant-negative mutant of CREB (KCREB), using
empty vector (pCMV) as the control. KCREB forms
an inactive dimer with CREB, blocking its ability to
bind cAMP-responsive element (CRE) without interfer-
ing with CREB phosphorylation (Yang et al., 1996).
Western blot analysis confirmed expression of WTCREB
or KCREB. p-CREB expression was significantly higher
in WTCREB-transfected ARCaPE cells and slightly
increased in KCREB-transfected cells (Figure 5c).
RT–PCR analysis showed that mRNA levels of
VEGF165 and VEGF121 were remarkably enhanced
by WTCREB but inhibited by KCREB (Figure 5d),
suggesting that CREB could regulate VEGF transcription
in ARCaP cells.

HIF-1a is required for CREB regulation of VEGF in
ARCaP cells
CREB phosphorylation and binding to CRE motif are
sufficient for CREB regulation of most target genes

(Mayr and Montminy, 2001). We investigated whether
p-CREB directly interacts with putative CRE site(s)
within VEGF promoter to regulate VEGF transcription.
We performed computational analysis on the 50-flanking
sequence of the human VEGF gene using rVista 2.0
(Loots and Ovcharenko, 2004) and TRANSFAC
(BIOBASE, Wolfenbüttel, German). No CRE consen-
sus (TGACGTCA) was found within 6 kb of the 50-flank-
ing region, though a putative CRE site was located about
5 kb upstream from the transcriptional start site, with one
base variation (TGAGGTCA) (Figure 6a). We used
a pVEGF–KpnI plasmid (Forsythe et al., 1996) for a
reporter assay, with a 2.65 kb fragment of VEGF
promoter including a 47-bp HRE sequence (�985 to
�939 bp) but not the putative CRE motif (Figure 6a).
ARCaPE cells were transiently transfected with
pVEGF–KpnI and then the expression vector for

Figure 3 Serum VEGF levels are associated with PCa bone
metastasis. Dot-plot analysis showed there is a statistically
significant difference between serum VEGF levels in patients with
non-bone metastatic tumors (n¼ 31) and with bone-metastasis
(n¼ 24).

Figure 2 CREB phosphorylation is associated with bone-metastatic potential and EMT. (a) Western blot analysis demonstrated
increased expression of p-CREB in whole-cell lysates and nuclear portions of ARCaPM cells. (b) IHC staining of p-CREB increased in
primary tumor specimens of ARCaPM and increased further in ARCaPM bone-metastatic tissue specimens.

Figure 4 VEGF upregulation is associated with bone-metastatic
potential and EMT. (a) Expression of VEGF isoforms VEGF165

and VEGF121 was increased in ARCaPM cells in normoxia. (b)
VEGF secretion increased in ARCaPM CM (Po0.01). Relative
VEGF levels were normalized by dividing VEGF concentrations
(pg/ml) by total protein concentrations (mg/ml) in CM.
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WTCREB or KCREB, with pCMV as control. Lucifer-
ase activity showed that WTCREB increased and
KCREB inhibited VEGF reporter activity (Figure 6b),
confirming that CREB induces VEGF transcription in
normoxic PCa cells and suggesting the putative
CRE site may be dispensable for CREB induction of
VEGF. CREB may rely on HIF-1a to regulate VEGF

expression in PCa cells, as higher basal HIF-1a
expression was found in ARCaPM cells compared with
normoxic ARCaPE cells (Figure 6c). ARCaPM also
expresses more p-CREB and VEGF (Figures 3a and 4).

HIF-1a small interfering RNA (siRNA) experiments
tested whether HIF-1a-dependent gene transcription is
involved in CREB regulation of VEGF transcription.
HIF-1a siRNA inhibited endogenous HIF-1a expression
in ARCaPE cells. FSK could stimulate VEGF transcrip-
tion in control-siRNA, but not HIF-1a-siRNA-trans-
fected ARCaPE cells (Figure 6d). These data suggest that
HIF-1a and CREB activation are essential to promote
VEGF expression in PCa cells.

Activation of CREB recruits HIF-1a and facilitates its
binding to VEGF promoter region
To examine whether activated CREB induced intracel-
lular translocation of HIF-1a, ARCaPE nuclear proteins
were extracted after FSK treatment (10 mM) at various
time periods. Western blot analysis showed dynamic
changes in expression of several CREB-interacting
transcription factors in the nucleus. Thirty minutes after
FSK stimulation, nuclear p-CREB and HIF-1a in-
creased rapidly and increased further at 60min. CBP
expression in the nucleus, which directly interacts with
CREB and HIF-1a (Chrivia et al., 1993; Arany et al.,
1996), increased at 30min and decreased significantly at
60min, with only a slight increase in nuclear p300 at
30min (Figure 7a). CREB activation seems to be
accompanied by a dynamic change in nuclear accumula-
tion of HIF-1a, CBP and p300, which may form a
transcriptional complex induced by hypoxia or FSK to
regulate VEGF promoter activity and HIF-1a-depen-
dent transcription.

Figure 6 HIF-1a is required for CREB regulation of VEGF transcription in normoxia. (a) Schematic description of the human VEGF
50-flanking region. The locations of HRE and a putative CRE site are shown relative to the transcriptional initiation site in human
VEGF gene. (b) pVEGF–KpnI reporter activity was induced by transient expression (48 h) of WTCREB but inhibited by KCREB in
ARCaPE cells. (c) HIF-1a expression was increased in total lysates and nucleus of ARCaPM cells. (d) HIF-1a siRNA transfection (48 h)
reduced HIF-1a expression in ARCaPE cells. FSK (10mM; 2 h) induced VEGF transcription in ARCaPE cells transfected with control
siRNA (48 h), but not in HIF-1a siRNA-treated cells.

Figure 5 CREB regulates VEGF transcription in ARCaP cells.
(a) FSK treatment (10 mM; 4 h) induced and H89 (5mM) inhibited
VEGF transcription in ARCaPE cells. (b) FSK treatment (2 days)
induced and H89 inhibited VEGF secretion in ARCaPE CM.
(c) Transient expression (72 h) of pCMV (vector), WTCREB or
KCREB in ARCaPE cells. (d) Ectopic expression (72 h) of
WTCREB induced and KCREB inhibited VEGF transcription in
ARCaPE cells.
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To determine whether CREB activation induces
HIF-1a-binding to HRE, we used ELISA to quantify
HIF-1a activation and binding to HRE in ARCaPE

cells (Figure 7b). Five micrograms of nuclear extract
from COS-7 cells treated with cobalt chloride (CoCl2)
was added as a positive control (Jiang et al., 1997).
Wild-type HRE consensus oligonucleotide competitively
inhibited binding of COS-7 nuclear extract, which
contains HIF-1a to HRE; mutated consensus oligonu-
cleotide did not. ARCaPE nuclear extracts prepared
after cells were treated with FSK for various
times showed a time-dependent increased binding of
ARCaPE nuclear extracts to the HRE consensus that
was inhibited by incubation with wild-type but not
mutated HRE oligonucleotide. On the contrary, FSK
did not induce binding of nuclear extracts to the
HRE consensus in KCREB-transfected ARCaPE cells
(Supplemental data). The data suggest that CREB
activation by FSK induced specific interaction between

the ARCaPE nuclear transcription complex, which
comprises CREB/HIF-1a and the HRE consensus.

We investigated whether CREB activation promoted
specific binding of HIF-1a to VEGF promoter by
chromatin immunoprecipitation (ChIP) assay. Fractio-
nated chromatin from controls and FSK-treated
ARCaPE cells was immunoprecipitated with HIF-1a
antibody or control IgG. From the isolated DNA, a
135-bp region was amplified by PCR (Kong et al., 2005).
Activation of CREB signaling by FSK showed a
considerable increase in HIF-1a binding with the HRE
region in ARCaPE cells, but not in KCREB-transfected
ARCaPE cells (Figure 7c), demonstrating that CREB
activation facilitates association of HIF-1a with VEGF
promoter. Further supporting this model, HIF-1a
reporter activity was significantly induced in
WTCREB-transfected, but not in KCREB-transfected
ARCaPE cells in the pHIF1-luc reporter assay
(Figure 7d).

Figure 7 Activation of CREB may induce a HIF-1a-dependent transcriptional complex on VEGF promoter. (a) FSK (10 mM) induced
rapid nuclear translocation of p-CREB, HIF-1a, CBP and p300 in ARCaPE cells. (b) Transcription factor ELISA assay demonstrated
that FSK (10mM) induced specific-binding of ARCaPE nuclear extracts to the HRE consensus in a time-dependent manner, which was
inhibited by wild-type HRE oligonucleotide, but not by mutated oligonucleotide. COS nu. prot: CoCl2-treated COS-7 nuclear extract
(5mg); wt. oligo: Wild-type HRE consensus; mut. oligo: mutated HRE consensus; nu. prot: ARCaPE nuclear proteins. (c) ChIP assay
demonstrated that FSK treatment (10mM) induced specific binding of HIF-1a to the HRE site within the VEGF promoter in ARCaPE
cells, but not in KCREB-transfected cells. (d) Transient expression of WTCREB induced, but KCREB inhibited, HIF-1a reporter
activity in ARCaPE cells.
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Discussion

CREB regulates gene expression in a highly tissue- and
cell type-specific manner (Impey et al., 2004; Zhang
et al., 2005). Selective activation of CREB could
promote local tumor growth and distant metastasis
(Huang et al., 2006; Melnikova et al., 2006). Many
modulators of CREB activity are abundant in bone
tissues, such as stromal cell-derived factor-1, fibroblast
growth factor, transformation growth factor (Johannes-
sen et al., 2004) and b-2-microglobulin (Huang et al.,
2006). The activation status of CREB in ARCaPE and
ARCaPM cells suggests that bone microenvironments
may induce CREB phosphorylation in bone-homing
PCa cells. CREB activation may thereby promote
osteomimicry (Huang et al., 2005) and angiogenesis
(Abramovitch et al., 2004) through either a direct or
indirect mechanisms. In this report, our evidence
emphasized the clinicopathological link of CREB–VEGF
signaling and human PCa bone metastasis.

A variety of genes targeted by CREB activation are
implicated in tumorigenesis, such as cyclin D1 (Sabbah
et al., 1999), cyclin A (Desdouets et al., 1995) and Bcl-2
(Arcinas et al., 2001). In a genome-wide search for the
CREB ‘regulon’ by Impey et al., (2004), FSK treatment
significantly increased VEGF transcription in PC12
cells. These results suggest that VEGF is a novel CREB
target. Our analysis of 6 kb of the 50-flanking region of
human VEGF gene did not identify any CRE consensus
sequence in the proximal region (p2 kb) of this
promoter, suggesting that CREB may regulate VEGF
transcription without directly binding CRE sites.
Indeed, pVEGF–KpnI, containing no CRE consensus,
was still responsive to CREB modulation in ARCaPE

cells (Figure 6b). CREB may directly bind CRE site(s)
as a complex with other transcription factors to regulate
VEGF transcription (Figure 4a). Cloning and analysis
of the 6 kb 50-flanking region of VEGF gene may
elucidate the direct role of CREB in regulating VEGF
expression.

VEGF expression is depressed under normoxic
conditions, mainly by degradation of HIF-1a (Kallio
et al., 1999). However, it has been demonstrated that
HIF-1a is a positive factor regulating proliferation in
certain tumors under normoxic conditions (Dang et al.,
2006). As ARCaP cells express both endogenous HIF-1a
and CREB, it is possible that CREB regulates VEGF in
a HIF-1a-dependent manner via formation of a tran-
scription complex in normoxic PCa cells. Coordinated
activation of CREB/HIF-1a may thereby directly
contribute to the elevated serum VEGF levels in bone-
metastatic PCa patients.

CREB-interacting protein (CBP) and its paralogue
p300 are key regulators of RNA polymerase II-mediated
transcription. By differentially associating with other
transcription factors, CBP/p300 specifically regulates
gene expression via intrinsic histone acetyltransferase
activity (Vo and Goodman, 2001). CREB phospho-
rylation promotes interaction between CREB and
CBP/p300 to induce CREB-dependent transcription
(Chrivia et al., 1993). Most situations require additional

CREB-regulatory partners to recruiting transcriptional
machinery (Zhang et al., 2005). This may explain the
highly cell context-dependent regulation of various
genes by CREB (Impey et al., 2004; Zhang et al.,
2005). More than 40 transcription factors can interact
with CBP/p300 directly. CBP/p300 may be the scaffold
for various transcription complexes that regulate target
gene expression. Interestingly, both CREB and HIF-1a
interact with CBP/p300 (Chrivia et al., 1993; Arany
et al., 1996) CBP/p300 may, therefore, be a physical
bridge between CREB and HIF-1a (Figure 8).

Increased VEGF production/secretion after CREB
activation also induces EMT in cancer cells. VEGF-
binding and activation of VEGFR-1 in pancreatic
cancer cells resulted in morphologic and molecular
alterations associated with EMT (Yang et al., 2006).
Our study is the first to implicate CREB–VEGF
signaling in EMT and acquisition of invasive pheno-
types during PCa progression.

Materials and methods

Collection of serum specimens
After informed consent, serum specimens (10–20ml) for
VEGF analysis were collected from patients with confirmed
PCa with or without bone-scan-confirmed metastasis.

IHC staining
Human normal/benign prostatic glands, primary PCa, and
bone metastatic PCa tissue specimens were analysed for
p-CREB expression by IHC as described (Xu et al., 2006).
Positive p-CREB is defined as >15% positive reaction by the
cell population to anti-p-CREB antibody (Cell Signaling,
Beverly, MA, USA).

Cell cultures
Human PCa cell lines ARCaPE and ARCaPM were cultured as
described previously (Chung et al., 1991; Zhau et al., 1996; Xu
et al., 2006). Serum-starved ARCaP cells were treated with
FSK or H89 (Calbiochemicals, San Diego, CA, USA) in
serum-free T-medium (Invitrogen, Carlsbad, CA, USA).

Plasmids and transient transfection
The expression vectors for WTCREB and KCREB (Clontech,
Mountain View, CA, USA) were transfected into ARCaPE

Figure 8 Proposed model for CREB regulation of VEGF
expression. CBP or p300 may be scaffold proteins for p-CREB
and HIF-1a to form a transcriptional complex on VEGF promoter
in response to CREB activation.
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cells using lipofectamine 2000 (Invitrogen) and incubated for
72 h. For siRNA treatment, ARCaPE cells were transfected
with VEGF siRNA, HIF-1a siRNA or control siRNA-A
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a final
concentration of 80 nM for 72 h.

Reporter assay
ARCaPE cells were seeded at a density of 1.5� 105 cells per
well in 12-well plates 24 h before transfection. pVEGF–KpnI
(Forsythe et al., 1996) (American Type Culture Collection,
Manassas, VA, USA) or pHIF1-luc (Panomics, Fremont, CA,
USA) was introduced using lipofectamine 2000. Data were
presented as relative luciferase activity (luciferase activity
normalized to internal control b-galactosidase activity).

CM preparation
Subconfluent cells were cultured in serum-free T-medium for
48 h before CM were collected (Huang et al., 2005).

VEGF ELISA in patients with PCa
VEGF concentration in ARCaP CM, or serum VEGF from
PCa patients was analysed using a Quantikine ELISA kit
(R&D Systems, Minneapolis, MN, USA).

Western blot analysis
Immunoblotting analysis followed standard procedure
with anti-CREB and anti-p-CREB (Cell Signaling); anti-
CBP, anti-p300 (Santa Cruz Biotechnology); anti-HIF-1a
(Upstate, Charlottesville, VA, USA); anti-b-actin (Sigma, St
Louis, MO, USA); anti-EF1a (BD Transduction Laboratories,
San Diego, CA, USA).

Preparation of nuclear extracts
ARCaP cells were serum-starved overnight and incubated for
2 h with FSK (10 mM) or dimethyl sulfoxide (DMSO). Nuclear
proteins were prepared using a NucBuster Protein Extraction
Kit (Novagen, San Diego, CA, USA).

RT–PCR
Total RNA (1 mg) was used as template in a reaction using the
SuperScriptIII OneStep RT–PCR kit (Invitrogen). The human
VEGF primers were described by Bates et al., (2003). The
primers for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) are 50-GTCAGTGGTGGACCTGACCT-30 (for-
ward) and 50-AGGGGTCTACATGGCAACTG-30 (reverse).
The primer pair for human HIF-1a was from Santa Cruz
Biotechnology. The thermal profile is 30 cycles for human
VEGF or HIF-1a amplification or 20 cycles for GAPDH, with
15 s, 941C; 30 s, 551C; and 60 s, 681C.

DNA-binding assays
An ELISA-based assay (TransAM HIF-1) to analyse HIF-1a/
HRE interaction was used according to the manufacturer’s
protocol (ActiveMotif, Carlsbad, CA, USA). Nuclear extracts
were incubated in 96-well plates precoated with the HRE
consensus oligonucleotides. HIF-1a antibody was added to the
reactions and an HRP-conjugated secondary antibody was
used to quantify the HRE-binding activity of nuclear extracts.
The ChIP assay used a ChIP-IT kit (ActiveMotif). ARCaPE

cells (1� 107) were serum-starved overnight and replaced with
fresh serum-free medium, incubated with FSK (10 mM) or
DMSO for 2 h. Chromatin was sheared by enzymatic
shearing for 8min. A portion of chromatin was reversed and
used as input DNA. For immunoprecipitation, 2mg HIF-1a
antibody (Santa Cruz Biotechnology) was used. PCR primers
for HRE region in VEGF promoter are from published
sequences (Kong et al., 2005). Negative PCR primer pair
included in the ChIP kit was used as negative control. PCRs
were performed for 30 cycles, with primer concentration as
10 pmol/20ml.

Data analysis
All data are representative of three or more experiments.
Treatment effects were evaluated using a two-sided Student’s
t-test. Errors are standard error values of averaged results, and
values of Po0.05 were taken as a significant difference
between means.
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ATF, activating transcription factor; cAMP, cyclic AMP;
CBP, CREB-binding protein; ChIP, chromatin immunopreci-
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Abstract

The protein factor B2-microglobulin (B2M), purified from the
conditioned medium of human prostate cancer cell lines,
stimulated growth and enhanced osteocalcin (OC) and bone
sialoprotein (BSP) gene expression in human prostate cancer
cells by activating a cyclic AMP (cAMP)–dependent protein
kinase A signaling pathway. When B2M was overexpressed
in prostate cancer cells, it induced explosive tumor growth
in mouse bone through increased phosphorylated cAMP-
responsive element binding protein (CREB) and activated
CREB target gene expression, including OC, BSP, cyclin A,
cyclin D1 , and vascular endothelial growth factor . Interrupt-
ing the B2M downstream signaling pathway by injection of
the B2M small interfering RNA liposome complex produced
an effective regression of previously established prostate
tumors in mouse bone through increased apoptosis as shown
by immunohistochemistry and activation of caspase-9,
caspase-3, and cleavage of poly(ADP-ribose) polymerase.
These results suggest that B2M signaling is an attractive
new therapeutic target for the treatment of lethal prostate
cancer bone metastasis. (Cancer Res 2006; 66(18): 9108-16)

Introduction

Prostate cancer bone metastasis is lethal, and currently, there is
no effective therapy (1). To develop new approaches targeting
prostate cancer bone metastasis, we sought to understand the
reciprocal interaction between prostate cancer and bone cells at
the molecular level to identify soluble factors that may be shuttled
between these cells that are responsible for the maintenance of
cell-specific phenotypes and behaviors. We focused specifically on
the regulation of bone-restricted osteocalcin (OC) and bone
sialoprotein (BSP) expression in prostate cancer cells because the
expression of these proteins has been proposed to confer the ability
of prostate cancer cells to grow and survive in the bone
microenvironment (2, 3). OC and BSP could contribute in part to
the adhesive properties of prostate cancer cells through the
binding of their cell surface integrin receptors and a RGD motif of
extracellular matrices (4, 5). The ability of prostate cancer cells to
mimic bone by expressing OC, BSP, osteopontin, osteonectin/
SPARC, and the receptor activator of nuclear factor-nB ligand

(RANKL) could further aid prostate cancer bone colonization as
shown by the ability of prostate cancer cells to form mineralized
bone nodules in culture (2, 3, 6). This understanding of prostate
cancer and bone cell interaction has been the basis for developing
novel and promising therapies for the treatment of prostate cancer
bone metastasis in the clinic. Bisphosphonates, agents known to
decrease bone turnover, were shown to reduce overall bone loss
and improve bone pain associated with bone metastasis when
applied clinically in patients with prostate or breast cancer bone
metastases (7, 8). Atrasentan, an endothelin-1 (ET-1) receptor A
antagonist, was found to improve quality of life and bone pain in
prostate cancer patients by interfering with the interaction
between ET-1, secreted by prostate cancer cells, and its receptor
ET-A, located on the cell surface of osteoblasts (9). In addition, data
from experimental cell lines, animal models, and clinical studies
reveal that insulin-like growth factor (IGF)-I and its receptor IGFR-
I, platelet-derived growth factor (PDGF) and its receptor PDGFR,
and RANKL and RANK interaction are promising targets for
therapeutic intervention (10–12).
h2-microglobulin (h2M) is a nonglycosylated protein composed

of 119 amino acid residues with a secreted form of 99 amino acids
and a molecular mass of 11,800 Da (13, 14). h2M is synthesized by all
nucleated cells and forms complexes with the heavy chain of MHC
class I antigen through noncovalent linkage on cell surfaces (15).
MHC I is essential for the presentation of protein antigens recog-
nized by cytotoxic T cells (16). On recognition of foreign peptide
antigens on cancer cell surfaces, T cells actively bind and lyse the
antigen-presenting cells. Down-regulation of MHC I occurs fre-
quently in cancer cells, and this contributes to the immune evasive-
ness of cancer cells that allows them to escape from elimination by
the attacking cytotoxic T cells (17). The biological functions of h2M
in cancer are not clear. Increased h2M levels in bone marrow and
blood specimens are correlated with a poor prognosis and the
failure of multiple myeloma patients to respond to therapy (18).
Urine h2M levels are elevated in advanced prostate cancer patients
and correlate negatively with patient survival (19). Concentrations
of serum h2M are also increased in gastrointestinal (20) and breast
cancer patients (21). Hence, h2M may be useful as a prognostic and
therapeutic response indicator for cancer patients. h2M is a mito-
gen and is capable of increasing the growth of human osteoblasts
(22), human prostate cancer PC3 cells, and rat stromal cells (23) and
to regulate the expression of hormone/growth factor receptors
(epidermal growth factor receptor, insulin receptor, and IGF-I and
IGF-II receptors) and the interaction with their ligands (24–26).

We report here that the protein factor h2M is required to
maintain the bone phenotypes or osteomimicry exhibited by
prostate cancer cells (2, 3). We showed that h2M activates
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phosphorylated cyclic AMP (cAMP)–responsive element binding
protein (p-CREB) with increased expression of its target genes. This
activation could enhance tumor growth and angiogenesis and
facilitate the recruitment of osteoblasts and osteoclasts to the site of
tumor colonization in bone. This signaling axis offers an
opportunity for improved clinical targeting of prostate cancer bone
metastasis. Recently, we (Huang et al., 2006, AACR Annual Meeting,
Abstract 4822) and others (Yang et al., 2006, AACR Annual Meeting,
Abstract 2218) have shown that h2M expression is linked to the
increased growth, migration, and invasion of human prostate,
breast, lung, renal cancer, and myeloma cells and promoted their
epithelial to mesenchymal transition (EMT). Our results established
for the first time the growth and signaling roles of h2M in human
prostate cancer bone metastasis and confirmed h2M/protein kinase
A (PKA)/CREB signaling axis as a potential new target for therapy.

Materials and Methods

Cell lines and cell culture. Human prostate cancer cell lines LNCaP,

C4-2B4, DU145, PC3, and ARCaP and osteosarcoma cell line MG63 were
cultured in T-medium (Life Technologies, Inc., Rockville, MD) supplemented

with 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin as de-

scribed previously (27). The cells were maintained at 37jC in 5% CO2. For

conditioned medium collection, cells were cultured in T-medium with serum
until 80% confluence. The cells were washed subsequently twice in PBS

(10 mmol/L phosphate buffer and 137 mmol/L NaCl) and incubated in

T-medium without serum. After 2 days of additional incubation, conditioned

media were collected, centrifuged, and stored at �20jC until use.
Purification and identification of B2M. All purification procedures

were done at 4jC. Total proteins from 100 mL of ARCaP conditioned

medium were precipitated by 0% to 100% saturation of ammonium sulfate.
After centrifugation, the protein precipitates were dissolved in 1 mL of PB

[10 mmol/L sodium phosphate (pH 7.6) containing 0.2 mmol/L phenyl-

methylsulfonyl fluoride, 0.5 mmol/L DTT, protease inhibitor cocktail (Roche

Molecular Biochemicals, Indianapolis, IN)] and dialyzed against 500 mL of
PB twice overnight. After centrifugation of the dialyzed solution, the

supernatant was passed through Centricon (YM-30, Millipore Corp.,

Billerica, MA) to remove the proteins with high molecular mass

(>30 kDa). Protein filtrate (100 AL, f100 Ag of total proteins) was loaded
into an anion exchange column (4 � 250 mm, ProPac Wax-10, Dionex,

Sunnyvale, CA) preequilibrated with PB at a flow rate of 1 mL/min. The

bound form proteins were eluted with a liner gradient of 0 to 1 mol/L NaCl.
After analysis of human OC (hOC) promoter-luciferase activity (2) for

each fraction, the purified protein fractions having promoter-luciferase

activity were collected and analyzed by SDS-PAGE with silver staining

(Invitrogen, Carlsbad, CA). After SDS-PAGE analysis, the NH2-terminal
amino acid sequence of this homogenous protein was determined by the

Edman degradation method (28). Human h2M protein was purchased from

Sigma (St. Louis, MO).

Reverse transcription-PCR. Total RNA was isolated from the confluent
monolayer of cells using RNAzol B (TelTest, Inc., Friendswood, TX). The

total RNA was used as the template for reverse transcription according

to the manufacturer’s instructions (Invitrogen). The oligonucleotide
primer sets used for PCR analysis of cDNA were h2M [5¶-ACGCGTCCGA-
AGCTTACAGCATTC-3¶ ( forward) and 5¶-CCAAATGCGGCATCTA-

GAAACCTCCATG-3¶ (reverse)], OC, BSP, and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) as described previously (2). The thermal profile for
h2M amplification is 30 cycles starting with denaturation for 1 minute at

94jC followed by 1 minute of annealing at 64jC and 30 seconds of extension

at 72jC. Reverse transcription-PCR (RT-PCR) products were analyzed by

agarose gel electrophoresis. Quantity One 4.1.1 Gel Doc gel documentation
software (Bio-Rad, Hercules, CA) was used for quantification of h2M, OC, and

BSP mRNA expression and normalized by GAPDH mRNA.

Western blot analysis and ELISA. Western blot was done using the

Novex system (Invitrogen). Primary antibody anti-h2M and vascular

endothelial growth factor (VEGF; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA) was used at a 1:500 dilution, and secondary antibody

(Amersham Biosciences Corp., Piscataway, NJ) was used at a 1:5,000

dilution. Detection of protein bands was done with Enhanced

Chemiluminescence Western Blotting Detection Reagents (Amersham
Biosciences). For apoptosis analysis, rabbit polyclonal anti-caspase-9, anti-

caspase-3, and anti–poly(ADP-ribose) polymerase (PARP) antibodies

(1:500 dilution) were ordered from Cell Signaling Technology, Inc.

(Beverly, MA). Anti-CREB, p-CREB (1:1,000), cyclin A, and cyclin D1
(1:2,000) antibodies were purchased from Cell Signaling Technology. The

concentration of protein was determined by the Bradford method using

Coomassie plus protein reagent (Pierce, Rockford, IL). h2M protein

concentration was assayed by Quantikine IVD human h2M ELISA kit
(R&D Systems, Inc., Minneapolis, MN) according to the manufacturer’s

instructions.

Cell proliferation assay. Prostate cancer cell lines were plated in 96-well

plates in T-medium containing 5% FBS. After 24 hours of incubation, media

were replaced by serum-free T-medium and incubated for an additional

24 hours. The cells were exposed with conditioned medium or reagents for

3 or 4 days of incubation. Cell numbers were measured every 24 hours using

CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega,

Madison, WI).

In vivo animal studies. All of the animal experiments were approved
and done in accordance with institutional guidelines. Four-week-old male

athymic nu/nu mice (National Cancer Institute, Frederick, MD) were

inoculated into the bone marrow space of the femurs with 1 � 106 cells per

mouse of Neo or h2M-overexpressing C4-2B cells, respectively. Blood
specimens were harvested for prostate-specific antigen (PSA) assay

biweekly. Serum PSA levels were determined by microparticle ELISA using

the Abbott IMx machine (Abbott Laboratories, Abbott Park, IL).

B2M small interfering RNA and antiprostate tumor study. The
specific h2M and control scramble small interfering RNA (siRNA) sequences

were 5¶-UUGCUAUGUGUCUGGGUUU(dT)(dT)-3¶ and 5¶-UUCAUGUGUCU-
GUGGUGUU(dT)(dT)-3¶, respectively. For efficient RNA delivery, we used a
cationic liposome formulation (29) to deliver h2M and scramble siRNA into

cell lines or living mice. To test the prostate tumor growth inhibition by

h2M siRNA, 4-week-old male athymic nu/nu mice were inoculated either

with 2 � 106 C4-2B cells in mouse femur or in the s.c. space of the chest
regions with 2 � 106 cells of PC3-Luc or C4-2B mixed with 20 mg of bone

powder and 35 AL of Matrigel matrix (BD Biosciences, Bedford, MA),

respectively. Three (PC3-Luc) or 4 (C4-2B) weeks later, the tumor-bearing

mice were randomly divided into two groups. The mice in the treatment
group received an intratumoral injection of the h2M siRNA liposome

complex thrice weekly continuously for 4 weeks at a dose of 0.8 Ag of siRNA

mixed with 19.2 AL of liposome for each mouse. The control group was
injected with the same dose of the scramble siRNA liposome complex. To

assay the antitumor efficacy of h2M siRNA, real-time bioluminescence

images acquired by CCD camera using a cryogenically cooled IVIS system

with analysis software (Xenogen Corp., Alameda, CA; ref. 30) and serum PSA
levels were used to monitor PC3-Luc and C4-2B tumor burden in nude

mice, respectively.

Immunohistochemical staining. Detection of h2M expression and cell

death of normal and tumor specimens was conducted using Dako Auto-
stainer Plus system (Dako Corp., Carpinteria, CA). Mouse monoclonal anti-

body against h2M (used at 1:1,000 dilution; Santa Cruz Biotechnology) and

against M30 CytoDeath (1:600; DiaPharma Group, Inc., West Chester, OH)
were used. Tissues were deparaffinized, rehydrated, and subjected

to pressure cooking antigen retrieval at 125jC and 20 p.s.i. for 30 seconds,

10 minutes of double endogenous enzyme block, 30 minutes of primary

antibody reaction, and 30 minutes of EnVision+ Dual Link or Biotinylated
Link and Streptavidin-Peroxidase System incubation. Signals were detected

by adding substrate hydrogen peroxide using diaminobenzidine as the

chromogen and counterstained with hematoxylin. All reagents were

obtained from DAKO.
Statistical analysis. Statistical analyses were done as described

previously (2). Student’s t test and two-tailed distribution were applied in

the analysis of statistical significance.
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Results

Purification and identification of a soluble factor conferring
enhanced hOC promoter activity in human prostate cancer
cells. We previously reported that conditioned medium of ARCaP
cells can induce hOC and human BSP (hBSP) promoter activities
and their respective mRNA expression through a cAMP-dependent
PKA signaling pathway by human prostate cancer cells (2). To
identify the responsible factor, ARCaP conditioned medium was
subjected to purification by ammonia sulfate [(NH4)2SO4] precip-
itation, membrane filtration (YM-30), anion exchange column
chromatography, and NH2-terminal amino acid sequencing of
the final purified product. The respective fractions collected from
the various purification steps were subjected to hOC promoter-
luciferase activity analysis in C4-2B cells, an androgen-independent
human prostate cancer cell line of the LNCaP lineage (31).
Figure 1A shows that anion exchange chromatography fractions
eluted between 0.20 and 0.22 mol/L NaCl seem to contain the
active factor capable of stimulating hOC promoter-luciferase
activity. This fraction was then analyzed by SDS-PAGE and silver
stain. Figure 1B (left) shows that a homogenous protein band
migrating 11 kDa was observed. In addition, we used mass
spectrometry to determine the exact molecular mass of this factor,
which is 11,802.6 Da. NH2-terminal amino acid sequencing of
this fraction revealed that this biologically active protein to be h2M
(IQRTPKIQVYSRHPA). Western blot analysis subsequently using
anti-h2M antibody confirmed that this protein is h2M (Fig. 1B,
right). b2M , a known housekeeping gene, was further shown to be
expressed uniformly among a series of human prostate cancer and
bone cell lines as assessed by semiquantitative RT-PCR (Fig. 1C).
As expected, h2M protein, conducted by Western blot (Fig. 1D),

correlated directly with the ability of the conditioned medium to
stimulate hOC promoter-luciferase activity, which was higher in
the conditioned medium collected from the more aggressive
ARCaP than from the less aggressive LNCaP cells with the soluble
factor presented as the secreted form (2).
B2M is responsible for the activation of hOC and hBSP

promoter-luciferase activities in selective prostate cancer cell
lines. To validate that h2M is the active soluble factor responsible

for the stimulation of hOC and hBSP promoter-luciferase activities
in prostate cancer cells, we exposed C4-2B cells to ARCaP
conditioned medium either in the presence or absence of anti-
h2M neutralizing antibody. Both hOC and hBSP promoter-
luciferase activities were induced by ARCaP conditioned medium,
and the fold of the promoter activation seemed to be dependent

on the concentrations of h2M protein in the conditioned medium
(Fig. 2A). We observed that the activated hOC and hBSP promoter-
luciferase activities were blocked by a neutralizing anti-h2M
antibody but not by the control IgG (Fig. 2A). This study was also
confirmed by a similar experiment where h2M conditioned
medium was collected from C4-2B cells stably transfected with a

h2M expression vector (Fig. 2B). As shown, h2M conditioned
medium stimulated hOC and hBSP promoter-luciferase activities,
which were blocked by the presence of anti-h2M antibody but not
IgG. Finally, we ratified our data using h2M protein and confirmed
a dose-dependent up-regulation of the promoter-luciferase activity

in C4-2B cells, which were also suppressed by anti-h2M but not
control antibody (Fig. 2C).

B2M activates OC and BSP mRNA expression and stimulates
the growth of human prostate cancer cells through activation
of CREB. To further evaluate whether h2M up-regulates the

Figure 1. Purification and identification of h2M from human prostate cancer cell conditionedmediumand the expression of h2M in various human prostate cancer cell lines.
A, total hOC promoter-luciferase activity was analyzed on the addition of each fraction collected from the purification steps. T-med, fresh T-medium as a background
control. Columns, mean of two independent experiments; bars, SD. B, SDS-PAGE analysis. Silver stain (left) and Western blot (right) analyses of h2M for the various
purification steps. M, standard markers; b2M, commercial h2M protein (0.1 Ag) was used as a positive control. Anti-h2M antibody was used for Western blot.
C, endogenous h2M transcript expressed in human prostate cancer cell lines LNCaP, C4-2B, DU145, PC3, and ARCaP and in human osteosarcoma cell line MG63
detected by RT-PCR. Expression of GAPDH was used as a loading control. ARCaP without adding primers was used as a negative control. D, Western blot analysis of
secreted h2M proteins collected from human prostate cancer cell line conditioned medium (20 Ag of total proteins per lane).
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endogenous OC and BSPmRNA, we assessed the expression of these
noncollagenous bone matrix proteins using a semiquantitative RT-
PCR in C4-2B cells exposed to ARCaP or h2M conditioned medium
( from C4-2B cells stably transfected with a h2M expres-
sion vector). The endogenous OC and BSP mRNA expression
increased by 6- to 8-fold on the exposure of C4-2B cells to ARCaP or

h2M conditioned medium (Fig. 3A, left). Consistent with the hOC
and hBSP promoter-luciferase activity data, anti-h2M antibody also
inhibited the mRNA expression induction by ARCaP or h2M
conditioned medium. Furthermore, the ability of h2M to induce OC
and BSP mRNA expression was also confirmed in an additional
study, in which C4-2B cells were stably transfected with a h2M
cDNA expression vector. As shown in Fig. 3A (right), both the
endogenous OC and BSP mRNA levels were increased in cells stably
transfected with h2M cDNA (B2 and C2, the two highest h2M
expression clones) but not with a control neomycin-resistant empty
vector (Neo).
h2M has been shown previously to enhance the growth of PC3

cells (23). To address whether h2M also stimulates the proliferation
of other human prostate cancer cells, we tested h2M on the growth
of a broad range of human prostate cancer cell lines, including
androgen-dependent (LNCaP), androgen-independent (C4-2B,
DU145, and PC3), and androgen-repressed (ARCaP) cells. All the
prostate cancer cell lines responded to h2M-induced cell prolif-
eration. In a 3-day proliferation assay, the relative cell growth
increased were as follows: ARCaP, 129 F 8%; C4-2B, 121 F 10%;
DU145, 120 F 7%; LNCaP, 117 F 7%; and PC3, 111 F 3%. We
also compared the cell growth of B2-h2M-transfected, C2-h2M-
transfected, and Neo-transfected C4-2B cell clones on plastic dishes
and in soft agar. B2 and C2 clones that expressed the highest levels
of h2M had the highest growth rate compared with Neo and the
parental cells (�), which expressed only the endogenous levels
of h2M (Fig. 3B, top). Anti-h2M antibody inhibited parental and
Neo-transfected C4-2B cell growth in a dose-dependent manner
(Fig. 3B, bottom). Cells expressing high levels of h2M, such as the B2
clone, required a higher amount of anti-h2M antibody (10 Ag/mL)
to inhibit cell growth induced by endogenous h2M than did the
Neo-transfected clone (1 Ag/mL). Control IgG (20 Ag/mL) failed
to exert a growth-inhibitory effect. We also conducted the three-
dimensional anchorage-independent growth of Neo and h2M-
overexpressing C4-2B cells in soft agar. The results showed a direct
correlation between the size and the number of colonies formed
in the soft agar and the levels of h2M expression by the C4-2B cells
(Fig. 3C). These data collectively suggest that h2M is a potent
stimulator for OC and BSP expression and the proliferation of
prostate cancer cells in vitro .

To determine the possible signaling link between h2M
expression and prostate cancer cell growth, we chose to evaluate
the activation status of CREB, a target of h2M/PKA downstream
signaling (2). We assessed the expression of CREB target genes,
cyclin A, cyclin D1 , and VEGF (32), which are known to control
tumor cell growth and angiogenesis in nontransfected parental,
Neo, and h2M-overexpressing C4-2B cells. Figure 3D shows that
increased h2M expression (B2 and C2 clones) greatly promoted the
protein expression of p-CREB (2.3- to 2.5-fold), cyclin D1 (3.9- to
4.1-fold), cyclin A (2.6- to 3.0-fold), and VEGF (3.3- to 3.8-fold) over
that of the Neo control C4-2B cells.
B2M supports the growth of prostate cancer cells in mouse

bone in vivo. Because OC and BSP accumulation by human
prostate cancer cells confers increased growth and survival of
cancer cells and their expression of growth regulatory CREB target
genes in hosts, we further compared the growth of Neo and h2M-
overexpressing C4-2B cells in mouse bone. h2M-overexpressing
C4-2B cells exhibited a 16-fold increased rate of growth over that
of the Neo-transfected cells, as assessed by serum PSA (33),
when injected into mouse skeleton (serum PSA concentration: Neo,
103 F 17 ng/mL and h2M, 1,697 F 500 ng/mL) at 17 weeks after

Figure 2. h2M regulates bone-specific gene promoter reporter activation in
human prostate cancer cells. A and B, ARCaP and h2M conditioned media (CM )
stimulated hOC and hBSP promoter-luciferase activities in C4-2B cells in a
concentration-dependent pattern with h2M concentrations from 0 to 0.6 Ag/mL.
Anti-h2M antibody (b2M Ab ; 10 Ag/mL) can significantly inhibit the promoter
reporter activation by ARCaP and h2M conditioned media. Isotype IgG
(10 Ag/mL) was used as a control. Columns, mean of three independent
experiments; bars, SD. **, P < 0.005. C, h2M protein also induced hOC and
hBSP promoter-luciferase activities in a dose-dependent manner. **, P < 0.005.
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tumor cell inoculation (Fig. 4A and B, top). h2M does not
significantly affect the PSA expression in C4-2B cells (PSA levels
in Neo and h2M clones are 21.9 F 2.1 ng/Ag and 25.3 F 2.5 ng/Ag
cellular protein, respectively; P = 0.15). Histomorphologic analysis
of h2M tumors showed a more intense osteoblastic response in
mouse femur compared with the specimens obtained from Neo
tumors and normal control samples (Fig. 4B, bottom). Immuno-
histochemical analysis shows that h2M tumors highly expressed
h2M proteins compared with Neo and normal tissues harvested
from mouse femurs using anti-h2M antibody (Fig. 4C). The
observed increase in h2M expression in C4-2B tumors in mouse
femurs corresponded with the increased h2M expression in
primary and metastatic human prostate cancer tissues. Figure 4D
shows representative immunohistochemical analysis of h2M
staining in primary and bone metastatic human prostate cancer
specimens. Abundant h2M staining was seen in primary prostate
cancers (139 of 153 or 91% positive) and bone metastases (4 of 4 or
100% positive). Note that heterogeneity exists in the primary
human prostate cancer specimens, where some of the specimen

cancer areas stained stronger than the normal, whereas in others
the reverse was observed.
B2M is an attractive new therapeutic target for the treat-

ment of human prostate cancer bone metastasis. Because h2M
conferred increased prostate cancer cell growth in mice bone,
we tested the possibility that h2M-induced intracellular signaling
may be a therapeutic target. We devised a sequence-specific h2M
siRNA and compared the activity of this siRNA with its control
scramble h2M siRNA, delivered as a cationic liposome complex
(29), to cultured cancer cells or preestablished prostate tumors
in mice.

First, we assessed h2M and scramble siRNA for antagonizing
h2M mRNA expression in C4-2B cells. Figure 5A shows that, in a
transient transfection assay, h2M, but not scramble siRNA,
effectively blocked the endogenous level of h2M mRNA. h2M
protein expression, detected by Western blot and ELISA, was also
inhibited by h2M siRNA but not scramble siRNA (data not shown).
Corresponding with decreased h2M mRNA expression, h2M siRNA,
as expected, eliminated the mRNA expression of OC and BSP

Figure 3. h2M enhances endogenous OC and BSP mRNA expression and stimulates the proliferation of human prostate cancer cells through activation of
CREB. A, ARCaP and h2M conditioned media (0.6 Ag/mL of h2M protein) increased OC and BSP mRNA expression in C4-2B cells, and anti-h2M antibody (10 Ag/mL)
inhibited the mRNA induction by conditioned medium done by RT-PCR. Left, fold, ratios of ARCaP or h2M conditioned medium treated in the presence or
absence of anti-h2M antibody versus the vehicle-treated control; right, endogenous OC and BSP mRNA expression in nontransfected parental (�), Neo, and the two
highest h2M-overexpressing clones (B2 and C2) in C4-2B cells was determined by RT-PCR. B, h2M-mediated mitogenic effect on C4-2B cells. Parental (�), Neo,
B2, and C2 cells were plated in 96-well plates, and cell numbers were measured every 24 hours. **, P < 0.005, significant differences from Neo (top ). Anti-h2M antibody
inhibited C4-2B cell growth in a dose-dependent manner. Parental (�), Neo, and B2 cells were plated in 96-well plates and exposed to different concentrations of h2M
antibody (0-20 Ag/mL). Isotype IgG (20 Ag/mL) was used as a control. Cell numbers were measured at day 3 after treatment with antibody. **, P < 0.005 (bottom ).
C, effect of h2M on soft agar colony-forming efficiency of C4-2B cells. Neo, B2, and C2 cells were suspended in DMEM containing 10% FBS and 0.3% agarose and then
placed on top of solidified 0.6% agarose in a six-well plate. The cell colonies were measured, counted (>50 Am), and photographed (�40) after cells were cultured
for 4 weeks. Average colony-forming numbers were calculated from six replicates. D, Western blot analysis. p-CREB, cyclin D1, cyclin A, and VEGF are highly
expressed in h2M-overexpressing B2 and C2 clones compared with Neo and nontransfected (�) C4-2B cells.
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(Fig. 5A). h2M siRNA significantly inhibited the growth of C4-2B
cells. In a 4-day proliferation assay, relative cell growth increased
to 139 F 6% and 138 F 8% in parental nontransfected and
scramble siRNA-transfected cells, respectively, whereas the growth
of h2M siRNA-C4-2B cells remained at only 109 F 3%.

Next, we validated the chronic effect of h2M siRNA on human
prostate tumor growth both in bone powder xenografts (34) and
in mouse skeleton (35). The bone powder was shown previously by
Reddi and Huggins (34) to recapitulate bone morphogenesis and
cytodifferentiation in a highly time-dependent and host microen-
vironment-dependent manner. Because of the known heterogene-
ity in human prostate cancer, we chose to test the proliferation of
both C4-2B and PC3 cells and their requirement of h2M as a
growth and survival signal. C4-2B and PC3 cells are documented
to have different profiles of androgen receptor and response to
h2M-induced hOC and hBSP promoter-luciferase activity (2). PC3
cells stably transfected with a luciferase gene (PC3-Luc) formed
tumors in bone powder, with growth increase as a function of time
as analyzed by a CCD Xenogen camera in mice during a 28-day
siRNA treatment period (Fig. 5B). Although the growth of PC3-Luc
tumors was not affected by injections of the scramble siRNA
liposome complex, the h2M siRNA liposome complex delivered in
the same manner shrank and eliminated preexisting PC3-Luc
tumors grown as bone powder xenografts (Fig. 5B and C, top).
Likewise, the growth of C4-2B tumors in bone powder in vivo ,
as detected by monitoring serum PSA levels, was also markedly
inhibited by h2M siRNA treatment compared with scramble siRNA
(Fig. 5C, bottom). The effect of h2M siRNA in eliminating pre-
existing prostate tumor growth in bone powder xenografts was
also observed in mice inoculated directly with C4-2B cells in bone
(data not shown). These data support the conclusion that
antagonizing h2M signaling by h2M siRNA resulted in efficient
targeting of the growth of human prostate tumors in mouse bone.

To investigate the molecular mechanism by which h2M siRNA
induced human prostate cancer cell death, we conducted Western
blot analysis to examine the activation of caspases, a hallmark of
apoptosis (36). As shown in Fig. 5D (left), in C4-2B cells, h2M siRNA
induced the activation of the initiator caspase, cleaved caspase-9
(37 and 35 kDa), and caspase-3 (19 and 17 kDa), which is one of the
downstream effector caspases. The cleaved form of PARP (89 kDa),
a factor downstream of caspase-3, was also detected in h2M siRNA-
treated C4-2B cells. However, in parental (�) and scramble siRNA-
treated C4-2B cells, no activated caspase-9, caspase-3, or cleaved
PARP proteins were observed. Consistent with these results,
marked elevation of apoptosis by h2M siRNA, as assessed by a
CytoDeath M30 stain, was detected in both PC3-Luc and C4-2B
bone powder xenografts (Fig. 5D, right). These results suggest that
h2M siRNA reduced human prostate cancer cell proliferation
in vivo and induced apoptotic death in prostate cancer cells.

Discussion

The mortality and morbidity associated with human prostate
cancer bone metastasis remains a challenge in the clinical
management of human prostate cancer. Recently, new approaches
have been explored to target the interphase between prostate

cancer and bone, and some success has been achieved in reducing

pain and improving survival and morbidity in patients with

hormone refractory metastatic disease. Specifically, the use of

bisphosphonate has been shown to reduce bone loss and frac-

ture in patients treated with hormone withdrawal therapy (8).
A bone-directed cotargeting strategy, killing prostate cancer cells
with chemotherapy and modulating host bone cells with stron-
tium-89, was shown to improve the overall survival of patients with
hormone refractory prostate cancer (37). Atrasentan was shown to
reduce bone pain and improve the quality of life of prostate cancer

Figure 4. h2M supports the growth of
human prostate cancer cells in mouse bone.
A, serum PSA levels were assayed every
2 weeks after inoculation of Neo (n = 10)
and h2M (n = 10) C4-2B cells in mouse
femur. **, P < 0.005. B, X-ray image (top )
and histomorphologic analysis (bottom ) of
control (normal mouse bone), Neo tumors,
and h2M tumors in mouse femur. X-ray
images indicate that h2M regulated the
explosive growth of C4-2B tumor cells in
mouse bone. C, immunohistochemical
staining (IHC ) of control (normal mouse
bone), Neo, and h2M femur tumor
specimens. h2M-overexpressing C4-2B
tumors stained positively with anti-h2M
antibody but control and Neo tumors stained
only at background levels. Magnification,
�100. D, immunohistochemical analysis of
h2M in primary human prostate cancer
and prostate cancer bone metastatic
specimens. Note heterogeneity exists in the
primary prostate cancer specimens
(#1 and #2). N, normal areas;
C, cancer areas. Inset, background
immunohistochemical analysis using control
IgG. Magnification, �100.
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patients with hormone refractory bone metastasis (9). These
advances illustrate the importance of understanding the cellular
interaction between prostate cancer and bone at the molecular
level. In the present communication, we showed for the first time
that h2M regulates the signaling pathway that confers the
expression of bone matrix proteins OC and BSP and induces
growth of human prostate cancer cells through the activation of
the angiogenesis factor and cell cycle regulatory cyclins. By
interrupting h2M-mediated downstream signaling, we observed
considerable cell death and the shrinkage of preexisting prostate
tumors in bone powder and mouse femur models. Cell death was
confirmed by immunohistochemistry of the apoptotic M30 marker
and the activation of caspases and PARP, markers known to be
associated with programmed cell death.
b2M , a known housekeeping gene, expresses at a constant level

with respect to its mRNA in many mammalian tissues and cells
(38). h2M is a key protein involved in the presentation and
stabilization of MHC I antigen on the cell surface. However, the role

of h2M in cancer and bone metastasis is unexplored and unclear.
Our present investigation revealed that h2M protein levels are
variably in prostate cancer cell lines, with the levels of protein
expression corresponding positively with the malignant status of
the prostate cancer cells. These results suggest that the translation
or stability of h2M protein must be tightly controlled to maintain
cancer cell growth and survival.

Based on our published work and others, h2M-mediated
signaling, but not necessarily h2M protein level in tissues or sera,
contributes to enhanced prostate cancer growth and colonization in
bone through four possible mechanisms (Fig. 6): First, h2M can
activate cAMP-dependent PKA activity through binding to and
activation of the seven-transmembrane G protein-coupled receptor
or a yet-to-be-identified h2M receptor (2). This activation could
induce p-CREB, which increases cell proliferation, survival, and
angiogenesis (39–42) through elevated levels of cyclin A, cyclin D1,
and VEGF (Fig. 3D). Second, h2M also enhances the synthesis and
deposition of noncollagenous bone matrix proteins, such as OC and

Figure 5. h2M siRNA down-regulates OC and BSP expression and inhibits human prostate cancer cell growth in vivo through an apoptotic caspase pathway.
A, h2M siRNA (sib2M ) decreased h2M, OC, and BSP expression in C4-2B cells. The mRNA expression of h2M, OC, BSP, and GAPDH in nontransfected parental (�),
h2M siRNA, and control scramble siRNA (Scramble ) cells was determined by RT-PCR. B, real-time bioluminescence image from CCD camera monitoring of the
growth of PC3-Luc cells mixed with bone powder in living mice. The light emission signals of PC3-Luc cells were dramatically decreased during the h2M siRNA
treatment period in mice. Color bar, light emission density (the ranges from 1 � 106 to 1 � 108 photons/s/cm2; n = 5 for each group). C, top, h2M siRNA significantly
reduced the relative light emission of PC3-Luc cells in mice during the treatment period. *, P < 0.05. Bottom, h2M siRNA, but not scramble siRNA, greatly
decreased the relative PSA levels of C4-2B cells grown as bone powder xenografts. **, P < 0.005. D, left, h2M siRNA, but not control scramble siRNA, induced the
initiator cleaved caspase-9 (casp-9) and the downstream effector cleaved caspase-3 (casp-3) and cleaved PARP expression in C4-2B cells by Western blot analysis;
right, PC3-Luc and C4-2B bone powder xenograft specimens were assessed by the CytoDeath M30 apoptotic marker staining. Magnification, �100.
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BSP, which serve as survival factors by binding to the cell surface
integrin receptors (i.e., avh3 and avh5), and thus could sustain the
growth and survival of prostate cancer cells in bone
(43, 44). Third, OC and BSP have been shown to recruit osteoclasts
and osteoblasts in the skeleton, resulting in increased bone
turnover, which creates a growth factor-enriched niche that allows
cancer growth and colonization in the newly ‘‘pitted’’ bone areas (3).
Fourth, h2M (Huang et al., 2006, AACR Annual Meeting, Abstract
4822) or PKA/CREB activation (45) has been shown to promote
EMT in a wide spectrum of human tumor cells, including prostate,
breast, renal, and lung. Through the induction of EMT, cancer cells
acquire enhanced ability to migrate, invade, and eventually gain
access to the metastatic sites (46). Interrupting h2M-regulated
signaling could block all of the above-mentioned pathways, which
could contribute to the observed in vivo antitumor effects of h2M
siRNA. The siRNA technique has been broadly used to investigate
gene function, gene regulation, and gene-specific therapeutics (47).
However, low RNA transfection efficiency and interference by serum
has limited the application of this technology for gene delivery. An
improved nonviral method using the cationic liposome formulation
has gained popularity because of its high binding affinity with the
negatively charged RNA or DNA (29) that form a complex and can
efficiently carry siRNA into cancer cells or host mouse tissues with
minimal immunogenicity and toxicity in immunocompromised
mice (30). In the present communication, we used this cationic
liposome formulation and evaluated the ability of the h2M siRNA
liposome complex to inhibit the growth of preexisting human
prostate tumors in bone powder and mouse femur in nude mice. We
showed direct cytotoxic effects by interrupting h2M signaling in
human prostate cancer cells because these tumors were grown in

immunocompromised mice. Thus, the h2M-mediated signaling
pathway may contribute directly to prostate tumor growth, survival,
and transdifferentiation. By blocking h2M-regulated signaling,
prostate tumor death through the apoptotic cascade pathway can
result. Because normal cells are insensitive to growth inhibition by
h2M siRNA or anti-h2M antibody (Yang et al., 2006, AACR Annual
Meeting, Abstract 2218), this suggests that cancer cells develop
dependence on h2M-mediated signaling and thus are particularly
vulnerable to the h2M signal blockade-induced cytotoxicity.

In summary, we have shown that h2M signaling, via a cAMP-
dependent PKA pathway, CREB activation, and the expression of
bone-like properties by prostate cancer cells, contributes to
prostate cancer cell growth and survival in bone. By interrupting
h2M signaling with sequence-specific h2M siRNA, we observed a
marked decrease of expression of OC and BSP, cancer cell death,
and shrinkage of preexisting prostate tumors in mice. Targeting
h2M either alone or in combination with other therapeutic
modalities may be a promising new approach for the treatment
of lethal human prostate cancer bone metastasis.
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Figure 6. Four proposed molecular
mechanisms, whereby h2M can affect
osteomimicry, cancer progression, and bone
metastasis in human prostate cancer. As
indicated, h2M can activate cAMP/PKA
signaling, its downstream p-CREB, and
expression of target genes, including OC,
BSP, VEGF, cyclin A, and cyclin D1 . h2M
also has a direct growth-promoting and
antiapoptotic action that culminates in
cancer cell growth and survival and through
induction of EMT that facilitates further
cancer cell migration, invasion, and
metastasis. The numbers are corresponding
with Discussion. GPCR, G protein-coupled
receptor; AC, adenylate cyclase; CRE,
cAMP-responsive element.
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B2-Microglobulin Promotes the Growth of Human Renal Cell
Carcinoma through theActivation of the Protein KinaseA,
Cyclic AMP^Responsive Element-Binding Protein,
andVascular Endothelial Growth FactorAxis
Takeo Nomura,1,5 Wen-Chin Huang,1Haiyen E. Zhau,1DaqingWu,1Zhihui Xie,1HiromitsuMimata,5

Majd Zayzafoon,6 Andrew N.Young,2 Fray F. Marshall,3 M. Neale Weitzmann,4 and LelandW.K. Chung1

Abstract Purpose: h2-Microglobulin (h2M), a soluble protein secreted by cancer and host inflammatory
cells, has various biological functions, including antigen presentation. Because aberrant expres-
sion of h2Mhas been reported inhuman renal cell carcinoma, we investigated the effects of h2M
overexpression on cancer cell growth and analyzed its molecular signaling pathway.
Experimental Design:We established clonal cell lines that overexpressed h2M in human renal
cell carcinoma (SN12C) cells and then examined cell growth in vitro and in vivo and studied the
h2M-mediated downstream cell signaling pathway.
Results: Our results showed that h2M expression positively correlates with (a) in vitro growth
on plastic dishes and as Matrigel colonies, (b) cell invasion and migration in Boyden chambers,
and (c) vascular endothelial growth factor (VEGF) expression and secretion by cells.We found,
in addition, that h2M mediates its action through increased phosphorylation of cyclic AMP ^
responsive element-binding protein (CREB) via the protein kinase A-CREB axis, resulting in
increasedVEGF expression and secretion. In convergence with this signal axis, h2Moverexpres-
sion also activated both phosphatidylinositol 3-kinase/Akt and mitogen-activated protein kinase
pathways. h2M overexpression induced accelerated growth of SN12C in mouse subcutis and
bone. Interrupting the h2M signaling pathway using small interfering RNA led to apoptosis with
increased activation of caspase-3 and caspase-9 and cleaved poly(ADP-ribose) polymerase.
Conclusions: Our results showed for the first time that the h2M-protein kinase A-CREB-VEGF
signaling axis plays a crucial role in support of renal cell carcinoma growth and progression and
reveals a novel therapeutic target.

b2-Microglobulin (b2M), a well-known housekeeping gene, is a
12-kDa nonglycosylated polypeptide composed of 100 amino
acids. h2M is synthesized by all nucleated cells and forms
complexes with the heavy chain of MHC class I (1). MHC class I
or HLA antigen plays an important role in tumor immunity
because cancer cells present peptides that are degraded by

proteasome but still recognized by cytotoxic T cells (2–4). The
expression of MHC class I antigen has been observed in some
cancer cells, but down-regulation or loss of HLA molecules on
the surface of cancer cells is often associated with the
progression of several tumor types (5–8) due in part to the
ability of cancer cells to evade host immune surveillance and
subsequent elimination by cytotoxic T cells. However, the
biological functions of h2M in cancer and bone metastasis are
still unknown.
h2M protein expression by normal and cancer cells and its

clinical usefulness has been the subject of investigation for the
past two decades. With few of these studies showing a direct
mitogenic action of h2M (9), no study has attempted to
delineate the potential signaling function of h2M in cancer
cells. h2M is a soluble factor synthesized and secreted by cancer
and inflammatory cells. Increased synthesis and release of h2M
occur in several malignant diseases as indicated by an elevated
serum or urine h2M concentration (10–18). In addition, the
level of h2M is one of the most important independent
prognostic factors and survival predictors in some tumors,
including renal cell carcinoma (12, 14, 16). Therefore, we
hypothesized that h2M is not only a surrogate marker for
tumor burden but also an important signaling molecule
regulating renal cell carcinoma cell growth and behavior. The
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goals of this study are as follows: (a) to define h2M as a soluble
growth factor and signaling molecule, (b) to characterize the
downstream signaling pathways of h2M, and (c) to explore
h2M as a novel therapeutic target in human renal cell
carcinoma.

To test our hypothesis, we established stably h2M-over-
expressing SN12C cells and investigated the growth and
behavior of this renal cell carcinoma cell line in vitro and its
tumor formation in vivo . In this report, we showed that h2M is
a growth factor and a signaling molecule in renal cell
carcinoma. By silencing the basal h2M expression, we observed
marked induction of apoptosis as evidenced by increased
caspase activities and cleaved poly(ADP-ribose) polymerase in
renal cell carcinoma cells in vitro. We established that h2M
downstream signaling is mediated by activation of the protein
kinase A/cyclic AMP (cAMP)–responsive element-binding
protein/vascular endothelial growth factor (PKA-CREB-VEGF)
axis with potential crosstalk with phosphatidylinositol 3-kinase
(PI3K)/Akt and mitogen-activated protein kinase (MAPK)
signaling in human renal cell carcinoma cells.

Materials andMethods

Reagents. Recombinant human h2M was purchased from Sigma
(St. Louis, MO). Forskolin (Alexis Biochemicals, San Diego, CA) and N-
[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89;
Alexis Biochemicals) were used for the analysis of cAMP-dependent
signaling pathway.

Cell culture. Human renal cell carcinoma SN12C cells (19) were
cultured in MEM (Life Technologies, Grand Island, NY) supplemented
with 10% heat-inactivated fetal bovine serum (Bio Whittaker, Walkers-
ville, MD), with 50 IU/mL penicillin and 50 Ag/mL streptomycin
(Life Technologies) in 5% CO2 at 37jC.

Plasmid construction. For construction of the h2M expression
vector, h2M cDNA was isolated by reverse transcription-PCR
(RT-PCR) from cells and flanked with HindIII and XbaI cloning sites.
After RT-PCR, the h2M cDNA (427 bp) was sequenced and subcloned
into pcDNA3.1 expression vector (Invitrogen, Carlsbad, CA). The empty
pcDNA3.1 expression vector was used as the control (Neo).

Stable transfection of b2M expression vector. Transfection was
conducted using LipofectAMINE 2000 (Invitrogen) as recommended
by the manufacturer. Briefly, SN12C cells were seeded in six-well plates
at a density of 3 � 105 per well 24 h before transfection in medium
supplemented with fetal bovine serum. Cells were transfected using
4 Ag of plasmid DNA (pcDNA3.1-h2M or pcDNA3.1-Neo) and 10 AL
LipofectAMINE 2000 per well. To obtain stable transfectants, the
pcDNA3.1-h2M or empty vector– transfected cells were cultured in the
presence of 800 Ag/mL geneticin sulfate. Several isolated clones were
selected, and positive clones were identified by ELISA, RT-PCR, and
immunoblot analyses.

ELISA. h2M protein secreted by the cells was measured in culture
media by a commercial ELISA kit (R&D Systems, Minneapolis, MN).
Briefly, exponentially growing cells were seeded at a density of 6 � 105

per well in six-well dishes containing fetal bovine serum and cultured
until 80% confluent. The medium was replaced with serum-free MEM,
and conditioned medium was collected after 72 h. Expression of h2M
was assessed according to the manufacturer’s protocol (R&D Systems).
Color develops by addition of tetramethylbenzidine, and the intensity
is measured at 450 nm with dual wavelength correction at 620 nm. The
concentration of total protein in conditioned medium was determined
by the Bradford method using Coomassie plus protein reagent (Pierce,
Rockford, IL). Secretion of vascular endothelial growth factor (VEGF)
protein secreted by the cells was also measured in the conditioned
medium by a commercial VEGF ELISA kit (R&D Systems).

Cell viability assay. Cell viability was determined with a colorimet-
ric 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS; Promega, Madison, WI) assay. Briefly,
exponentially growing cells were seeded at a density of 2 � 103 per well
in 96-well plates and cultured for 4 days. Twenty microliters of MTS
reagent was added to each well containing 100 AL of fresh culture
medium. After a 1-h incubation period, optical absorbance at 490 nm
was measured.

Flow cytometric analysis. For cell cycle analysis, flow cytometric

analysis of propidium iodide–stained nuclei was done. Briefly, cells
were plated at a density of 5 � 105 in a 60-mm dish overnight. The cells

were collected by trypsinization and fixed with 70% ethanol. The fixed
cells were incubated with 100 Ag/mL RNase A (Sigma) for 30 min and

stained with 25 Ag/mL propidium iodide (Chemicon, Temecula, CA)

for 30 min. Cell cycle was analyzed with a FACScan flow cytometer and
CellQuest software (Becton Dickinson Labware, Lincoln Park, NJ). The

data were expressed as a mean percentage from three independent

experiments.
Colony-forming assay. Intrinsic anchorage-independent growth

activity in vitro closely reflects the tumorigenicity of the epithelial cells
(20). The cells were cultured in a two-layer Matrigel system (BD

Biosciences, Bedford, MA) to prevent their attachment to the plastic

surface. Cells (1 � 103) were trypsinized to single-cell suspensions,
resuspended in Matrigel (150 AL, 3.7 mg/mL), and added to a pre-set

Matrigel layer in 24-well plates. The top Matrigel cell layers were

covered with culture medium containing 10% fetal bovine serum.
Colonies >200 Am in 10 randomly selected fields were scored 14 days

after plating.
Invasion and migration assays. Cancer cell invasion and migration

were assayed in Companion 24-well plates (Becton Dickinson Labware)

with 8-Am-porosity polycarbonate filter membrane. A suspension of

5 � 104 cells in 100 AL of medium was layered in the upper

compartment of a well with 15 Ag/mL collagen I (BD Biosciences) as

attractant in the lower compartment. After incubation at 37jC for 48 h,

the cells on the upper surface of the filters were removed by swabbing

with a cotton swab, and cells that had migrated to the lower surface

were stained with 0.5% crystal violet. After washing, stain was eluted

from migratory cells with Sorensen’s solution. The absorbance of each

well was measured at 590 nm. For invasion assays, the same procedures

described above were used, except filters were precoated with Matrigel

(BD Biosciences) at a 1:4 dilution with medium.
RNA preparation and RT-PCR reaction. Total RNA was isolated from

confluent cell monolayers using the RNeasy Mini kit (Qiagen, Valencia,
CA). Total RNA (2-5 Ag) was used as template, and oligo-dT (0.5 Ag)
was added for reverse transcription and amplification in a reaction
volume of 20 AL according to the manufacturer’s instructions
(Invitrogen). After reverse transcription reaction, first-strand cDNA
(2 AL) was used for PCR with a PTC-100 programmable thermal
controller (MJ Research, Inc., Waltham, MA). The oligonucleotide
primer sets used for PCR analysis of cDNA are human h2M (427 bp)
5¶-ACGCGTCCGAAGCTTACAGCATTC-3¶ (forward) and 5¶-CCAAATG-
CGGCATCTAGAAACCTCCATG-3¶ (reverse), human VEGF (404 bp)
5¶-CGAAGTGGTGAAGTTCATGGATG-3¶ (forward) and 5¶-TTCTGT-
ATCAGTCTTTCCTGGT-3¶ (reverse), human neuropilin 1 (210 bp)
5¶-AGGACAGAGACTGCAAGTATGAC-3¶ (forward) and 5¶-AACATT-
CAGGACCTCTCTTGA-3¶ (reverse), and glyceraldehyde-3-phosphate
dehydrogenase (450 bp) 5¶-ACCACAGTCCATGCCATCA-3¶ (forward)
and 5¶-TCCACCACCCTGTTGCTGT-3¶ (reverse). The thermal profile for
human h2M amplification is 40 cycles, starting with denaturation of
1 min at 94jC followed by 1 min of annealing at 64jC and 30 s for
extension at 72jC. For human VEGF and neuropilin 1 amplification,
the thermal profile is 35 cycles, starting with denaturation for 15 s
at 94jC followed by 30 s of annealing at 60jC and 1 min of extension
at 68jC. The program for glyceraldehyde-3-phosphate dehydrogenase
amplification is 25 cycles, starting with denaturation for 30 s at
94jC followed by 30 s of annealing at 60jC and 1 min of extension
at 72jC. The RT-PCR products were analyzed by 1.0% agarose gel
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electrophoresis. Quantity one-4.1.1 Gel Doc gel documentation
software (Bio-Rad, Hercules, CA) or NIH Image (version 1.55) was
used for quantification of each mRNA expression normalized by
glyceraldehyde-3-phosphate dehydrogenase mRNA expression.

Immunoblot analysis. Protein was extracted from cell pellets with a

lysis buffer [50 mmol/L Tris (pH 8), 150 mmol/L NaCl, 0.02% NaN3,
0.1% SDS, 1% NP40, 0.5% sodium deoxycholate, and 1 mmol/L

phenylmethylsulfonyl fluoride] in the presence of protease inhibitor

cocktail (Roche Applied Science, Indianapolis, IN). Samples containing
equal amounts of protein (30 Ag) were electrophoresed on 8% to 16%

Tris-Glycine gels (Invitrogen) and transferred to nitrocellulose mem-
branes. After blocking with T-TBS containing 5% nonfat milk powder,

the membranes were incubated with mouse monoclonal antibody

against h2M (1:500 dilution; Santa Cruz Biotechnology, Santa Cruz,
CA) or rabbit polyclonal antibodies against PKA C (1:1,000 dilution;

Cell Signaling, Danvers, MA), phospho-PKA C (Thr197; 1:1,000
dilution; Cell Signaling), CREB (1:1,000 dilution; Cell Signaling),

phospho-CREB (Ser133; 1:1,000 dilution; Cell Signaling), Akt (1:1,000

dilution; Cell Signaling), phospho-Akt (1:1,000 dilution; Cell Signal-
ing), extracellular signal-regulated kinase (ERK; 1:1,000 dilution; Santa

Cruz Biotechnology), phospho-ERK (1:1,000 dilution; BioSource,

Camarillo, CA), VEGF (1:200 dilution; Santa Cruz Biotechnology),
VEGFR-2 (Flk-1; 1:1,000 dilution; Cell Signaling), neuropilin 1 (1:500

dilution; Santa Cruz Biotechnology), caspase-3 (1:1,000 dilution; Cell
Signaling), caspase-9 (1:500 dilution; Cell Signaling), and poly(ADP-

ribose) polymerase (1:1,000 dilution; Cell Signaling), respectively, at

4jC overnight. After washing with T-TBS, the membranes were
incubated with corresponding secondary antibodies, which were

conjugated with horseradish peroxidase (Santa Cruz Biotechnology).
The blots were stripped and reprobed with anti-h-actin antibody

(1:5,000 dilution; Sigma). Immunoreactive bands were visualized with

enhanced chemiluminescence (Amersham Pharmacia Biotech, Little
Chalfont, United Kingdom). Relevant cell signaling pathways were

confirmed by the use of appropriate pathway-specific inhibitors. To
analyze inhibition of the PI3K/Akt and MAPK pathways, cells were

treated with LY294002 (Calbiochem, Darmstadt, Germany) and U0126

(Calbiochem) for 30 min or 6 h, respectively.
Transient transfection of b2M small interfering RNA. SN12C cells

were transiently transfected either with h2M small interfering RNA
(siRNA) duplex (si-h2M; final concentration of 40 nmol/L) or a control
siRNA (a random scrambled sequence: si-Scr; final concentration of
40 nmol/L) using LipofectAMINE 2000 according to the manufacturer’s
instructions. Sequences of the siRNA against h2M and control scramble
synthesized by Invitrogen are 5¶-UUGCUAUGUGUCUGGGUUU
(dT)(dT)-3¶ and 5¶-UUCAUGUGUCUGUGGUGUU(dT)(dT)-3¶, respec-
tively. Following transfection, cells were subjected to MTS assay, and
invasion and migration assays or immunoblot analysis with the
antibodies against h2M, caspase-3, caspase-9, and poly(ADP-ribose)
polymerase.

In vivo animal experiment. The effect of h2M on osteoclastogenesis
and tumorigenicity in vivo was assessed in tumor-bearing nude mice.
Four-week-old male athymic nude mice (19-21 g; BALB/c nu/nu mice,
National Cancer Institute, Frederick, MD) were housed in accordance
with the NIH guidelines using an animal protocol approved by the
Institutional Animal Care and Use Committee of Emory University.
Cells were trypsinized, and single-cell suspensions (1 � 106 cells) of
each subclone were then injected into both tibias (n = 8). The estimated
volume of bone tumors was calculated by three axes (X, Y , and Z)
measured from a radiograph using the formula of p/6XYZ (21). Tumor
size was also quantified by measuring hind limb diameter every 5 days.
For s.c. injection, 2 � 106 cells were mixed 1:1 with Matrigel and then
injected into the flank (n = 8). S.c. tumor mass was measured in two
dimensions with calipers, and the tumor volume was calculated every
5 days according to the equation (l � w2) / 2, where l = length and
w = width (22). Animals were sacrificed by CO2 asphyxiation if the
tumor volumes exceeded the allowable size, and tumor weights were
measured. At the time of sacrificing the mice, both hind limbs and

tumor tissues were harvested for immunohistochemistry and H&E
staining. Selected specimens of tibia were subjected to micro-computed
tomography analysis using established procedures (23).

Immunohistochemical protocol. After sacrifice, s.c. tumor tissues
were fixed with 10% buffered formalin and embedded in paraffin.
The tibias were removed and fixed with 10% buffered formalin and
decalcified in 10% EDTA solution. Sections from the formalin-fixed,
paraffin-embedded tissues were cut to 4 Am and deparaffinized in
xylene followed by treatment with a graded series of ethanol and
rehydration in PBS. For antigen retrieval, the slides were treated with a
Target Retrieval Solution (S1699; DAKO, Carpinteria, CA) in a pressure
cooker at 125jC and 20 p.s.i. for 30 s. Next, sections were immersed in
3% hydrogen peroxide and then incubated in 2% goat serum. The
sections were incubated with the following antibodies overnight at 4jC:
CREB (Cell Signaling), phospho-CREB (Ser133; Cell Signaling), MIB-1
(DAKO) for Ki-67, anti-human VEGF (PeproTech, London, England),
platelet/endothelial cell adhesion molecule 1 (M-20; Santa Cruz
Biotechnology) for CD31, and h2-microglobulin (BBM.1; Santa Cruz
Biotechnology). They were diluted 100�, 40�, 1�, 100�, 600�, and
500�, respectively, with PBS containing 1% bovine serum albumin.
After washing with PBS, sections were incubated with secondary
antibodies, which were conjugated with peroxidase-labeled amino acid
polymer (DAKO). The immune complex was visualized using a 3,3¶-
diaminobenzidine peroxytrichloride substrate solution (DAKO). Slides
were then counterstained with hematoxylin and mounted. For bone
samples, tartrate-resistant acid phosphate staining was also done for
detecting osteoclasts. Osteoclasts were determined as tartrate-resistant
acid phosphate–positive staining multinuclear cells using light
microscopy. The number of osteoclasts per millimeter of bone was
determined by examination of tartrate-resistant acid phosphate–
stained sections at �10 magnification.

In parallel, human renal nonmalignant and carcinoma tissue
specimens were also stained with antibody against h2M (Santa Cruz
Biotechnology) to confirm the expression of h2M. These tissue
specimens were obtained from the Kidney Satellite Tissue Bank of
Emory University under institutionally approved protocols.

Evaluation of b2M, pCREB/CREB, Ki-67, VEGF, and microvessel

density. To assess h2M and VEGF expression, whole sections were
scored semiquantitatively using a visual grading system based on the
intensity of staining (�, negative; F, equivocal; +, weak; ++, moderate;
+++, strong), according to the intensity of chromogen deposition in the
majority of cancer cells evaluated independently by two observers.
Two groups were considered for the statistical analysis: intensity levels
�, F, and + and strong focal staining pattern or diffuse light staining
were considered low-intensity staining, whereas ++, +++, and strong
diffuse staining pattern were considered high-intensity staining. The
evaluation of pCREB/CREB and Ki-67 expression was based on the
proportion of positive-stained cells among a total of 1,000 cells that
were counted. For the quantification of microvessel density, 10 random
0.739 mm2 per field at �200 magnification were captured, and
microvessels were counted.

Statistical analysis. Values were expressed as means F SE. Statistical
analysis was done using the Student’s t test or one-way ANOVA.
Relationships between qualitative variables were determined using the
m2 test. Ps < 0.05 were considered statistically significant.

Results

Expression of b2M in human renal tissue specimens. The
expression of h2M was assessed by immunohistochemistry in
12 human renal tissue specimens containing both normal and
renal cell carcinoma (two, five, and five patients of G1, G2, and
G3 clear cell carcinoma, respectively) within each specimen.
The expression of h2M was detected in all renal cell carcinoma
tissues (Fig. 1A, right), but h2M staining was sparse and only
found in the luminal border of normal renal tubules adjacent
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to renal cell carcinoma tissues (Fig. 1A, left). h2M was largely
membrane bound in all cancer cells, and in some cases, it was
also expressed focally in the cell cytoplasm.
Expression levels of b2M in human renal cell carcinoma cell

lines and in parental and b2M-transfected SN12C subclones. All
human renal cell carcinoma cell lines examined in this study
expressed h2M protein as evaluated by immunoblot analysis.

Compared with ACHN cells, SN12C and Caki-1 cells expressed
higher levels of h2M by 2.0- and 1.8-fold, respectively. To
understand the roles of h2M in cell proliferation and apoptosis,
we chose to study SN12C cells because of its high levels of h2M
expression, which can be subjected to overexpression or
knockdown manipulation of h2M protein. Parental SN12C
cells (SN12C/P) were stably transfected with the human h2M

Fig. 1. Expression of h2Min tissue specimens of renal cell carcinoma and effects of h2Mon cancer cell growth and behavior. A, immunohistochemical staining of h2M in
human renal nonmalignant and carcinoma tissue specimens. Negative or weak h2M stains were observed in normal renal tissue (left), whereas renal cell carcinoma tissue
(clear cell carcinoma, G2) stained positively and strongly with anti-h2Mantibody (right). Magnification, �100. Inset, magnified image. Magnification, �200. B, RT-PCR
and immunoblot analyses of cell lysates derived from SN12C subclones. Relative expression values of h2MmRNAwere normalized by the amounts of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)mRNA expression.C, h2Mconcentrationwasmeasured by ELISA in conditionedmedium. ng h2Mprotein/Ag total protein.The value of
the control (SN12C/P) was taken as1, and other values were calculated from this. Columns, mean from three independent experiments; bars, SE. *, P < 0.01compared with
SN12C/Pand SN12C/Neo cells.D, the effects ofh2Mon cell proliferation in each subclonewere determinedbyMTS assay. Points, mean from three independent experiments;
bars, SE. *, P < 0.01compared with SN12C/P and SN12C/Neo cells. E, the effects of h2Mon anchorage-independent growth of SN12C subclones. After14 d of incubation,
visible colonies (>200 Am) were photographed (top) and counted (bottom). Columns, mean from three independent experiments collected from each experimental group;
bars, SE. *, P < 0.01compared with SN12C/P and SN12C/Neo cells. F, the effects of h2Mon invasion and migration of SN12C subclones. A590 nm values correspond to cells
that migrated to the lower side of the filter. Columns, mean from three independent experiments; bars, SE. *, P < 0.05 compared with SN12C/P and SN12C/Neo cells.
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cDNA expression vector pcDNA3.1-h2M or pcDNA3.1-Neo
vector alone as a control. We selected three clones labeled as
having low (L), medium (M), or high (H) levels of h2M
expression for further characterization. These clones were
subjected to semiquantitative RT-PCR and immunoblot anal-
yses to confirm the level of h2M expression (Fig. 1B). In the
following experiments, we used two clones (SN12C/h2M-H
expressing high h2M levels and SN12C/h2M-M expressing
medium h2M levels) for molecular analysis. SN12C/P and the
derivative SN12C/P transfected with empty pcDNA3.1 vector
(SN12C/Neo) served as controls.
b2M protein secretion by parental and derivative SN12C

subclones. We first examined the h2M protein level in culture
medium as determined by ELISA in each subclone. h2M
protein was undetectable in cell free MEM culture medium. The
concentrations of h2M in the supernatants from h2M-over-
expressing transfectants were significantly higher than those of
SN12C/P and SN12C/Neo (P < 0.01; Fig. 1C). Moreover, h2M
secretion in the conditioned medium correlated with the
protein expression levels of h2M observed by immunoblot
(Fig. 1B) in derivative SN12C subclones. These results confirm
that h2M is a soluble factor secreted by SN12C cells.
Overexpression of b2M in SN12C promotes cell proliferation

in vitro. To determine the possible role of h2M in promoting
renal cell carcinoma cell growth, we examined the growth rates
of each subclone by MTS assay. The growth rates of h2M-
overexpressing transfectants were significantly higher than
those of SN12C/P and SN12C/Neo (P < 0.01; Fig. 1D).
SN12C/h2M-M and SN12C/h2M-H had significantly higher
growth rates than SN12C/h2M-L (P < 0.01). These results
suggest that h2M is an effective soluble growth-promoting
factor for SN12C cells in vitro. We found that ectopic expression
of h2M increases cell number by increasing cells in the
proliferative phase as assessed by flow cytometry. SN12C/
h2M-H cells were observed to have a substantial decreased
percentage of cells in the G0-G1 phase (36.8 F 2.1%, P < 0.01),
with a corresponding increased percentage of cells in S
(43.9 F 0.6%, P < 0.01) and G2-M phase (19.4 F 2.7%) when
compared with SN12C/Neo cells (G0-G1: 54.0 F 3.8%, S:
28.8 F 2.8%, G2-M: 17.3 F 1.0%). These results collectively
suggest that h2M increases renal cell carcinoma cell number
primarily through increased cell proliferation.
Effect of b2M on anchorage-independent growth of SN12C cells

in Matrigel. To determine the effect of h2M expression on
anchorage-independent growth of SN12C cells, we did a colony
formation assay in Matrigel. The numbers of colonies formed
by h2M-overexpressing transfectants (SN12C/h2M-M: 130 F 9
and SN12C/h2M-H: 157 F 9) were significantly higher than
those of SN12C/P (72 F 4, P < 0.01), SN12C/Neo (68 F 4,
P < 0.01), and SN12C/h2M-L (77 F 4, P < 0.01; Fig. 1E).
Effect of b2M on the invasion and migration of SN12C

cells. We next analyzed whether the h2M expression level
correlated with the in vitro invasiveness of cells as tested by their
capacity to pass through a Matrigel barrier as assayed in a
modified Boyden chamber. In comparison with SN12C/P and
SN12C/Neo, SN12C/h2M-M and SN12C/h2M-H presented
with a 1.6- and 1.9-fold higher invasiveness, respectively,
at 48 h after seeding (P < 0.05; Fig. 1F). The ability of
h2M-overexpressing transfectants to invade through Matrigel
increased with increased h2M expression. This increased inva-
siveness led us to examine if h2M may also affect cell migration,

a key component of the invasive process. h2M overexpression
increased cell migration in SN12C/h2M-M and SN12C/h2M-H
by 1.7- and 1.9-fold, respectively, in comparison with SN12C/P
and SN12C/Neo (P < 0.05; Fig. 1F). These results suggest that
h2M increases in vitro SN12C cell invasion and migration.
b2M activates the PKA-CREB-VEGF axis in SN12C cells. To

determine whether phosphorylation of CREB may be mediated
through an activation of the PKA signaling pathway induced by
h2M, we assessed the effects of h2M, forskolin (a PKA signaling
pathway activator), and H-89 (an inhibitor of PKA signaling)
on activation of phosphorylation of CREB in SN12C/P cells.
We evaluated the effects of conditioned media (0.5 Ag/mL) from
SN12C/h2M-H cells, recombinant h2M protein (0.5 Ag/mL),
or forskolin (5 Amol/L) on the activation of phosphorylation of
CREB in SN12C/P cells. In parallel, we also evaluated the effects
of H-89 (5 Amol/L), which inhibited phosphorylation of CREB
in cells treated with conditioned media containing h2M,
recombinant h2M, or forskolin with VEGF expression as the
signal output. The expression of VEGF roughly paralleled the
levels of phosphorylation of CREB (Fig. 2A). Activation of
cAMP-dependent PKA signaling pathway by h2M or forskolin
resulted in increased phosphorylation of CREB and increased
expression of VEGF, and these effects can be blocked by H-89 in
SN12C/P cells (Fig. 2A). In response to h2M overexpression, we
found elevated levels of phosphorylation of CREB/activating
transcription factor-1 and VEGF165 and VEGF121 mRNAs and
VEGF protein associated with SN12C subclones that expressed
variable levels of h2M (Fig. 2B). Consistent with these results,
we also found 2.5- and 3.1-fold increased VEGF secretion
by SN12C/h2M-M and SN12C/h2M-H cells, respectively
(P < 0.05; Fig. 2C), when compared with SN12C/P cells. Next,
we investigated the expression of VEGFR-2 (Flk-1) and its co-
receptor neuropilin 1 by RT-PCR and immunoblot analyses.
Although there was no change in the expression level of VEGFR-
2, RT-PCR and immunoblot analyses showed that neuropilin 1
mRNA and protein expression were elevated in SN12C/h2M-M
and SN12C/h2M-H compared with SN12C/P and SN12C/Neo
(Fig. 2D). These results suggest that activation of PKA-CREB
signaling elevated VEGF and VEGFR-2 co-receptor neuropilin 1
expression in SN12C cells.
Differential regulation of PI3K/Akt and MAPK pathways by

b2M in SN12C cells. To determine if there is a convergence of
cell signaling among h2M/PKA/CREB, PI3K/Akt, and MAPK, we
examined the basal and h2M-activated status of the PI3K/Akt
and MAPK signaling pathways. The status of phosphorylation
of both kinases was analyzed using phospho-specific anti-
bodies. As shown in Fig. 2E, Akt was highly phosphorylated in
SN12C/h2M-M and SN12C/h2M-H compared with SN12C/P
and SN12C/Neo cells. We also found moderate increase in the
phosphorylation of ERK in SN12C/h2M-M and SN12C/h2M-H
compared with SN12C/P and SN12C/Neo cells. These results
suggest that activation of PI3K/Akt and MAPK pathways can be
triggered as the consequence of ectopic expression of h2M in
SN12C cells. h2M has a profound effect on the PI3K/Akt
pathway but a more modest effect on the phosphorylation of
ERK, although protein levels of non-phosphorylated Akt and
ERK were not affected by h2M transfection. Thus, the PI3K/Akt
pathway seems to play a more dominant role in conferring
h2M-mediated increases in cell proliferation in SN12C cells.

Consistent with these observations, we evaluated the effect of
LY294002 (a PI3K inhibitor) and U0126 (a MAPK inhibitor)
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Fig. 2. h2M-mediated PKA-CREBsignalingpathway and effects of h2Mon the expression levels of CREB,VEGF,VEGFR-2, neuropilin1, ERK1/2, and Akt andon the activation
of CREB, ERK1/2, and Akt in SN12C subclones. A, SN12C/P cells were exposed to SN12C/h2M-H conditioned medium (CM ; 0.5 Ag/mL), recombinant human h2M protein
(0.5 Ag/mL) and forskolin (FSK ; 5 Amol/L) for 24 h. H-89 (5 Amol/L)was added to SN12C/P cells for 2 hand thenexposed to SN12C/h2M-H conditionedmedium (0.5 Ag/mL),
recombinant human h2M protein (0.5 Ag/mL), and forskolin (5 Amol/L) for an additional 24 h. Phosphorylation of PKAC and CREB was determined by immunoblot
analysis using phospho-PKAC (Thr197) and phospho-CREB (Ser133) antibodies, and levels of expression of PKAC, CREB, andVEGF were also determined by immunoblot
analyses. B, levels of expression of CREB andVEGF were determined by RT-PCR and immunoblot analyses in each subclone. Phosphorylation of CREB was determined by
immunoblot analysis using phospho-CREB antibody in SN12C subclones. C,VEGF concentration was measured by ELISA in conditioned medium of each subclone. pgVEGF
protein/Ag total protein.The value of the control (SN12C/P) was taken as1, and other values were calculated from this. Columns, mean from three independent experiments;
bars, SE. *, P < 0.05 compared with SN12C/P and SN12C/Neo cells. D, levels of expression ofVEGFR-2 (Flk-1) and its co-receptor neuropilin1were determined by RT-PCR
and immunoblot analyses in each subclone. Immunoblot was done usingVEGFR-2 (Flk-1) and neuropilin1antibodies. E, phosphorylation of Akt and ERK1/2 was determined
by immunoblot analysis using phospho-Akt (Ser473) and phospho-ERK1/2 (Thr185/Tyr187) antibodies in each subclone. Blots were stripped and reprobed with antibodies
against total Akt, total ERK, and h-actin. F, the transfectants were pretreated with U0126 (20 Amol/L) or LY294002 (LY; 25 Amol/L) for 30 min (left) or 6 h (right) and
cultured for12 h. Immunoblot analysis was done using antibodies that specifically recognize total and phospho-Akt and ERK1/2 (top). Cell survival was then determined by
MTS assay (bottom). Columns, mean from three independent experiments; bars, SE. *, P < 0.05 compared with nontreatment SN12/Neo or SN12C/h2M-H cells.
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on these respective pathways in SN12C cells overexpressing
h2M. SN12C/Neo cells served as controls. Twenty micromolars
of U0126 treatment for 30 min and 6 h significantly decreased
SN12C/Neo cell numbers as determined by MTS assay
(P < 0.05). In contrast, although 20 Amol/L U0126 treatment
for 30 min blocked phosphorylation of ERK induced by h2M in
SN12C/h2M-H, this treatment had no significant effect on cell
number (Fig. 2F, left). The same dose of U0126 treatment for
6 h also completely blocked phosphorylation of ERK, whereas

it did not significantly decrease cell number in SN12C/h2M-H
cells (Fig. 2F, right). When cells were treated with 25 Amol/L
LY294002 for 30 min, this treatment had no significant effect
on Akt phosphorylation in SN12C/h2M-H but had a significant
depressant effect of the SN12C/Neo cells (Fig. 2F, left). When
cells were treated with 25 Amol/L LY294002 for 6 h, phos-
phorylation of Akt was almost completely blocked in SN12C/
h2M-H and SN12C/Neo cells (Fig. 2F, right). The suppression
of Akt phosphorylation by LY294002 correlated with the

Fig. 3. S.c. and intratibial tumor growth in nude mice. A, SN12C/Neo or SN12C/h2M-H cells were injected bilaterally s.c. into nude mice, forming four tumors per mouse.
Representative macroscopic appearance of nude mice injected with SN12C/Neo clone or SN12C/h2M-H s.c. Arrows indicate s.c. tumor formation. B, tumor volumes were
measured every 5 d (only 10-d tumor volumes were plotted). Points, mean of eight tumors for each group; bars, SE. *, P < 0.01compared with SN12C/Neo. C, animals
were euthanized and tumors were excised and weighed. Columns, mean of tumor weights for each group; bars, SE. *, P < 0.01compared with SN12C/Neo. D, SN12C/Neo
or SN12C/h2M-H cells were injected intratibially into nude mice. Representative radiographs of nude mice tibia at autopsy. Radiographs revealed marked osteolytic lesions
with occasional foci of strongly osteoblastic lesions in the SN12C/h2M-H ^ implanted tibias compared with SN12C/Neo ^ implanted tibias. E, micro-computed tomography
images revealed massive osteoblastic and osteolytic reactions in tibias implanted with SN12C/h2M-H compared with SN12C/Neo ^ implanted tibias. F, tumor size was
quantified every 5 d by measuring hind limb diameter (only 10-d tumor volumes were plotted). Points, mean of eight tibias for each group; bars, SE. *, P < 0.01compared
with SN12C/Neo. G, H&E, immunohistochemical staining of h2M, and tartrate-resistant acid phosphate (TRAP) staining in SN12C/Neo ^ implanted (top) and
SN12C/h2M-H ^ implanted (bottom) tumors. H&E subcutis: magnification, �100.Tibia: magnification, �40. h2M staining: magnification, �200. Multinuclear cells that
stained red after tartrate-resistant acid phosphate staining determined osteoclasts. Magnification, �200.
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enhanced cell death in SN12C/h2M-H and SN12C/Neo cells (P
< 0.05). These results in aggregate indicate that the PI3K/Akt
signaling pathway plays a crucial role in cell proliferation in
h2M-transfected cells, although cell proliferation regulated by
h2M, at least in part, originated from an activated MAPK
signaling activity.
b2M overexpression induces accelerated SN12C tumor growth

in nude mice. To determine whether h2M overexpression may
enhance SN12C tumor growth in mice, we compared the
growth of the SN12C/h2M-H and SN12C/Neo cells injected s.c.
in athymic nude mice. Figure 3A shows photographs of s.c.
xenografted tumors in nude mice. Mice were sacrificed on day
90 after s.c. injection. Figure 3B shows that the mice injected
with SN12C/h2M-H formed significantly bigger tumors com-
pared with SN12C/Neo at the time the mice were sacrificed
(mean volume = 318 F 116 mm3 versus 1,306 F 371 mm3;
SN12C/Neo versus SN12C/h2M-H, n = 8 for each group;
P < 0.01). Figure 3C also shows that tumor weight in SN12C/
h2M-H group was significantly elevated by 2.9-fold compared
with SN12C/Neo group (P < 0.01). Histologic evaluation
showed that SN12C/Neo tumors were composed of numerous
necrotic areas compared with SN12C/h2M-H tumors grown as
xenografts s.c. (Fig. 3G, arrows). Immunohistochemical staining
using anti-h2M antibody confirmed h2M expression in SN12C/
h2M-H tumors with strong and heterogeneous membrane
staining of h2M in comparison with SN12C/Neo tumors
(Fig. 3G; Table 1).

We also evaluated the behavior of the h2M-overexpressing
clone in nude mouse bone. Radiographs showed bigger lesions
for tibias implanted with SN12C/h2M-H compared with tibias
implanted with SN12C/Neo (Fig. 3D). As shown in Fig. 3E,
massive osteoblastic and osteolytic changes in tibias implanted
with SN12C/h2M-H were also observed by micro-computed
tomography. The tumor size was significantly greater in tibias
implanted with SN12C/h2M-H compared with tibias
implanted with SN12C/Neo (n = 8 for each group; P < 0.01;
Fig. 3F). The estimated volume of bone tumors was also
measured by radiograph at the end point of the animal
experiment. End point tumor volume in SN12C/h2M-H tumors
was significantly increased by 2.7-fold compared with SN12C/
Neo tumors [median volume (range): 78.2 (14.7-257.9) mm3

versus 214.8 (101.1-800.1) mm3; SN12C/Neo versus SN12C/
h2M-H, n = 8 for each group; P < 0.001]. Histology revealed
that unlike SN12C/Neo tumor cells, SN12C/h2M-H tumor cells
seem to be highly aggressive replacing bone marrow and
destroying much of the cortical shafts (Fig. 3G). Immunohis-

tochemical staining using anti-h2M antibody confirmed that
SN12C/h2M-H tumors showed strong cytoplasmic staining
with variable degrees of membrane staining compared with
SN12C/Neo tumors harvested from mice tibias (Fig. 3G;
Table 1). We observed a large number of tartrate-resistant acid
phosphate–positive osteoclasts at the bone/tumor interface in
SN12C/h2M-H tumors, indicating that osteoclasts, directly
adjacent to tumor cells, were with increased activity (Fig. 3G).
Histomorphometric analysis of SN12C/h2M-H tumors showed
a 3.0-fold increase of osteoclasts compared with SN12C/Neo
tumor (4.5 F 0.7 osteoclasts/mm versus 13.6 F 2.1 osteoclasts/
mm; SN12C/Neo versus SN12C/h2M-H; n = 8 for each group;
P < 0.01). These results suggest that h2M-overexpressing renal
cell carcinoma cells enhanced osteolysis through accelerated
osteoclastogenesis.
Immunohistochemical analysis. Table 1 summarizes the

immunohistochemical findings. For s.c. tumors, although
equivalent anti-CREB antibody staining was observed in
SN12C/Neo and SN12C/h2M-H tumors, substantial higher
anti-pCREB antibody stained cell nuclei were observed in
SN12C/h2M-H than those of SN12C/Neo tumors (Fig. 4). The
mean percentage of pCREB+/CREB+ tumor cells in SN12C/
Neo tumors and SN12C/h2M-H tumors was 52 F 5% and
83 F 11%, respectively (P < 0.005). The mean percentage of
Ki-67–positive tumor cells in SN12C/h2M-H tumors was also
significantly increased compared with SN12C/Neo tumors
(31 F 8% versus 82 F 8%, SN12C/Neo versus SN12C/h2M-
H, P < 0.005). We analyzed angiogenesis by using anti-VEGF
and anti-CD31 antibodies. All the tumor cells stained positively
for VEGF; however, tumor cells in SN12C/h2M-H tumors
stained strongly and uniformly for VEGF compared with
SN12C/Neo tumors (Fig. 4). Microvessel density correlated
with expression of VEGF in both groups. Both VEGF expression
and microvessel density were found to be significantly higher in
SN12C/h2M-H tumors compared with SN12C/Neo tumors
(Table 1). Comparison of immunohistochemistry of bone
versus s.c. tumors showed parallelism of expression of all
these proteins with comparable level of differences (Fig. 4;
Table 1).
Effect of b2M siRNA on cell proliferation, apoptosis, invasion,

and migration. Because h2M conferred increased SN12C cell
growth in vitro and in vivo, we tested the possibility that h2M-
induced intracellular signaling may be a therapeutic target.
SN12C cells were transiently transfected with either si-h2M or si-
Scr. After 72 h, cells were harvested and subjected to immuno-
blot analysis, showing that si-h2M effectively down-regulated

Table 1. Immunohistochemical analysis of subcutaneous and bone tumors induced by h2M-transfected
SN12C cells in athymic nude mice

Group B2M pCREB/CREB (%) Ki-67 (%) VEGF Microvessel density (mm2)

Subcutaneous tumor
SN12C/Neo (n = 8) + 52 F 5 31 F 8 F 36 F 11
SN12C/h2M-H (n = 8) +++* 83 F 11c 82 F 8c +++* 132 F 17*

Bone tumor
SN12C/Neo (n = 8) � 38 F 4 45 F 6 + 31 F 10
SN12C/h2M-H (n = 8) ++* 85 F 10c 82 F 5c +++c 105 F 12*

*P < 0.001 compared with Neo.
cP < 0.005 compared with Neo.
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the expression of h2M (Fig. 5A, left). This inhibition persisted
in cells 7 days after transfection (Fig. 5A, right). Next, we
examined the growth rates of each cell by MTS assay. si-h2M
significantly inhibited the growth of SN12C cells compared
with nontransfected parental (�), Lipo-Control, and si-Scr–
transfected cells (P < 0.01; Fig. 5B). To investigate the mole-
cular mechanism of this cell growth inhibition by si-h2M,
activation of caspase-9 and caspase-3 and subsequent cleavage
of poly(ADP-ribose) polymerase were investigated by immu-
noblot analysis. si-h2M but not si-Scr induced the activation
and processing of caspase-9 and caspase-3 and cleavage of
poly(ADP-ribose) polymerase (Fig. 5C). These results suggest
that h2M siRNA reduced cell proliferation via induction of
apoptosis in SN12C cells.

We then tested whether the inhibition of h2M expression in
SN12C cells was sufficient to decrease cell invasion and
migration. As shown in Fig. 5D, in vitro invasion and migration
of cells transfected with si-h2M was reduced by 60.2% and
46.5% of the control, respectively (P < 0.05). These results
suggest that h2M siRNA negatively affected the behavior of
SN12C cells.

Discussion

The association between h2M protein and cancer has
received much attention in the past decades because of its
participation in host immune defense mechanisms (2–4).
Because h2M forms a complex and presents the MHC class I
molecule to the cell surface, it is not surprising to note that
malignant cancer cells lose MHC class I antigen, decreases
steady-state level of h2M, and become immune evasive (5–8).
However, data accumulated in the literature suggested other-
wise. That is, most of the studies showed increased expression
of h2M levels in renal cancer tissues, cells, and serum of cancer
patients (10–18), but none of these studies defined the
possible directive roles h2M in cell growth and signaling. To
verify whether h2M has oncogenic activity and is a signaling
molecule seems beneficial for establishing a new therapeutic
target. The goals of this study are as follows: (a) to define the
biological effects of h2M in human renal carcinoma cells in
culture and in experimental animal models, (b) to characterize
the downstream signaling pathways of h2M in a cell model of
human renal cell carcinoma, and (c) to explore h2M as a novel
target of therapy for human renal cell carcinoma. Results of this
study have allowed us to expand the growth and cell signaling
roles of h2M beyond stabilization and presentation of MHC
class I molecule in cells. Our results also raise the question that
h2M must have a far-reaching function than the common belief
of a housekeeping gene in cells.

In the present study, we showed that (a) h2M promoted the
proliferation, invasion, and migration of human renal cell
carcinoma cells in vitro; (b) h2M increased renal cell carcinoma
tumor growth in mouse s.c. space and in the skeleton; (c) h2M
activated the phosphorylation of CREB through cAMP-dependent
PKA signaling and up-regulated its target genes, which include the
mRNAs and proteins of VEGF and neuropilin 1; (d) h2M
activated not only h2M/PKA/CREB signaling but also activated its
convergent signaling network PI3K/Akt and MAPK; and (e)
down-regulation of h2M signaling by siRNA significantly
inhibited renal cell carcinoma cell growth via induction of
apoptosis and inhibition of cancer cell invasion and migration.

Although the dose-dependent growth and signaling roles of h2M
was shown only in a human renal cell carcinoma cell line, these
effects are likely to be applicable to human renal cell carcinoma in
general because we and others have shown that h2M expression is
up-regulated in human renal cancer tissues (24–26), and that the
growth and signaling roles of h2M were observed in other
independent studies using human prostate (27), breast, and lung
cancer cells.7 To our knowledge, this is the first report to show the
possible directive growth and signaling roles of h2M in human
renal cell carcinoma.
b2M , a well-known housekeeping gene, is a 12-kDa non-

glycosylated polypeptide composed of 100 amino acids. It is
one of the components of MHC class I molecules on the cell
surface of all nucleated cells. Its major-characterized function is
to interact with and stabilize the tertiary structure of the MHC
class I a-chain (1). In addition, MHC molecules, including
h2M, play an important role in regulating tumor immunity as
well as cellular and humoral immunities (2, 3). The complex
roles of h2M in cancer and bone metastasis, however, are
descriptive and largely undefined. Increased synthesis and
release of h2M, as indicated by an elevated serum or urine h2M
concentration, occurs in several malignant diseases, including
prostate cancer, lung cancer, renal cell carcinoma, myeloma,
and lymphocytic malignancies as well as autoimmune and
infectious diseases (10–17). In these malignancies, serum h2M
level is a significant prognostic factor. Therefore, we hypoth-
esized that h2M is not only a surrogate biomarker for tumor
burden but may also regulate cancer cell growth and survival.
To test this hypothesis, we established clonal cell lines of a
human renal cell carcinoma (SN12C) that overexpresses h2M
and examined whether h2M might have direct effects on cell
growth, invasion, and migration in vitro in a dose-dependent
manner and tumor growth in vivo . We also evaluated the
possible intracellular signaling roles of h2M. In addition, we
investigated whether h2M may be a new therapeutic target.

Our results clearly showed that h2M is an effective growth-
promoting soluble factor for SN12C cells in vitro. This obser-
vation supports the conclusion that h2M plays an important role
in regulating the growth and survival of cancer cells, and it seems
compatible with the clinical data that high levels of serum h2M
are associated with high tumor burden and poor prognosis
(14, 28, 29). In addition, h2M-mediated cell growth was
associated with cell cycle progression. It has been reported that
h2M stimulates cell proliferation accompanied by a significant
decrease of population doubling time in prostate cancer cell lines
(9). There seems to be conflicting reports that either h2M (30, 31)
or h2M antibody (32) suppresses the proliferation of myeloma
cell lines. Take together, h2M is likely to have a direct mitogenic
activity and play a role in modulating cell proliferation in solid
tumors, probably in a cell context–dependent manner.

In this study, h2M expression levels were positively correlated
with cancer cell growth, invasion, and migration in h2M-
overexpressing transfectants. Although multiple mechanisms of
h2M-mediated signaling can contribute to enhanced cancer cell
growth and altered cell behaviors, little is known about the
exact roles of h2M in signaling pathways at present. We showed

7 T. Nomura et al. h2-Microglobulin-mediated cell signaling promotes human
prostate, breast, lung and renal cancer growth inmice. 2006 AACRAnnualMeeting
Abstract 4822.
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that h2M activates CREB through cAMP-dependent PKA
signaling and up-regulates the mRNA and protein levels of
VEGF, resulting in increased cell proliferation. CREB is a bZIP
transcription factor that transcriptionally activates a large
number of downstream target genes, such as growth factors,
angiogenesis factors, cell signaling–mediated genes, and genes
involved in proliferation and survival, through cAMP response
elements (33–36). Activation of CREB consequently could
contribute to increased cancer cell growth and angiogenesis.
VEGF, known as an important mediator of angiogenesis, is a
highly specific mitogen for endothelial cells and cancer cells
through receptors VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR;
ref. 37). Moreover, some reports have shown that PI3K and/or
MAPK are important as a necessary signaling component of
VEGF-mediated cell progression via ligand-receptor interaction
(38, 39). In this study, we also found that increased secretion
of VEGF and activation of both PI3K/Akt and MAPK signal-
ing pathways occurred in h2M-overexpressing transfectants.

Together with the results, activation of phosphorylation of
CREB may induce the transcriptional activation of VEGF, which
plays a critical role in human renal cell carcinoma.8 It is possible
that signaling convergence may occur between VEGF-VEGFR
and PI3K/Akt and MAPK signaling. Activation of CREB has
also been reported to be activated by PI3K/Akt and MAPK
(40–42). These results in sum suggest that h2M-mediated
VEGF and VEGFR-2 co-receptor neuropilin 1 expression and
signaling may be central to h2M-induced renal cell carcinoma
cell growth, migration, and invasion in vitro and tumor growth
in mouse s.c. space and skeleton.

Additionally, immunohistochemical study confirmed the
relationship between h2M expression and cell proliferation

Fig. 4. Immunohistochemical determination of CREB, phosphorylated CREB (pCREB), Ki-67,VEGF, and CD31in s.c. and intratibial tumors in nude mice. S.c. and intratibial
tumors from SN12C/Neo or SN12C/h2M-H were harvested and processed for immunohistochemical analysis. The sections were stained for CREB, pCREB, Ki-67,VEGF
(magnification, �200), and CD31 (magnification, �100).

8 D.Wu et al. cAMP-responsive element-binding protein regulates vascular endothe-
lial growth factor expression and its implication in human prostate cancer bone
metastasis.
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and angiogenesis in vivo . h2M overexpression was associated
with an increase in tumor cell proliferation (Ki-67) and
angiogenesis (VEGF expression level and microvessel density)
that correlated with a significant increase in phosphorylation of
CREB in both s.c. and bone tumors. VEGF has been shown to
be an important factor involved in the development of tumor
blood supply in the progression of solid tumors (43).
Numerous published reports describe the association of
microvessel density with VEGF expression (44–46). VEGF can
also substitute for pro-osteoclastogenic cytokine macrophage
colony-stimulating factor and up-regulate receptor activator of
nuclear factor-nB expression in osteoclast precursors, thus
promoting osteoclastogenesis (47, 48). In the present study,
we observed a large number of osteoclasts in h2M-overex-

pressed bone tumor. The tumors are largely osteolytic, although
osteoblastic foci can be detected by both histopathology and
X-ray of the skeleton. Our findings agree with previous reports
that h2M promotes osteoclast formation (31), and that
osteoclasts are essential for cell survival and proliferation in
myeloma (49). It has been also reported that VEGF acts as an
osteolytic factor in breast cancer bone metastasis (50). h2M
may enhance tumor growth in bone via h2M-induced
osteoclastogenesis and VEGF induction. Our results, therefore,
support the current concept that h2M enhances tumor
progression through enhanced angiogenesis, cell survival, and
osteoclastogenesis when metastasized to bone. In this study, we
showed that cancer cells may require intracellular h2M for their
survival. For example, by interrupting h2M expression using its

Fig. 5. Effects of h2M siRNA on cell proliferation, apoptosis, invasion, and migration in SN12C cells. A, h2M siRNA (si-h2M), LipofectAMINE 2000 control (Lipo-Control),
and control scramble siRNA (si-Scr) were added to the media using lipophilic transfection-enhancing reagent (LipofectAMINE 2000). Cells were harvested after 72 h, and
immunoblot analysis was done using anti-h2Mantibody (top). For duration of h2M inhibition in SN12C cells, SN12C cells were transfected with si-Scr or si-h2M, and cells
were lysed 3, 5, 7, and 9 d after transfection as indicated (bottom). B, effects of si-h2Mon cell proliferation of SN12C cells were determined byMTS assay. Points, mean from
three independent experiments; bars, SE. *, P < 0.01compared with nontransfected parental (�), LipofectAMINE 2000 control, and si-Scr ^ transfected cells. C, si-h2M but
not si-Scr induced activation and processing of caspase-9 and caspase-3 and cleavage of poly(ADP-ribose) polymerase (PARP) in SN12C cells.D, effects of si-h2Mon
invasion and migration of SN12C cells. A590nm values correspond to cells that migrated to the lower side of the filter. Columns, mean from three independent experiments;
bars, SE. *, P < 0.05 compared with nontransfected parental (�) and si-Scr ^ transfected cells. E, proposed molecular mechanism, whereby h2M can affect cancer
progression in human renal cell carcinoma. h2M can activate cAMP-dependent PKA activity through an unknown receptor, and then this activation can induce activation of
CREB, which increases angiogenesis, cell proliferation, and survival via activation ofVEGF signaling and its downstream cell survival pathways PI3K/Akt and MAPK.
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sequence-specific h2M siRNA, we observed activated apoptosis
in SN12C cells. Thus, h2M signaling may be an attractive new
therapeutic target for the treatment of human renal cell
carcinoma.

In summary, the present study provides evidence that h2M
enhances the growth and survival of human renal cell
carcinoma cells via PKA/CREB activation, VEGF signaling, and
cell survival signaling, including the PI3K/Akt and MAPK
pathways (Fig. 5E). It is tempting to speculate that aberrant
h2M expression facilitates tumor progression and bone

metastasis, and that h2M signaling may be an attractive new
therapeutic target. Further studies are required to determine the
precise molecular mechanisms by which h2M regulates cancer
cell growth, invasion, and migration, and, conversely, inter-
ruption of h2M signaling induced cancer cell apoptosis.
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Vascular endothelial growth factor regulates
myeloid cell leukemia-1 expression through
neuropilin-1-dependent activation of c-MET
signaling in human prostate cancer cells
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Abstract

Background: Myeloid cell leukemia-1 (Mcl-1) is a member of the Bcl-2 family, which inhibits cell apoptosis by
sequestering pro-apoptotic proteins Bim and Bid. Mcl-1 overexpression has been associated with progression in
leukemia and some solid tumors including prostate cancer (PCa). However, the regulatory mechanism for Mcl-1
expression in PCa cells remains elusive.

Results: Immunohistochemical analyses revealed that Mcl-1 expression was elevated in PCa specimens with high
Gleason grades and further significantly increased in bone metastasis, suggesting a pivotal role of Mcl-1 in PCa
metastasis. We further found that vascular endothelial growth factor (VEGF) is a novel regulator of Mcl-1 expression
in PCa cells. Inhibition of endogenous Mcl-1 induced apoptosis, indicating that Mcl-1 is an important survival factor
in PCa cells. Neuropilin-1 (NRP1), the “co-receptor” for VEGF165 isoform, was found to be highly expressed in PCa
cells, and indispensible in the regulation of Mcl-1. Intriguingly, VEGF165 promoted physical interaction between
NRP1 and hepatocyte growth factor (HGF) receptor c-MET, and facilitated c-MET phosphorylation via a NRP1-
dependent mechanism. VEGF165 induction of Mcl-1 may involve rapid activation of Src kinases and signal
transducers and activators of transcription 3 (Stat3). Importantly, NRP1 overexpression and c-MET activation were
positively associated with progression and bone metastasis in human PCa specimens and xenograft tissues.

Conclusions: This study demonstrated that Mcl-1 overexpression is associated with PCa bone metastasis.
Activation of VEGF165-NRP1-c-MET signaling could confer PCa cells survival advantages by up-regulating Mcl-1,
contributing to PCa progression.

Background
Acquisition of apoptosis resistance is characteristic of
invasive tumor cells. Elevated expression of anti-apopto-
tic proteins is associated with tumor progression clini-
cally and experimentally [1]. Myeloid cell leukemia-1
(Mcl-1), a member of the Bcl-2 family, sequesters pro-
apoptotic proteins Bim and Bid, thereby inhibiting mito-
chondrial outer membrane permeabilization, a central
control point of apoptosis [2,3]. Mcl-1 overexpression is
associated with progression in leukemia [4] and some

solid tumors including prostate cancer (PCa) [5-7]. Mcl-1
was elevated in primary PCa with high Gleason grades
and metastatic tumors compared to that in prostatic
intraepithelial neoplasia (PIN) or lower grade tumors,
suggesting a pivotal role of Mcl-1 in PCa progression [5].
Angiogenesis favors tumor cell survival, thereby con-

tributing to progression [1]. Vascular endothelial growth
factor (VEGF) is a critical pro-angiogenic factor that
induces proliferation and migration of endothelial cells
within tumor vasculature [8]. VEGF is expressed as sev-
eral alternately spliced isoforms. VEGF165 is pre domi-
nant, with optimal bioavailability, and responsible for
VEGF biological potency, whereas VEGF121 is less
potent but freely diffusible. VEGF binds two highly-
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related receptor tyrosine kinases, VEGF-R1 and VEGF-
R2 [8]. Neuropilin-1 (NRP1) was originally identified as
a receptor for the semaphorin 3 subfamily mediating
neuronal guidance and axonal growth [9]. It was subse-
quently found to specifically bind VEGF165 but not
VEGF121 on endothelial cells and tumor cells [9,10].
NRP1 lacks a typical kinase domain, primarily function-
ing as a “co-receptor” to form ligand-specific receptor
complexes. In response to VEGF165, NRP1 couples with
VEGF-Rs to signal in endothelial cells. Though VEGF-
R1 and VEGF-R2 are usually absent or expressed at very
low levels in PCa cells [11], aberrant upregulation of
NRP1 has been frequently observed in high grade and
metastatic PCa and other solid tumors [9,12-16]. Ectopic
expression of NRP1 in PCa cells induced cell migration,
increased tumor size and microvessel density, and inhib-
ited apoptosis [17]. These observations suggested that
NRP1 may be critical for PCa progression. Nonetheless,
the mechanism by which NRP1 transmits VEGF signal-
ing in PCa cells lacking VEGF-Rs remains unclear.
Previously we reported that serum VEGF levels corre-

late to bone metastatic status in PCa patients, and acti-
vation of VEGF signaling in PCa cells is associated with
invasive phenotypes in experimental models [18]. In this
study, we correlate Mcl-1 overexpression to PCa pro-
gression towards bone metastasis, and provide evidence
that VEGF regulates Mcl-1 expression through NRP1-
dependent activation of c-MET in PCa cells.

Results
Elevated Mcl-1 expression is associated with PCa progress
and bone metastasis
To investigate the clinical significance of Mcl-1 in PCa
progression, immunohistochemical (IHC) analyses were
performed to determine the expression of Mcl-1 in a
human PCa tissue microarray with matched normal
adjacent tissue and bone metastatic bone specimens
(Figure 1a). We defined tumors with Gleason score 2-6
as well-differentiated (n = 2), Gleason score 7 as inter-
mediately-differentiated (n = 26) and Gleason score 8-10
as poorly-differentiated (n = 43). Mcl-1 immunointensity
was increased from normal tissues to well-differentiated
cancer and further elevated in high grade PCa, although
the difference between Mcl-1 intensity in intermediate-
and poorly-differentiated cancers was not statistically
significant (p = 0.93). Intriguingly, Mcl-1 staining in
bone metastatic tumors (n = 6) was remarkably
increased compared to that in either intermediate- or
poorly-differentiated PCa (p < 0.002). These data corre-
lated elevated Mcl-1 expression to clinical PCa progres-
sion, particularly bone metastasis.
Mcl-1 is a survival factor in human PCa cells
We have established several lines of human PCa models
that closely mimic the clinical progression of PCa bone

metastasis, including the ARCaP model [19,20]. When
inoculated either orthotopically or intracardially,
ARCaPM cells are capable of metastasizing sponta-
neously to bone and soft tissues, forming mixed osteo-
blastic and osteolytic lesions in mouse skeleton
[19,21,22]. The ARCaPM-C2 subclone, derived from
metastatic bone tissues after two rounds of intracardiac
injection of ARCaPM cells in athymic mice, forms pre-
dictable metastases to bone, adrenal gland and other
soft tissue with higher propensity and shorter latency
[21,22] (Figure 1b). Reverse transcription-PCR (RT-PCR)
and immunoblotting analyses found that Mcl-1 was sub-
stantially expressed by ARCaPM cells, and further
increased in ARCaPM-C2 cells (Figure 1c). Similarly,
increased Mcl-1 expression was observed in metastatic
C4-2 and C4-2B cells [23] when compared to their par-
ental, androgen-dependent human PCa cell line LNCaP
(Additional file 1, Figure S1a). These results suggested a
possible association between Mcl-1 expression and inva-
sive phenotypes of PCa cells.
To examine the function of Mcl-1 in PCa cell survival,

a Mcl-1 small-interfering RNA (siRNA) was transfected
into ARCaPM cells. siRNA treatme nt effectively inhib-
ited Mcl-1 expression and significantly reduced ARCaPM
cell viability by ~36% after 72 h (Figure 1d). Annexin V
staining by fluorescence-activated cell sorting (FACS)
analysis showed that the Mcl-1 siRNA induced apopto-
sis in 24.4-2.3% of ARCaPM cells (Figure 1e). These
results indicated that Mcl-1 may be an important survi-
val factor in PCa cells.
VEGF regulates Mcl-1 expression in human PCa cells
Previously we reported that ARCaPM cells express high
levels of endogenous VEGF, regulated by a cyclic AMP-
response element binding protein (CREB)-hypoxia-indu-
cible factor (HIF)-dependent mechanism in normoxic
conditions [18]. In the present study, RT-PCR assay that
could differentiate mRNA expression of VEGF165 and
VEGF121 isoforms [18] was performed in ARCaPM and
ARCaPM-C2 cells, showing a significant increase in the
expression of both VEGF isoforms in ARCaPM-C2 cells,
as confirmed at protein level by enzyme-linked immu-
nosorbent assay (ELISA) (Figure 2a). Similarly, C4-2
cells express higher levels of VEGF when compared to
LNCaP cells (Additional file 1, Figure S1b). These data
suggested that VEGF expression is elevated in metastatic
PCa cells.
VEGF potently stimulates endothelial cell proliferation

and migration, an underlying mechanism for angiogen-
esis during tumor progression. However, neither exo-
genous human VEGF165 (Figure 2b) nor VEGF121
(Additional file 1, Figure S1c) significantly affected the
proliferation of ARCaPM cells at a non-saturating range
(5-100 ng/ml), suggesting that VEGF is not a potent
mitogen in PCa cells. Intriguingly, VEGF165 was found
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to rapidly induce Mcl-1 mRNA expression in a dose-
and time-dependent manner, with the maximum accu-
mulation of Mcl-1 mRNA after 2 h-incubation at the
concentration of 10 ng/ml. Western blot analysis con-
firmed a remarkable increase of Mcl-1 protein in
ARCaPM cells (Figure 2c) and LNCaP cells (Additional
file 1, Figure S1d) treated with VEGF165. Conversely,
when ARCaPM cells were transfected with a VEGF
siRNA nucleotide that selectively inhibited expression of
VEGF165 but not VEGF121, expression of Mcl-1, but not

Bcl-2, was reduced after 72 h (Figure 2d). Notably, Mcl-
1 expression was not affected by VEGF121 treatment
(Additional file 1, Figure S1e). These results indicated
that VEGF165 may specifically regulate Mcl-1 expression
in PCa cells.
Differential expression of VEGF-Rs in PCa cells
Expression of VEGF-Rs was examined in several PCa
cell lines with human umbilical vein endothelial cells
(HUVEC) as a positive control (Figure 3a, and Addi-
tional file 1, Figure S1f). VEGF-R1 was undetectable in

Figure 1 Mcl-1 is a survival factor in human PCa cells. (a) IHC staining of Mcl-1 in human PCa tissue microarray consisting of normal
adjacent tissues, primary PCa and bone metastases. (b) Intracardiac (i.c) injection of ARCaPM cells in athymic mice resulted in metastases to bone
and soft tissues. The ARCaPM-C2 subclone was derived from metastatic bone tissues after two rounds of intracardiac inoculation of ARCaPM cells.
(c) Endogenous Mcl-1 expression in the ARCaPM model was examined by RT-PCR and western blotting analyses. (d) Effect of Mcl-1 siRNA on
ARCaPM cell viability. Subconfluent ARCaPM cells on a 6-well plate were transiently transfected with Mcl-1 siRNA (30 nM) for 72 h. Endogenous
expression of Mcl-1 at the mRNA and protein levels, and cell viability of ARCaPM cells as counted with trypan blue staining, were significantly
inhibited by Mcl-1 siRNA treatment compared to the control. (e) Effects of Mcl-1 siRNA on ARCaPM cell apoptosis. Subconfluent ARCaPM cells
were transfected with Mcl-1 siRNA or control siRNA for 72 h, expression of annexin V was measured by FACS.
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PCa cells. Only very low expression of VEGF-R2 could
be observed in ARCaPM-C2 cells. However, NRP1 was
ubiquitously expressed in PCa cells at a level compar-
able to that in HUVEC, and higher in metastatic
ARCaPM-C2, PC3, C4-2 and C4-2B cells. NRP2, the
“co-receptor” for VEGF-C [8], was not detected in PCa
cells. These data implied that NRP1 may be the major
receptor mediating VEGF effects in PCa cells.
NRP1 regulates both basal expression and VEGF
induction of Mcl-1 in PCa cells
The role of NRP1 in the regulation of Mcl-1 expression
was investigated. ARCaPM cells cultured in serum-con-
taining T-medium were transiently transfected with a
NRP1 expression vector. Compared to the control, ecto-
pic expression of NRP1 resulted in increased Mcl-1 at
both the mRNA and protein levels (Figure 3b). Conver-
sely, transfection with a NRP1 siRNA specifically inhib-
ited NRP1 and reduced endogenous Mcl-1 expression in

ARCaPM cells (Figure 3c). These data indicated that
NRP1 may be required and sufficient for basal expres-
sion of Mcl-1 in PCa cells. Further, ARCaPM cells were
transfected with NRP1 siRNA or control siRNA, and
incubated with VEGF165 in serum-free T-medium for
indicated time. Figure 3d showed that expression of
NRP1 siRNA, but not control siRNA, abrogated
VEGF165 induction of Mcl-1 in ARCaPM cells. These
data indicated an indispensible role of NRP1 in mediat-
ing VEGF165 induction of Mcl-1 in PCa cells.
c-MET signaling is required for VEGF regulation of Mcl-1
in PCa cells
Since NRP1 does not contain typical kinase receptor
sequences [24], we hypothesized that NRP1 may interact
with certain tyrosine kinase receptor(s) to transmit VEGF
autocrine signal in PCa cells lacking VEGF-Rs. Two recent
studies independently demonstrated that NRP1 physically
binds c-MET, and potentiates c-MET activation in

Figure 2 VEGF165 regulates Mcl-1 expression in PCa cells. (a) VEGF expression in ARCaPM and ARCaPM-C2 cells, as determined by RT-PCR and
ELISA (conditioned medium). (b) Effects of recombinant VEGF165 on cell proliferation as determined by MTS assay. Top, ARCaPM cells were
seeded in 96-well plates (1 × 103cells/well) for 24 h, and serum-starved overnight. The cells were further incubated with varying concentrations
of VEGF165 in serum-free T-medium for 72 h. Bottom, ARCaPM cells were incubated with PBS or VEGF165 (50 ng/ml) in serum-free T-medium for
varying times. (c) VEGF165 effects on Mcl-1 expression. ARCaPM cells were treated with VEGF165 at indicated concentrations and times, and Mcl-1
mRNA expression was measured. For immunoblotting, ARCaPM cells were incubated with VEGF165 (10 ng/ml) for 72 h. (d) Effects of VEGF siRNA
on Mcl-1 expression. ARCaPM cells were transfected with VEGF siRNA or control siRNA (80 nM) for 72 h.
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response to HGF stimulation in human glioma and pan-
creatic cancer cells [25,26]. It is therefore plausible that c-
MET may be involved in VEGF regulation of Mcl-1 in
PCa cells. Indeed, HGF activation of c-MET signaling has
been shown to transcriptionally increase Mcl-1 expression
in primary human hepatocytes [27].
A c-MET siRNA construct was transfected into

ARCaPM cells, which effectively inhibited endogenous c-

MET (Figure 4a). c-MET siRNA treatment reduced
Mcl-1 protein expression, suggesting that c-MET is
involved in maintaining basal expression of Mcl-1 in
PCa cells. Interestingly, however, recombinant HGF
treatment did not significantly affect Mcl-1 expression
at either RNA or protein levels (Figure 4b), indicating
that HGF-dependent activation of c-MET signaling is
not sufficient to induce Mcl-1 expression in these cells.

Figure 3 NRP1 is required for basal expression and VEGF165 induction of Mcl-1 in ARCaPM cells. (a) Expression of VEGF-Rs in PCa cells and
HUVEC. (b) Effect of ectopic expression of NRP1 on Mcl-1 basal level. Subconfluent ARCaPM cells on 6-well plates were transfected with pCMV-
NRP1 or pCMV-XL4 (16 μg) for 48 h (for RT-PCR) or 72 h (for immunoblotting). (c) Effects of NRP1 siRNA on Mcl-1 basal expression. ARCaPM cells
were transfected with NRP1 siRNA or control siRNA (60 nM) for 48 h (for RT-PCR) or 72 h (for immunoblotting). (d) Effects of NRP1 siRNA on
VEGF165 induction of Mcl-1. ARCaPM cells were transfected with NRP1 siRNA or control siRNA for 48 h, respectively. Cells were then serum-
starved overnight, and treated with VEGF165 (10 ng/ml) or PBS for 2 h.

Figure 4 c-MET signaling is required for VEGF165 induction of Mcl-1 in ARCaPM cells. (a) Effects of c-MET inhibition on Mcl-1 expression.
ARCaPM cells were transfected with c-MET siRNA or control siRNA (30 nM) for 72 h. (b) Effects of recombinant HGF treatment (10 ng/ml) on
Mcl-1 expression at RNA (0, 2, 4 and 6 h) and protein levels (72 h). (c) ARCaPM cells were transfected with c-MET siRNA or control siRNA for 48 h,
serum-starved overnight, and treated with VEGF165 (10 ng/ml) for 2 h. (d) ARCaPM cells were treated with PHA-665752 (0.5 μM) or dimethyl
sulfoxide (DMSO) for 2 h, before treatment with VEGF165 (10 ng/ml) or PBS for 2 h.
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We further investigated whether c-MET signaling is
required for VEGF165 induction of Mcl-1. Indeed,
VEGF165 only induced Mcl-1 expression in ARCaPM cells
transfected with control siRNA, not in those expressing
c-MET siRNA (Figure 4c). PHA-665752, a c-MET selec-
tive inhibitor [28], was used to treat ARCaPM cells prior
to addition of VEGF165. PHA-665752 significantly attenu-
ated VEGF165 induction of Mcl-1 in ARCaPM cells (Fig-
ure 4d). These data indicated that c-MET signaling is
required for VEGF regulation of Mcl-1 in PCa cells.
VEGF induces c-MET activation by a NRP1-dependent
mechanism in PCa cells
c-MET activation involves phosphorylation of several tyro-
sine residues including those at positions 1230, 1234, and
1235 [29]. To assess whether VEGF165 could induce c-
MET activation, and whether this process was mediated
by NRP1, ARCaPM cells were transiently transfected with
NRP1 siRNA or control siRNA before VEGF165 treatment.
VEGF165 induced rapid phosphorylation of c-MET at
Tyr1230/1234/1235 residues in ARCaPM cells transfected
with control siRNA, but this effect was significantly atte-
nuated by expression of NRP1 siRNA. Expression of total
c-MET protein was not affected by siRNA treatment (Fig-
ure 5a). These data indicated that VEGF165 activated c-

MET signaling independent of HGF, and NRP1 may be
indispensible in this process.
VEGF promotes interaction between NRP1 and c-MET in
PCa cells
To explore whether VEGF could induce physical inter-
action between NRP1 and c-MET, an immunoprecipita-
tion assay was performed in ARCaPM cells treated with
VEGF165 for varying times. First, endogenous NRP1 pro-
tein was immunoprecipitated (Figure 5b, upper). There
was a constitutive association between c-MET and
NRP1 in the absence of VEGF165. Upon VEGF165 treat-
ment, presence of c-MET in the NRP1 immunoprecipi-
tates increased at 30 min and returned to baseline at 60
min. Phosphorylated c-MET (p-c-MET) significantly
increased at 15 min following VEGF165 treatment,
reached a peak at 30 min and slightly decreased in 60
min. Reciprocal immunoprecipitation with anti-c-MET
antibody confirmed an association of NRP1 with c-MET
in the absence of VEGF165. The presence of NRP1 and
p-c-MET in the protein complex exhibited a similar
time course following VEGF165 stimulation, with the
peak at 30 min (Figure 5b, low).
Confocal microscopy was performed to determine

whether VEGF165 promotes NRP1 interaction with c-MET

Figure 5 VEGF165 induces c-MET activation through a NRP1-dependent mechanism. (a) Effects of NRP1 depletion on VEGF165-mediated c-
MET phosphorylation. ARCaPM cells were transfected with NRP1 siRNA or control siRNA for 48 h, serum-starved overnight, then treated with
VEGF165 (10 ng/ml) for 60 min. (b) Immunoprecipitation assay of NRP1-c-MET interaction. Serum-starved ARCaPM cells were treated with VEGF165
(10 ng/ml) for the indicated times, and immunoprecipitated with anti-NRP1 (upper), or anti-c-MET (low) antibody. (c) Co-localization of NRP1 and
c-MET or p-c-MET. Serum-starved ARCaPM cells were treated with VEGF165 (10 ng/ml) or PBS for the indicated times. Immunofluorescence
staining of NRP1, c-MET or p-c-MET was performed and visualized by confocal microscopy. Arrows indicate co-localization of NRP1 and c-MET or
p-c-MET.
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and activation of c-MET in ARCaPM cells. NRP1 and c-
MET were found to be constitutively associated on plasma
membrane, with the intensity of co-localization further
increased at 30 min upon VEGF165 treatment (Figure 5c,
left panel). Notably, there was a more significant increase
in the intensity of co-localization of NRP1 and p-c-MET
following VEGF165 stimulation (Figure 5c, right panel).
The data independently supported a mechanism that
NRP1 may be constitutively associated with c-MET on
plasma membrane. Upon VEGF165 binding, NRP1 may
further recruit c-MET and facilitate its activation, subse-
quently transmitting VEGF165 signal (Figure 6).
Role of Src kinases and signal transducers and activators
of transcription 3 (Stat3) in VEGF induction of Mcl-1 in
PCa cells
Activation of the Src kinase-Stat3 pathway is an impor-
tant downstream event in c-MET signaling [30,31] (refer
to Figure 6). Recently, a Stat3 cis-element was identified
in human Mcl-1 promoter [32]. We investigated
whether the Src kinase-Stat3 pathway is a downstream
component in NRP1 signaling in ARCaPM cells (Figure
7a). Indeed, expression of NRP1 siRNA in ARCaPM cells
significantly inhibited phosphorylation of Src kinases at
Tyr416 (p-Src), as well as activation of Stat3 at Tyr705
(p-Stat3), without altering expression of endogenous Src
kinases and Stat3.
Next we examined whether VEGF induces activation

of Src kinase-Stat3 signaling in ARCaPM cells (Figure
7b). VEGF165 rapidly induced expression of both p-Src
(Tyr416) and p-Stat3 (Tyr705) in a time-dependent
manner in ARCaPM cells, with the peak at 60 min. Sig-
nificantly, VEGF165 promoted rapid intracellular translo-
cation of p-Stat3 (Tyr705) from the cytoplasm to the

nucleus, indicating activation of Stat3-dependent gene
expression. By contrast, nuclear presence of p-Stat3
(Ser727), which has been associated with HGF-induced
Mcl-1 expression in primary human hepatocytes [27],
was not affected. These data indicated that Src kinase-
Stat3 pathway activation may be an important event fol-
lowing VEGF165 stimulation.
Finally, we assessed the role of Src kinase-Stat3 signal-

ing in VEGF165 regulation of Mcl-1. PP2, a selective
inhibitor of Src kinases [33], was used to treat ARCaPM
cells before VEGF165 stimulation. PP2 treatment effec-
tively abrogated VEGF165 induction of Mcl-1 (Figure
7c). Similarly, Mcl-1 mRNA expression was rapidly
induced by VEGF165 in ARCaPM cells transfected with
control siRNA, but not in the cells expressing Stat3
siRNA (Figure 7d). Collectively these data suggested that
Src kinase-Stat3 signaling may be required for VEGF
induction of Mcl-1 in PCa cells (Figure 6).
NRP1 overexpression and c-MET activation are positively
associated with human PCa progression and bone
metastasis
To validate the clinical significance of NRP1-c-MET sig-
naling in PCa progression, and avoid the potential bias
from using human PCa cell lines, IHC analyses were per-
formed to determine the expression of NRP1 and p-c-
MET in human PCa tissue specimens. Prostatic tissue
specimens of normal/benign glands, primary and bone
metastatic tumors were analyzed. NRP1 expression was
increased from normal/benign glands (0/5) or well-differ-
entiated cancer (1/5) to poorly-differentiated cancers (5/5)
and bone metastatic tissues (5/5) (Figure 8a). NRP1 stain-
ing was also determined in tumor specimens from the
ARCaPM xenograft model in which ARCaPM cells were
inoculated into athymic mice orthotopically, resulting in
skeletal metastases with a short latency [21]. Consistently,
NRP1 expression was significantly greater in bone meta-
static tumors than in primary tumors (Figure 8b).
We and others have reported that c-MET overexpres-

sion is positively associated with PCa progression
[34,35]. As shown in Figure 8c, p-c-MET was expressed
at a low level in normal human prostatic tissue, but
increased significantly from well-differentiated and inter-
mediate to poorly-differentiated primary PCa. Impor-
tantly, bone metastatic PCa specimens displayed a
higher expression of p-c-MET than primary PCa. p-c-
MET expression was also remarkably increased in bone
metastatic ARCaPM tumors (Figure 8d).

Discussion
Aberrant overexpression of Mcl-1 has been associated
with poor prognosis and resistance to chemotherapy in
a variety of human cancers [36]. Sensitizing tumor cells
to apoptosis induction by selectively targeting Mcl-1, in
combination with conventional chemotherapy, has

Figure 6 A proposed model for VEGF165 regulation of Mcl-1 in
PCa cells. NRP1 may be constitutively associated with c-MET on
plasma membrane. VEGF165 engagement recruits c-MET into the
protein complex and promotes its interaction with NRP1, thereby
enhancing phosphorylation of c-MET. Src kinase-Stat3 signaling is
subsequently activated, resulting in nuclear translocation of p-Stat3
and activation of Mcl-1 expression. Increased intracellular Mcl-1
protects PCa cells from apoptosis.
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emerged as an attractive therapeutic strategy [3,37]. In
this study, we presented evidence that elevated Mcl-1
expression is associated with clinical PCa progression,
particularly bone metastasis. We further showed that
activation of VEGF-NRP1-c-MET signaling is responsi-
ble for Mcl-1 expression, which may confer survival
advantages allowing PCa cells to evade apoptosis and
progress towards invasive states (Figure 6).
Only limited information are available on Mcl-1 expres-

sion profile in PCa. An early study found that Mcl-1
expression was increased at tumors (81%) compared with
only 38% in PIN. The percentage of Mcl-1-positive cells
was typically higher in Gleason grade 8-10 tumors and
metastasis than lower grade tumors, but there was no sig-
nificant difference in Mcl-1 immunointensity between
high grade tumors (47%) and metastasis in lymph node
(38%) and bone (50) [5]. Our present study confirmed ele-
vated Mcl-1 expression in high grade (≥ 7) PCa, though
the difference between Gleason score 7 and 8-10 tumors is
not statistically significant. Intriguingly, our results
revealed a remarkable increase in Mcl-1 immunointensity
in bone metastasis compared to primary tumors, indicating
that Mcl-1 overexpression is positively correlated to PCa
progression towards metastatic status in clinical situation.

Accumulating evidence suggests that the function of
VEGF in tumor progression may not be limited to
angiogenesis [38]. Numerous tumor cells express signifi-
cant levels of VEGF-Rs, which could engage VEGF and
initiate multiple signaling responses involved in cell pro-
liferation, survival and migration. VEGF autocrine sig-
naling confers a degree of self-sufficiency that may be
crucial to metastasis as the microenvironment becomes
increasingly hostile. Nonetheless, it remains controver-
sial whether VEGF has significant autocrine effects in
PCa cells, since the “classical” VEGF-Rs, i.e., VEGF-R1
and -R2, are undetectable in most established PCa cell
lines [11,39,40]. Previously we reported that serum
VEGF is positively associated with bone metastatic sta-
tus in PCa patients, and recapitulated this close associa-
tion in the ARCaP model [18]. In this study, we
investigated whether VEGF could affect PCa cell beha-
vior in an autocrine manner. Intriguingly, VEGF165 was
found to be capable of inducing Mcl-1 expression within
a non-saturating range, suggesting it may act as a survi-
val factor in PCa cells. Moreover, NRP1 was found to be
highly expressed by PCa cell lines and displayed a posi-
tive association with invasiveness, suggesting that it may
be the primary receptor responsible for VEGF autocrine

Figure 7 Src kinase-Stat3 signaling mediates VEGF165 induction of Mcl-1 expression in ARCaPM cells. (a) Effects of NRP1 inhibition on
phosphorylation of Src kinases and Stat3. ARCaPM cells were transfected with NRP1 siRNA or control siRNA for 72 h. (b) Effects of VEGF165 on the
phosphorylation of Src kinases and Stat3. ARCaPM cells were treated with VEGF165 (10 ng/ml) for the indicated time, and immunoblotting was
performed on total lysates (left) and nuclear extracts and cytoplasmic proteins (right). (c) Effects of Src kinases on VEGF165 regulation of Mcl-1.
ARCaPM cells were treated with PP2 (10 μM) or DMSO for 2 h before treatment with VEGF165 or PBS. (d) Effects of Stat3 depletion on VEGF165
induction of Mcl-1. ARCaPM cells were transfected with Stat3 siRNA or control siRNA (80 nM) for 48 h, serum-starved overnight, then treated with
VEGF165 (10 ng/ml) or PBS for 2 h.
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effects in PCa cells. Gene transfer experiments sup-
ported an indispensible role of NRP1 in mediating
VEGF165 regulation of Mcl-1 in metastatic PCa cells.
Importantly, a positive association between NRP1
expression and in vivo bone metastatic potential was
found in ARCaPM xenografts and further confirmed in
clinical PCa specimens. These data collectively support a
novel role of NRP1 in PCa progression and metastasis,

presumably by transmitting the VEGF autocrine survival
signal and enabling PCa cells to evade apoptosis.
NRP1 is not a typical “signaling receptor” since it lacks

sequences predicted to have kinase receptor activities
[24]. Direct interaction between NRP1 and VEGF-Rs or
plexin A is essential to its function in prioritizing differ-
ential signals from VEGF165 or semaphorin 3 in endothe-
lial cells and nerve cells [24]. Recent studies found that

Figure 8 Expression of NRP1 and p-c-MET is associated with bone metastatic status of human PCa specimens and the ARCaPM model.
IHC analyses of NRP1 expression in human normal/benign, cancerous and metastatic prostatic tissue specimens (a) and primary and bone
metastatic tissue specimens from ARCaPM model (b), and of p-c-MET expression in human PCa progression (c) and ARCaPM xenografts (d).
Arrows indicate positively-stained cells.
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the NRP1 intracellular domain, especially the C-terminal
three amino acids (SEA-COOH), may be required for the
interaction between NRP1 and its binding partners,
including NRP1-interacting protein (NIP; or RGS-GAIP-
interacting protein, GIPC) and VEGF-R2 [41,42]. How-
ever, the molecular effects and mechanism for NRP1-
mediated signaling in tumor cells, especially in the
absence of VEGF-Rs, remain elusive. It has been pro-
posed that NRP1 may store or sequester VEGF165 and
attract endothelial cells towards tumor, contributing to
angiogenesis via juxtacrine or paracrine mechanisms
[9,17]. In this study, we investigated whether NRP1 is
required for VEGF165 autocrine signaling in PCa cells
lacking VEGF-Rs. We presented evidence that NRP1 and
c-MET are physically associated on plasma membrane,
and in response to VEGF165 stimulation, their interaction
may significantly facilitate further recruitment and activa-
tion of c-MET. Though the structural and molecular
basis for interaction between the two receptors needs to
be further investigated, this study indicates for the first
time that c-MET activity can be modulated by VEGF,
and the NRP1-c-MET interaction may be a critical com-
ponent in transmitting the VEGF survival signal in PCa
cells. It may be plausible to assign c-MET phosphoryla-
tion as an indicator for activation of NRP1 autocrine sig-
naling in tumor cells. Using human PCa tissue specimens
as the “gold standard”, we observed that NRP1 and p-c-
MET were both significantly increased with progression
of primary PCa, and further elevated in bone metastatic
PCa, suggesting that activation of NRP1-c-MET signaling
may be positively associated with clinical PCa progres-
sion. It is worth noting that these results need cautious
interpretation since a limited number of patient speci-
mens was examined, and the polyclonal antibody against
p-c-MET has not been fully validated for immunohisto-
chemical analysis in tissue sections.
In human primary hepatocytes, HGF transcriptionally

induced Mcl-1 expression, but not Bcl-2 or Bcl-x(L)
[27]. Our studies found that, however, HGF treatment
did not significantly affect Mcl-1 protein expression in
ARCaPM cells, suggesting HGF activation of c-MET sig-
naling may not be sufficient to increase Mcl-1 expres-
sion. We postulated that VEGF165 may utilize a different
mechanism to regulate Mcl-1 expression in PCa cells.
An important observation supporting this hypothesis is
that VEGF165 only rapidly induced Stat3 phosphoryla-
tion at Tyr705, but not altering Ser727 phosphorylation
in ARCaPM cells. In hepatocytes, however, HGF trig-
gered Ser727, but not Tyr705, phosphorylation of Stat3
[27]. It will be intriguing to investigate the role of
NRP1-c-MET interaction in differentiating extracellular
ligands, i.e., VEGF165 or HGF, and activating distinct
downstream cascades leading to Mcl-1 expression in a
highly cell context-dependent fashion.

Mcl-1 is a protein with very short half-life and is
highly regulated at multiple levels in response to survival
and differentiation signals. Rapid turnover of Mcl-1 pro-
tein can be initiated by stress (such as serum withdra-
wal) through caspase-mediated and proteasome-
dependent degradation in tumor cells [3]. Previous
study found that VEGF protects multiple myeloma cells
against apoptosis by up-regulating Mcl-1 protein in a
time-dependent manner, peaking at 6 h and returning
to baseline after 24 h; change in Mcl-1 mRNA expres-
sion was not reported [43]. In ARCaPM cells, however,
VEGF165 treatment rapidly induced Mcl-1 mRNA
expression and significantly increased Mcl-1 protein
level at 72 h. Though whether VEGF165 may also regu-
late Mcl-1 expression at other levels needs to be further
investigated, the data presented here suggest that tran-
scriptional activation, presumably mediated by Stat3, is
an important mechanism for VEGF165 induction of Mcl-
1 in PCa cells.
Interrupting NRP1 functions with mimetic peptides

and monoclonal antibodies is being developed in xeno-
graft models of human cancers [44,45]. NRP1 monoclo-
nal antibody has been shown to effectively inhibit tumor
vascular remodeling, rendering vessels more susceptible
to anti-VEGF therapy [45]. If the VEGF165-NRP1-c-
MET pathway is required for Mcl-1 expression and sur-
vival in PCa cells, it would be intriguing to evaluate
whether targeting NRP1 could interrupt both NRP1-c-
MET signaling in tumor cells (survival) and NRP1-
VEGF-Rs signaling in endothelial cells (angiogenesis).
Inhibition of NRP1 signaling may be a promising strat-
egy alone or in combination with other therapeutic
approaches for treating PCa.

Methods
Cell culture
Human PCa cell lines ARCaPM, ARCaPM-C2, PC3,
LNCaP, C4-2 and C4-2B, were routinely maintained in
T-medium (Invitrogen, Carlsbad, CA) with 5% fetal
bovine serum (FBS). ARCaPM-C2 subclone was derived
from ARCaPM bone metastatic tissues as described pre-
viously [21,22]. Where specified, ARCaPM cells were
serum-starved overnight, and treated with recombinant
human VEGF165, VEGF121, HGF (R&D Systems, Min-
neapolis, MN), c-MET inhibitor PHA-665752 (Calbio-
chem, San Diego, CA), or Src kinase inhibitor (PP2)
(Calbiochem) in serum-free T-medium. HUVEC (The
American Type Culture Collection, Manassas, VA) were
maintained in endothelial basal growth medium (EBM-
2) with 2% FBS. Cell proliferation was measured using
the CellTiter 96 AQ proliferation assay according to the
manufacturer’s instructions (Promega, Madison, WI).
Viable cells were counted in triplicate using a hemacyt-
ometer and trypan blue staining.
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Immunohistochemical analysis
IHC staining of NRP1 and p-c-MET on human normal/
benign prostatic glands, well- and poorly-differentiated
primary PCa and bone metastatic PCa tissue specimens
was performed as described previously [18] using goat
anti-NRP1 antibody (C-19, Santa Cruz Biotechnology,
Santa Cruz, CA; 1:100) and rabbit anti-p-c-MET
(Tyr1230/1234/1235) antibody (44888G, Invitrogen;
1:100). IHC analysis of Mcl-1 expression was performed
on a human PCa progression tissue microarray speci-
men (US BioMax, Inc., Rockville, MD) using rabbit anti-
Mcl-1 antibody (S-19, Santa Cruz Biotechnology, 1:150).
Matching normal serum was used as negative control.
All IHC common reagents were obtained from Dako
(Carpinteria, CA). Positive expression of NRP1, p-c-
MET and Mcl-1 was defined as >15% positive staining
in cell population.
Transfection
The vector harboring NRP1 cDNA (pCMV-NRP1) and
the control (pCMV-XL4) (Origene, Rockville, MD) were
transfected into ARCaPM cells for 48-72 h using lipofec-
tamine 2000 (Invitrogen). Small interfering RNA
(siRNA) nucleotides were transfected into ARCaPM cells
according to the manufacturer’s instructions. VEGF
siRNA, Mcl-1 siRNA, Stat3 siRNA and control siRNA-A
were purchased from Santa Cruz Biotechnology. NRP1
silencer® select validated siRNA and silencer® select con-
trol siRNA#1 were obtained from Ambion, Inc., (Austin,
TX). c-MET ON-TARGET plus siRNA and ON-TAR-
GET plus siRNA control were purchased from Dharma-
con, Inc, (Chicago, IL).
Western blot analysis
Total cell lysates were prepared using radioimmunopre-
cipitation (RIPA) buffer (Santa Cruz Biotechnology).
Nuclear proteins were extracted using a Novagen kit
(EMD Biosciences, San Diego, CA). Immunoblotting
analysis followed standard procedure [18] with anti-
Stat3, anti-p-Stat3 (Ser705), anti-Src and anti-p-Src
(Tyr416) (Cell Signaling, Danvers, MA); anti-p-Stat3
(Tyr705) (Upstate, Charlottesville, VA); anti-Mcl-1, anti-
NRP1 (C-19), anti-NRP2, anti-VEGF-R2, and anti-c-
MET (Santa Cruz Biotechnology); anti-p-c-MET
(Tyr1230/1234/1235) (Invitrogen); and anti-b-actin
(Sigma, St. Louis, MO).
RT-PCR
Total RNA was prepared with Qiagen RNeasy Kit
(Valencia, CA), and RT-PCR was performed using the
SuperScriptIII® One-Step RT-PCR kit (Invitrogen) fol-
lowing the manufacturer’s protocol. The specific primer
pairs are: 5’-GAGGAGGAGGAGGACGAGTT-3’ (for-
ward) and 5’-GTCCCGTTTTGTCCTTACGA-3’
(reverse) (for Mcl-1); 5’-AGGACAGAGACTGCAAG

TATGAC-3’ (forward) and 5’-AACATTCAGGACCT
CTCTTGA-3’ (reverse) (for NRP1). The primers for
VEGF, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [18] and Stat3 [46] were described previously.
The primer pairs for human VEGF-R1, VEGF-R2 and
NRP2 were purchased from R&D Systems.
ELISA
Subconfluent PCa cells were cultured in serum-free T-
medium for 72 h before conditioned medium was col-
lected. VEGF concentrations were analyzed using a
Quantikine ELISA kit (R&D Systems) and normalized
with total protein concentrations in CM.
Immunofluorescence and confocal imaging
Immunofluorescence was performed as described pre-
viously [47]. Goat anti-NRP1 antibody (C-19), rabbit
anti-c-MET antibody (C-12, Santa Cruz Biotechnology),
or rabbit anti-p-c-MET (Tyr1230/1234/1235) antibody
was incubated with subconfluent ARCaPM cells at 4°C
overnight. Either anti-goat Alexa Fluor® 546 or anti-rab-
bit Alexa Fluor® 488 secondary antibody (Invitrogen)
was used at a dilution of 1:500. Cells were imaged on a
Zeiss LSM 510 META [47]. In all cases, either a 63× or
100× Zeiss Plan-Apo oil objective was used (numerical
aperture of 1.3 and 1.4, respectively). All images had
contrast expansion performed in Adobe Photoshop.
Immunoprecipitation
The Immunoprecipitation Starter Pack (GE healthcare
Bio-Sciences Corp., Piscataway, NJ) was used according
to the manufacturer’s instructions. Total lysates (1 mg)
were immunoprecipitated with rabbit anti-c-MET anti-
body (C-12), rabbit anti-NRP1 antibody (H-286, Santa
Cruz Biotechnology), or normal rabbit IgG (R&D Sys-
tems). Protein A/G Sepharose 4 Fast Flow beads were
added to precipitate proteins, then washed and eluted.
The samples were further processed for western blot
analysis.
Apoptosis analysis
Cells were stained with an Annexin V-PE apoptosis
detection kit (BD Biosciences, San Jose, CA) following
the manufacturer’s protocol, and measured using a
fluorescence-activated cell sorting (FACS) caliber bench-
top flow cytometer (Becton Dickinson, Franklin Lakes,
NJ). The data were analyzed using FlowJo software
(Tree Star, Inc., Ashland, OR).
Data analysis
Significance levels for comparisons of Mcl-1 expression
in different Gleason score PCa were calculated by using
the 2-sample t test. Treatment effects were evaluated
using a two-sided Student’s t test. All data represent
three or more experiments. Errors are S.E. values of
averaged results, and values of p < 0.05 were taken as a
significant difference between means.
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Additional file 1: Figure S1. (a) Endogenous Mcl-1 expression in the
lineage-related LNCaP, C4-2 and C4-2B cells, as determined by RT-PCR
and western blotting analyses. (b) ELISA of VEGF levels in conditioned
media of LNCaP and C4-2 cells, shown as relative VEGF concentrations
normalized by total protein concentrations of the CM. (c) Effects of
recombinant VEGF121 on the proliferation of ARCaPM cells. 1 × 103cells
were seeded in 96-well plates for 24 h, serum-starved overnight, and
cultured in the absence or presence of varying concentrations of
rVEGF121 for 72 h. MTS assay was then performed. (d) Effects of VEGF165
on Mcl-1 expression in LNCaP cells. Subconfluent LNCaP cells were
serum-starved overnight, and incubated for 72 h in the presence of
VEGF165 (10 ng/ml) or PBS. Western blotting was performed. (e) Effects of
VEGF121 on Mcl-1 expression in ARCaPM cells. Subconfluent ARCaPM cells
were serum-starved overnight, and incubated for 72 h in the presence of
VEGF121 (10 ng/ml) or PBS. Western blotting was performed. (f)
Expression of endogenous NRP1 in LNCaP, C4-2 and C4-2B cells, as
determined by RT-PCR and western blotting analyses. (g) Nuclear
expression of c-MET and p-c-MET in ARCaPM and ARCaPM-C2 cells. TATA
binding protein (TBP) was used as internal control of nuclear proteins.
Click here for file
[ http://www.biomedcentral.com/content/supplementary/1476-4598-9-9-
S1.TIFF ]
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Abstract 

Background: Aberrant platelet derived growth factor (PDGF) signaling has been associated 

with prostate cancer (PCa) progression. However, its role in the regulation of PCa cell growth 

and survival has not been well characterized.  

Methodology/Principal Findings: Using experimental models that closely mimic clinical 

pathophysiology of PCa progression, we demonstrated that PDGF is a survival factor in PCa 

cells through upregulation of myeloid cell leukemia-1 (Mcl-1). PDGF treatment induced rapid 

nuclear translocation of β-catenin, presumably mediated by c-Abl and p68 signaling. Intriguingly, 

PDGF promoted formation of the nuclear transcriptional complex of β-catenin and hypoxia-

inducible factor (HIF)-1α, and the binding of HIF-1α to Mcl-1 promoter. Deletion of a putative 

hypoxia response element (HRE) within the Mcl-1 promoter attenuated PDGF effects on Mcl-1 

expression. Blockade of PDGF receptor (PDGFR) signaling with a pharmacological inhibitor 

AG-17 abrogated PDGF induction of Mcl-1, and induced apoptosis in metastatic PCa cells.  

Conclusions/Significance: Our study elucidated a crucial survival mechanism in PCa cells, 

indicating that interruption of the PDGF-Mcl-1 survival signal may provide a novel strategy for 

treating PCa metastasis. 
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Introduction 

The platelet-derived growth factors (PDGF) family consists of five dimeric isoforms: PDGF-

AA, -AB, -BB, -CC and -DD [1], which exert their cellular effects through two structurally 

similar tyrosine kinase receptors (PDGFR-α and -β) expressed by many different cell types [2]. 

Ligand binding to PDGFRs results in the dimerization and autophosphorylation of the receptor 

kinases, subsequently recruiting certain Src homology 2 (SH2) domain-containing adaptor 

proteins (e.g., Src, Grb2 and Shc) to specific phosphorylated tyrosine residues. Several signaling 

cascades, including Ras-mitogen-activated protein kinase (MAPK), phospholipase-γ and phos-

phatidyl-inositol-3'-kinase (PI3K)/Akt, have been characterized as the major downstream 

pathways mediating PDGF functions [3]. Other adaptor molecules (e.g., the Fer and Fes tyrosine 

kinase family) and transcriptional factors (e.g., β-catenin) are also involved in PDGF signaling in 

certain cell types [4,5,6,7,8]. 

Aberrant PDGF expression has been frequently associated with the neoplastic component of 

human tumors, whereas PDGFRs are mainly found in the fibroblastic and vascular tumor stroma 

[9,10,11,12,13]. These observations suggested that tumor-derived PDGF may primarily act as a 

paracrine signaling molecule in solid tumors. Supporting this concept, recent studies have 

demonstrated that PDGF is a potent pro-angiogenic factor by promoting the recruitment and 

growth of stromal fibroblasts, perivascular cells and endothelial cells, thereby indirectly affecting 

tumor growth, metastatic dissemination and drug resistance [2,3,14,15,16]. Interestingly, 

emerging evidence indicated that PDGF autocrine signaling may also play an important role 

during tumor progression. Mutational activation or co-expression of PDGF ligands and receptors 

are capable of stimulating tumor cell growth and proliferation in several nonepithelial 

malignancies, including glioblastomas and osteosarcoma [17]. More recently, autocrine PDGF 
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signaling has been associated with epithelial-to-mesenchymal transition (EMT) in carcinoma 

cells from the breast, colon, prostate and liver, suggesting a causative role of autocrine PDGF 

signaling in metastasis [7,8,18,19]. Nonetheless, despite the well-established correlation between 

deregulated paracrine PDGF signaling and tumor progression, the functions and mechanisms of 

autocrine PDGF signaling in epithelial cancer cells remain elusive [3,17]. 

Acquisition of apoptosis resistance is characteristic of metastatic tumor cells, which may 

confer survival advantages during invasion, metastasis and colonization [20]. We recently 

correlated overexpression of myeloid cell leukemia-1 (Mcl-1), a member of the Bcl-2 family, 

with the progression of prostate cancer (PCa) towards bone metastasis [21]. In this study, we 

provide evidence that PDGF-BB is a survival factor in metastatic PCa cells by upregulating Mcl-

1 expression through a signaling mechanism mediated by the transcriptional factors β-catenin 

and hypoxia-inducible factor (HIF)-1α. 

 

Materials and Methods 

Cell Culture 

Human PCa cell lines ARCaPE, ARCaPM [22], LNCaP (American Type Culture Collection, 

ATCC, Manassas, VA), C4-2 [23] and PC3 (ATCC) were routinely maintained in T-medium 

(Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (FBS). For the treatments with PDGF 

isoforms, PCa cells seeded in 96-well plates (3,000 cell/well) were serum-starved overnight, 

replaced with fresh serum-free T-medium, and incubated in the presence of varying 

concentrations of recombinant human PDGF-AA, -AB, -BB (R&D Systems, Minneapolis, MN), 

or phosphate-buffered saline (PBS) for indicated times. Recombinant human interleukin-6 (IL-6) 

was purchased from R&D Systems. For chemotherapy drug treatment, docetaxel (Sanofi Aventis, 
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Bridgewater, NJ) or dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) was added to 

cells and incubated for 72 h. Cell proliferation was measured using the CellTiter 96 AQ 

proliferation assay according to the manufacturer's instructions (Promega, Madison, WI). Viable 

cells were counted in triplicate using a hemacytometer and trypan blue staining. 

Plasmids and small interfering RNAs (siRNAs) 

The full-length human Mcl-1 promoter region cloned into a firefly luciferase reporter vector 

pGL3-Basic (Promega, Madison, WI) was kindly provided by Dr. Steven W. Edwards 

(University of Liverpool, Liverpool, UK) [24]. The hypoxia-responsive element (HRE) 

(fragment -900 to -884)-truncated construct was obtained by digestion of the full-length 

promoter using KpnI (from position -3914 to -855) and then ligated using T4 DNA ligase (New 

England Biolabs, Ipswich, MA). Both plasmid constructs were confirmed by sequence analysis. 

The pHIF1-luc reporter was purchased from Panomics (Fremont, CA). TOPFlash and FOPFlash 

T-cell factor (TCF) reporters were obtained from Upstate (Billerica, MA). pTK-RL plasmid was 

purchased from Promega. Human Mcl-1 expression vector (pCMV-Mcl-1) was obtained from 

Origene, Inc. Human β-catenin expression plasmid was provided by Dr. Zhi-Ren Liu. ON-

TARGETplus SMARTpool siRNAs against β-catenin, p68, PDGFR-α and PDGFR-β, and 

control siRNA were obtained from Dharmacon, Inc (Chicago, IL). HIF-1α and control siRNA 

were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Transient transfection of 

DNA constructs and siRNAs was performed using Lipofectamine 2000 or Oligofectamine 

reagents (Invitrogen), according to the manufacturer’s protocols and our published procedures 

[21,25]. 

Western Blot Analysis 
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Total cell lysates were prepared using radioimmunoprecipitation (RIPA) buffer (Santa Cruz 

Biotechnology, Inc.). Nuclear proteins were extracted using a Novagen kit (EMD Biosciences, 

San Diego, CA). Immunoblotting analysis followed standard procedures [25]. Information for 

the antibodies used in this study was described in Supplemental Table S1.  

Immunoprecipitation 

The Immunoprecipitation Starter Pack (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) 

was used according to the manufacturer's instructions. Total nuclear lysates (1 mg) were 

immunoprecipitated with 5 µg rabbit anti-HIF-1α antibody, mouse anti-β-catenin antibody, 

mouse anti-c-Abl and rabbit anti-p68 antibody (Supplemental Information, Table S1), or normal 

IgG (R&D Systems). Protein A/G Sepharose 4 Fast Flow beads were added to precipitate 

proteins, then washed and eluted. The samples were further processed for Western blot analysis. 

Immunofluorescence and Confocal Imaging 

Immunofluorescence was performed as described previously [21] using mouse anti-β-catenin, 

rabbit anti-p68 and anti-HIF-1α antibodies (Supplemental Table S1). Cells were imaged on a 

Zeiss LSM 510 META. In all cases, either a 63x or 100x Zeiss Plan-Apo oil objective was used 

(numerical aperture of 1.3 and 1.4, respectively). All images had contrast expansion performed 

in Adobe Photoshop. 

Reverse Transcription-PCR (RT-PCR) 

Total RNA was prepared with Qiagen RNeasy Kit (Qiagen, Valencia, CA). The first-strand 

cDNA was synthesized using SuperScript ®III One-Step RT-PCR System (Invitrogen). The 

specific PCR primer pairs were described in Supplemental Table S2. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) mRNA was amplified to normalize RNA inputs [25]. 

Chromatin Immunoprecipitation Assay (ChIP) 
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The ChIP assay was performed using a ChIP-IT kit (ActiveMotif, Carlsbad, CA). Briefly, 

PCa cells were serum-starved overnight and replaced with fresh serum-free medium, incubated 

with PDGF-BB or PBS for indicated times. Chromatin was sheared by enzymatic shearing for 

8 min. A portion of chromatin was reversed and used as input DNA. For immunoprecipitation, 2 

μg HIF-1μ antibody (Millipore) was used. PCR primers for the HRE region in human Mcl-1 

promoter were described in the Supplemental Table S2. PCRs were performed for 40 cycles, 

with primer concentration as 10 pmol/20 μl. 

Statistical Analysis 

All data represent three or more experiments. Errors are S.E. values of averaged results, and 

values of p ≤ 0.05 were taken as a significant difference between means. 

 

Results 

Mcl-1 is a survival factor in PCa cells 

Previously we demonstrated that Mcl-1 overexpression is associated with in vivo bone 

metastatic propensity of human PCa cells, and importantly, correlated with clinical PCa bone 

metastasis [21]. Consistently, using a human PCa ARCaP progression model that closely mimics 

the pathophysiology of bone metastasis [22], we found that Mcl-1 expression was significantly 

increased in highly bone metastatic ARCaPM cells when compared to that in the low-invasive 

counterpart ARCaPE cells (Figure 1A). We hypothesized that upregulation of Mcl-1 may confer 

metastatic PCa cells survival advantages, allowing them to escape apoptotic fate during invasion 

and dissemination and successfully establish distant metastasis [20]. Supporting this notion, 

ectopic expression of Mcl-1 enhanced PCa cell resistance to docetaxel (Figure 1B), a commonly 

used chemotherapeutic drug in hormone-refractory and metastatic PCa [26]. These results 
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indicated that upregulation of Mcl-1 may account for, at least in part, resistance to apoptosis in 

metastatic PCa cells. 

PDGF-BB induces Mcl-1 expression and antagonizes apoptosis in PCa cells 

Intriguingly, PDGF-BB was found to significantly induce Mcl-1 expression in PCa cells 

(Figure 1C, Supplemental Figure S1). Treatment with recombinant human PDGF-BB increased 

Mcl-1 mRNA in a dose- and time-dependent manner, though the optimal conditions for the 

maximum accumulation of Mcl-1 mRNA varied in different PCa cell lines. Western blot analysis 

confirmed the inductive effects of PDGF-BB on Mcl-1 expression at protein level. These data 

identified PDGF-BB as a novel regulator of Mcl-1 expression, which could provide a survival 

mechanism to protect PCa cells from apoptosis. Indeed, addition of PDGF-BB in PCa cell 

cultures effectively antagonized the cytotoxicity of docetaxel (Figure 1D). 

Expression profile of PDGF autocrine signaling components in PCa cells 

We examined the expression pattern of PDGFs and their receptors in PCa cells (Figure 2A). 

RT-PCR analyses showed that the PDGF isoforms were differentially expressed at mRNA level, 

and among them, increased PDGF-B and PDGF-D were observed in C4-2 and ARCaPM cells 

when compared to the parental LNCaP and ARCaPE cells, respectively. Consistent with previous 

studies [19], PC3 cells were found to express high levels of PDGF-D, PDGFR-α and -β. 

Interestingly, PDGFR-α mRNAs appeared to be substantially expressed in PCa cells, which was 

confirmed at protein level by Western blot analysis. In contrary, though PDGFR-β mRNAs were 

detected by RT-PCR in most PCa cell lines, immunoblotting analysis could only confirm protein 

expression in ARCaPE and ARCaPM cells (Figure 2A, right panel). Taken together, these data 

suggested a functional PDGF autocrine signaling in certain PCa cells. 

An autocrine PDGFR signaling mediates PDGF-BB regulation of Mcl-1 in PCa cells 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

9 

 

Both PDGFR-α and -β were highly expressed in bone metastatic ARCaPM cells, and rapidly 

phosphorylated in a time-dependent manner in response to the stimulation of exogenous PDGF-

BB (Figure 2B). Interesting, depletion of either PDGFR-α or -β by isoform-specific siRNA did 

not block the inductive effect of PDGF-BB on Mcl-1 expression (Figure 2C, left and central 

panels), suggesting that activation of either receptors may be sufficient for the upregulation of 

Mcl-1. Supporting this hypothesis, transient transfection with a mixture of siRNAs targeting both 

PDGFR-α and -β inhibited the basal expression of Mcl-1, and abrogated PDGF-BB induction of 

Mcl-1 ARCaPM cells (Figure 2C, right panel). Alternatively, treatment with AG-17 (Tyrphostin), 

a selective pharmacological inhibitor of PDGFRs [27], reduced Mcl-1 expression at both mRNA 

and protein levels and markably increased cleavage of poly-ADP ribose polymerase (PARP), an 

indicator of apoptosis. These effects were attenuated by the presence of PDGF-BB in cultures 

(Figure 2D). Consistently, AG-17 treatment at low doses (such as 100 nM) effectively induced 

apoptosis in ARCaPE and ARCaPM cells (Figure 2E), indicating a pivotal role of PDGFR 

signaling in the survival of PCa cells. 

β-catenin mediates PDGF regulation of Mcl-1 expression in PCa cells 

Activation of the β-catenin pathway is a downstream event of PDGF signaling in certain 

epithelial cancer cells [7,8,28]. Western blot analysis found that β-catenin and TCF4, a major β-

catenin-interacting transcription factor [29], were differentially expressed in PCa cells (Figure 

3A), suggesting a functional β-catenin-TCF4 signaling in these cells. In fact, an artificial TCF 

promoter was activated in both the LNCaP-C4-2 and ARCaPE-ARCaPM cell lineages, and the 

reporter activities appeared to be associated with increased in vivo metastatic potential in C4-2 

and ARCaPM cells (Figure 3B). It is worth noting that both β-catenin and TCF4 were 

substantially presented in the nucleus of ARCaPE and ARCaPM cells (Figure 3A, low panel), 
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which exhibited markedly higher basal TCF activities than either LNCaP or C4-2 cells (by ~100-

fold) (Figure 3B). 

Upon PDGF-BB treatment, the nuclear presence of β-catenin was rapidly increased in 

ARCaPM cells (Figure 3C, upper panel). Consistently, TCF reporter activity was also 

significantly increased following PDGF-BB stimulation, which was attenuated by the pre-

treatment with AG-17 (Figure 3C, bottom panel). These data indicated that PDGF-BB activated 

β-catenin signaling in a PDGFR-dependent manner. 

To investigate the role of β-catenin in the regulation of Mcl-1 expression, ARCaPM cells 

were transiently transfected with a construct expressing wild-type β-catenin. RT-PCR and 

Western blot analyses showed that ectopic epression of β-catenin increseased Mcl-1 at both 

mRNA and protein levels (Figure 3D). In contrary, β-catenin depletion using a siRNA pool 

efficiently inhibited both the basal expression of Mcl-1 and its induction by PDGF-BB (Figure 

3E). Consistently, whereas PDGF-BB significantly induced the luciferase activity of a full-length 

human Mcl-1 promoter in ARCaPM cells transfected with non-targeting control siRNAs, this 

effect was abrogated by transient depletion of endogeneous β-catenin (Figure 3F). These results 

suggested that activation of β-catenin signaling may be sufficient and required for Mcl-1 

expression in PCa cells. 

PDGF activates p68-β-catenin signaling in PCa cells 

We investigated whether a c-Abl-p68-dependent pathway is involved in the PDGF activation 

of β-catenin signaling in PCa cells [7]. Western blot analyses found that c-Abl and p68 were 

differentially expressed in PCa cells (Figure 4A). Upon PDGF-BB treatment, tyrosine 

phosphorylation of c-Abl and p68 were rapidly activated, as evidenced by immunoprecipitation-

immunoblotting assays (Figure 4B). Importantly, the presence of β-catenin in p68 
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immunoprecipitates was also increased in a time-dependent manner, suggesting an enhanced 

physical association between β-catenin and p68 proteins. In fact, PDGF-BB induced rapid 

nuclear translocation of p68 within 30 min (Figure 4C), which was associated with increased co-

localization of p68 and -catenin in the nucleus (Figure 4D). These data indicated that PDGF-BB 

could activate the c-Abl-p68 cascade and subsequent β-catenin signaling in PCa cells. 

To examine whether p68 is required for the regulation of Mcl-1 expression, ARCaPM cells 

were transfected with p68 siRNA or control siRNA, and analyzed for the expression of Mcl-1. 

As shown in Figure 4E, depletion of p68 inhibited endogeneous β-catenin and effectively 

attenuated PDGF-BB induction of Mcl-1 protein. Consistently, Mcl-1 promoter activity was 

significantly inhibited by the treatment with p68 siRNA in ARCaPM cells, either with or without 

the presence of PDGF-BB in the cultures (Figure 3F). These data indicated an indispensible 

function of p68 in the regulation of Mcl-1 in PCa cells. 

PDGF-BB promotes protein interaction between β-catenin and HIF-1α in PCa cells 

Our previous studies demonstrated an important role of HIF-1α in bone metastatic PCa cells 

[25]. Interestingly, transfection of a HIF-1α-specific siRNA significantly reduced Mcl-1 protein 

expression in ARCaPM cells (Figure 5A), suggesting that HIF-1α may be required for Mcl-1 

regulation in PCa cells. To examine whether PDGF-BB could induce physical interaction 

between HIF-1α and β-catenin, nuclear proteins were prepared from ARCaPM cells treated with 

PDGF-BB for varying times. Western blot analysis found that both HIF-1α and β-catenin were 

rapidly increased in the nucleus (Figure 5B). A co-immunoprecipitation assay showed that in 

response to PDGF-BB stimulation, nuclear presence of β-catenin rapidly increased in the HIF-1α 

immunoprecipitates (Figure 5C, upper panel). Reciprocal co-immunoprecipitation with an anti-β-

catenin antibody confirmed an increased association of nuclear HIF-1α with β-catenin following 
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PDGF-BB treatment (Figure 5C, bottom panel). The enhanced co-localization of β-catenin and 

HIF-1α proteins was further demonstrated by confocal microscopy, which appeared to acheive 

the maximum intensity at 30 min upon PDGF-BB stimulation (Figure 5D) . These results 

indicated that in repsonse to PDGF-BB stimulation, β-catenin physically interacts with HIF-1α in 

the nucleus, which may lead to the activation of Mcl-1 transcription in PCa cells. 

A putative HRE motif is required for PDGF-BB activation of Mcl-1 promoter 

HIF-1α binds to the HRE cis-elements within the promoters of hypoxia-responsive genes and 

regulates their expression [30]. We examined whether PDGF-BB-induced nuclear accumulation 

of HIF-1α was associated with the activation of HRE-dependent transcription. In ARCaPM cells, 

PDGF-BB treatment significantly increased luciferase expression driven by an artificial HRE 

promoter (pHIF-luc) (Figure 6A). Interestingly, a putative HRE motif was identified within 

human Mcl-1 promoter region, which is located between -900 and -884 nucleotides at the 5'-

upstream of transcription start site [24]. To investigate the potential role of this cis-element in 

PDGF regulation of Mcl-1 transcription, we characterized a deletion mutant of the putative HRE 

motif using human Mcl-1 promoter region as the template (Figure 6B). The resulting reporter 

construct (p-Mcl-1-Luc: ∆HRE), or the luciferase reporter driven by the full-length Mcl-1 

promoter (p-Mcl-1-Luc), was transiently expressed in ARCaPM cells respectively, and treated 

with PDGF-BB or PBS. IL-6, which has been shown to activate Mcl-1 transcription in PCa and 

cholangiocarcinoma cells through a signal transducer and activator of transcription 3 (Stat3)-

dependent mechanism [31,32], was included as the positive control. Luciferase activity assay 

showed that PDGF-BB induced the activation of p-Mcl-1-Luc promoter to a greater degree than 

IL-6 in ARCaPM cells. Significantly, deletion of the HRE motif not only reduced the basal 

activity of Mcl-1 promoter, but also abrogated the inductive effects of PDGF-BB on reporter 
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activity. In contrary, p-Mcl-1-Luc: ∆HRE, containing a Stat3-binding sequence at position 

between -92 and -83 [31], remained activated upon IL-6 treatment  (Figure 6C). A similar effect 

of HRE deletion on the differential response of Mcl-1 promoter to PDGF-BB and IL-6 was also 

observed in C4-2 cells (Supplemental Figure S2). These data indicated that the putative HRE cis-

element is required for PDGF-BB activation of Mcl-1 expression in PCa cells. 

PDGF-BB promotes HIF-α binding to Mcl-1 promoter region 

We investigated whether PDGF-BB promoted specific binding of HIF-1α to Mcl-1promoter 

by ChIP assay. Fractionated chromatin from controls and PDGF-BB-treated ARCaPM cells was 

immunoprecipitated with HIF-1α antibody or control IgG. From the isolated DNA, a 151-bp 

region was amplified by PCR. Upon PDGF-BB stimulation, a considerable increase in HIF-1α 

binding with the HRE region in was observed (Figure 6D), demonstrating that PDGF-BB could 

facilitate association of HIF-1α with Mcl-1 promoter, thereby activating its expression. 

 

Discussion 

In this study, we uncovered the PDGF-Mcl-1 signaling as a crucial survival mechanism in 

PCa cells (Figure 7). For the first time, we demonstrated that: 1) PDGF-BB is a novel regulator 

of Mcl-1 expression; 2) PDGF-BB activation of autocrine PDGFR signaling promotes the 

interaction between β-catenin and HIF-1α, presumably through a c-Abl-p68-dependent 

mechanism; 3) a putative HRE motif is required for the basal expression and PDGF-BB 

activation of Mcl-1 promoter; and 4) inhibition of the PDGFR-Mcl-1 signaling using a small-

molecule inhibitor AG-17 could activate apoptotic response in metastatic PCa cells. These 

results support that targeting PDGF-Mcl-1 pathway may provide a novel strategy for treating 

PCa metastasis.   
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Activation of PDGFR signaling may be coupled with multiple downstream pathways in the 

regulation of cell growth, proliferation, migration and survival [3]. In tumor-associated 

endothelial and fibroblast stromal cells, PDGF has been shown to activate Akt- and MAPK-

dependent survival mechanisms [33,34,35,36]. Yet, it remains elusive on the molecular 

mechanism by which PDGF exerts its functions in epithelial cancer cells. Recent data have 

linked autocrine PDGF signaling to the activation of β-catenin pathway. For instance, PDGF-AB 

was found to induce nuclear β-catenin accumulation via a PI3K-dependent mechanism, thereby 

protecting hepatocellular carcinoma cells from anoikis during metastatic dissemination [8]. In 

human colon cancer cells, PDGF-BB induces EMT [7] and upregulates cyclin D1 and c-Myc [37] 

by activating β-catenin-dependent gene expression. In both cases, PDGF-BB induces the 

phosphorylation of c-Abl kinase, which subsequently recruits p68, an RNA helicase with 

ATPase activity, and activates its phosphorylation. Phosphorylated p68 binds β-catenin and 

promotes its nuclear translocation by displacing Axin from β-catenin and blocking β-catenin 

degradation, eventually  promoting the interaction of β-catenin with TCF/LEF and the assembly 

of transcription complexes [7]. In this study, we provided molecular evidence demonstrating that 

in PCa cells that express high basal levels of p68 and β-catenin, PDGF could significantly 

promote physical interaction and rapid nuclear translocation of p68 and β-catenin. Importantly, 

p68 depletion in PCa cells led to the inhibition of Mcl-1 expression and induction of apoptosis, 

as evidenced by the appearance of cleaved PARP (Supplemental Figure S3). These results, for 

the first time, underscored a critical role of p68 in the regulation of PCa cell survival. 

Interestingly, a recent study demonstrated that p68 is actually a novel coactivator of androgen 

receptor (AR) [38], another transcription factor interacting with β-catenin in certain PCa cells 

(such as LNCaP and C4-2) [39]. It would be intriguing to further investigate the dynamic 
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interaction between p68, β-catenin and p68, and its biological consequences in these cells. In 

addition, other pathways may be involved in the PDGF activation of β-catenin signaling. For 

example, PDGF-BB treatment was found to induce rapid phosphorylation of both Akt and 

glycogen synthase kinase 3-β (GSK-3β) (Supplemental Figure S4), which may also contribute to 

the elevated intracellular levels and nuclear accumulation of β-catenin [40]. 

Our data confirmed a highly active β-catenin/TCF signaling in ARCaP cells and correlated 

the TCF reporter activity with the in vivo metastatic potential (Figure 3A, 3B), indicating these 

cells could be used as an excellent model system for investigating β-catenin signaling in PCa 

progression [41]. Though PDGF-BB activated the full-length human Mcl-1 promoter (Figure 3F) 

in a similar manner to its effect on the luciferase expression driven by an artificial TCF-binding 

motif (pTOPFlash), it appeared that human Mcl-1 promoter does not contain any consensus 

sequences of TCF/ lymphoid enhancer-binding factor (LEF). These results suggested that certain 

transcription factor(s), other than TCF, could be responsible for β-catenin activation of Mcl-1 

transcription. One of such candidates was cAMP-response element-binding protein (CREB), 

which has been implicated in the regulation of Mcl-1 expression through the PI-3K/Akt signaling 

pathway [42] and highly expressed in ARCaP cell lineage [25]. Western blotting analyses, 

however, could not detect a significant increase in nuclear CREB expression upon PDGF 

treatment (data not shown), suggesting that CREB may not be involved in the β-catenin-

dependent activation of Mcl-1 transcription. Intriguingly, the transcription factor HIF-1α was 

found to be rapidly increased in the nucleus and physically interact with β-catenin following 

PDGF-BB stimulation, which may mediate Mcl-1 transcription by binding to HRE site(s) within 

the promoter. These data are consistent with a previous study showing that β-catenin can switch 

its binding partner from TCF4 to HIF-1α and enhance HIF-1α-mediated transcription, and this 
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dynamic reassembly of β-catenin with HIF-1α may allow colorectal cancer cells to rapidly adapt 

to hypoxic stress and survive [43]. It is important to note that unlike the cited work, our studies 

were performed in normoxic PCa cell cultures. Since ARCaP cells substantially express HIF-1α 

even under normoxia [25], PDGF may significantly affect the expression of hypoxia-responsive 

or HRE-containing genes by promoting the interaction between β-catenin and HIF-1α in a Wnt-

independent mechanism. Upregulation of Mcl-1, as a consequence, could provide pivotal 

protection against apoptotic signals during dissemination and colonization when the majority of 

cancer cells remain under normoxia. 

Earlier studies reported high expression of PDGFRs in both localized and metastatic PCa, 

which could be detected in 88% of primary tumors and 80% of the metastases [10,44]. However, 

it remains controversial as to which PDGFR isoforms are expressed in PCa cells and primarily 

responsible for autocrine PDGF signaling [12,45,46]. These conflicting results may partially 

arise from the potential non-specificity of antibodies used in the cited studies, but more 

importantly, may reflect the intrinsic heterogeneity of human cancers, especially when at their 

late-stages. In this study, we were able to detect the expression of both PDGFR isoforms in 

several established PCa cell lines by RT-PCR and Western blot analyses. Given the fact that both 

PDGFR-α and -β have been implicated in the progression of bone metastatic PCa 

[10,12,13,44,47], our study focused on the function of PDGF-BB since it is the only PDGF 

isoform that binds all the three receptor dimeric combinations (PDGFR-αα, -ββ and -αβ) with 

high affinity [2,48]. To determine which PDGFR isoform is required for PDGF regulation of 

Mcl-1, we transfected PCa cells with specific siRNAs against PDGFR-α or -β. Interestingly, the 

single depletion of neither PDGFR-α nor PDGFR-β inhibited Mcl-1 expression in ARCaPM cells, 

suggesting that the PDGF-BB signal could be transduced via the two independent but 
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complementary receptors to activate Mcl-1 expression in PCa cells expressing both isoforms. 

Supporting this notion, dual depletion of both receptors simultaneously using a mixture of 

siRNAs against PDGFR-α and -β effectively inhibited Mcl-1 expression. Alternatively, treatment 

with AG-17 or imatinib, two pan-PDGFR inhibitors that could inhibit the tyrosine kinase activity 

of both PDGFR-α and -β, also reduced Mcl-1 levels in ARCaPM cells (Supplemental Figure S5). 

Furthermore, in PCa cells that predominantly express one PDGFR isoform (for example, 

PDGFR-α is the major isoform in C4-2 cells; Figure 2A, right panel), it is plausible to expect that 

inhibition of the isoform alone could affect Mcl-1 expression. Indeed, transfection of PDGFR-α 

siRNA in C4-2 cells significantly inhibited Mcl-1 (Supplemental Figure S6). These findings 

support a model that PDGF-BB could activate both PDGFR isoforms in the regulation of Mcl-1 

in PCa cells in a context-dependent manner, which may have important implication in the 

evaluation of PDGFR expression at tissue levels in clinical PCa specimens. 

Interaction between PCa and bone microenvironment is crucial to the bone tropism of PCa 

metastasis, which is identified at autopsy in up to 90% of patients dying from the disease [49]. 

Tumor-initiated bone resorption promotes the release and activation of multiple growth factors 

immobilized in bone matrix, including PDGF. These locally expressed and tumor-derived PDGF 

could activate PDGFR signaling in surrounding stroma (including stromal cells, endothelial cells 

and pericytes) and promote angiogenesis. As a potent mitogen for osteoblasts, PDGF also 

significantly contribute to the osteoblastic phenotype of PCa bone metastasis [50]. These effects, 

taken together, may provide a favorable microenvironment for the survival and outgrowth of 

bone metastatic PCa.  These facts provided rationale for evaluating the potential of treating PCa 

bone metastasis with small-molecule PDGFR inhibitors. In earlier studies, imatinib sensitized 

bone marrow stromal and endothelial cells to paclitaxel treatment and significantly suppressed 
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PCa bone metastasis in experimental models [51,52]. Disappointingly, however, recent clinical 

trials with imatinib only achieved limited success due to unexpected severe side effects in 

patients [47]. These observations highlighted the importance of a better understanding of PDGF 

signaling in bone metastasis PCa. Our study delineated a novel signaling axis that may allow 

PCa cells to escape apoptosis during dissemination and colonization by activating PDGF-Mcl-1 

pathway in metastatic cancer cells. It is plausible to hypothesize that PDGF-BB may be crucial in 

mediating the "vicious cycle" between tumor and bone microenvironment, not only promoting 

angiogenesis in surrounding stroma but also sustaining survival in PCa cells (Figure 7). 

Supporting this model, PDGF-BB was found to be elevated in PC3-MM2 cells implanted in the 

mouse bone cortex, and interestingly, activated PDGFR-β was only detected in tumor lesions 

growing adjacent to bone and the tumor-associated endothelium [52,53]. Given the clinical 

significance of both PDGF and Mcl-1 in PCa bone metastasis [21,50], specific targeting of 

PDGF-Mcl-1 survival pathway in PCa cells (autocrine signaling) and co-targeting of 

microenvironment (paracrine signaling) could provide a new strategy to disrupt the vicious cycle 

and efficaciously treat metastatic PCa. 
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Figure Legends 

Fig. 1. PDGF-BB upregulates Mcl-1 and protects PCa cells from apoptosis. (A) Mcl-1 

protein expression in the lineage-related ARCaPE and ARCaPM cells. (B) Ectopic expression of 

Mcl-1 in ARCaPM cells and the effects on docetaxel cytotoxicity in ARCaPM cells. pCMV: 

vector control. (C) Upper and middle panels: The dose- and time-dependent effects of PDGF-BB 

on Mcl-1mRNA expression in ARCaPM cells; bottom panel: The effects of PDGF-BB treatment 

(20ng/ml, 72 h) on Mcl-1 protein expression in ARCaPM cells. (D) The effects of exogenous 

PDGF-BB on the cytotoxicity of docetaxel in ARCaPM cells, as determined by the MTS assay. 

 

Fig. 2. Activation of the PDGFR signaling is required for Mcl-1 expression in PCa cells. (A) 

Expression profile of PDGFR signaling components in PCa cells, as analyzed by RT-PCR and 

Western blotting. (B) The effects of PDGF-BB (20 ng/ml) on the phosphorylation of PDGFR-α 

and -β in ARCaPM cells. (C) The effects of depleting PDGFR-α or/and -β on Mcl-1 protein 

expression in ARCaPM cells. The cells were transfected with either isotype-specific siRNAs 

targeting PDGFR-α (left panel, 30 nM) or PDGFR- β (central panel, 100 nM), or a mixture of 

PDGFR-α and -β siRNAs (right panel) for 48 h, serum-starved overnight, and incubated in the 

presence or absence of PDGF-BB (20 ng/ml) for 72 h. (D) Upper panel: The time-dependent 

effects of AG-17 (100 nM) on Mcl-1 mRNA expression in ARCaPM cells; bottom panel: The 

effects of AG-17 treatment on the expression of Mcl-1 and cleaved PARP in the presence (20 

ng/ml) or absence of PDGF-BB (20 ng/ml) in ARCaPM cells. (E) The effects of AG-17 treatment 

(100 nM, 72 h) on the viability of ARCaPE and ARCaPM cells. 
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Fig. 3. β-catenin mediates PDGF regulation of Mcl-1 expression in PCa cells. (A) Expression 

profile of β-catenin-TCF signaling components in PCa cells. (B) TCF reporter activity in the 

LNCaP-C4-2 and ARCaPE-ARCaPM cells. (C) Upper panel: The effects of PDGF-BB (20 ng/ml) 

on the nuclear translocation of β-catenin in ARCaPM cells; Bottom panel: The effects of PDGF-

BB (20 ng/ml) on TCF reporter activity in the presence (100 nM) or absence of AG-17. (D) The 

effects of ectopic expression of β-catenin (72 h) on Mcl-1 expression at both mRNA and protein 

levels. (E) The effects of β-catenin depletion on PDGF-BB regulation of Mcl-1 expression in 

ARCaPM cells. The cells were transfected with β-catenin siRNA or control siRNA (30 nM) for 

48 h, serum-starved overnight, and incubated in the presence or absence of PDGF-BB (20 ng/ml) 

for 72 h. (F) The effects of β-catenin depletion on Mcl-1 reporter activity in ARCaPM cells. The 

cells were transfected with β-catenin or control siRNA (30 nM) for 48 h, and further transfected 

with a human Mcl-1 reporter for 24 h. Following serum starvation overnight, the cells were 

incubated in the presence or absence of PDGF-BB (20 ng/ml) for 48 h. 

 

Fig. 4. PDGF-BB activates the c-Abl-p68-β-catenin signaling cascade in PCa cells. (A) 

Expression of c-Abl and p68 in PCa cells. (B) The effects of PDGF-BB (20 ng/ml) on the 

phosphorylation of c-Abl and p68, and the expression of β-catenin in the p68 immunoprecipitates 

in ARCaPM cells. (C) The effects of PDGF-BB (20 ng/ml) on the nuclear translocation of p68 in 

ARCaPM cells. (D) Confocal microscopy analysis of the effects of PDGF-BB on the co-

localization of β-catenin and p68 in the nucleus in a time course experiment in ARCaPM cells. (E) 

The effects of p68 depletion on PDGF regulation of Mcl-1 in ARCaPM cells. The cells were 

transfected with p68 or control siRNA (30 nM) for 48 h, serum-starved overnight, and incubated 

in the presence or absence of PDGF-BB (20 ng/ml) for 72 h. (F) The effects of p68 depletion on 
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Mcl-1 reporter activity in ARCaPM cells. The cells were transfected with p68 or control siRNA 

(30 nM) for 48 h, and further transfected with human Mcl-1 reporter for 24 h. Following serum 

starvation overnight, the cells were incubated in the presence or absence of PDGF-BB (20 ng/ml) 

for 48 h. 

 

Fig. 5. PDGF-BB promotes protein interaction between β-catenin and HIF-1α in PCa cells. 

(A) The effects of HIF-1α depletion on Mcl-1 expression in ARCaPM cells. The cells were 

transfected with HIF-1α or control siRNA (30 nM) for 72 h, and analyzed for Mcl-1 expression 

by immunoblotting. (B) Western blot analysis of the effects of PDGF-BB (20 ng/ml) on the 

nuclear translocation of β-catenin and HIF-1α in ARCaPM cells. (C) Co-immunoprecipitation 

assays of the effects of PDGF-BB (20 ng/ml) on the interaction between β-catenin and HIF-1α in 

the nucleus in ARCaPM cells. (D) Confocal microscopy of the effects of PDGF-BB (20 ng/ml) 

on the co-localization of β-catenin and HIF-1α in the nucleus in ARCaPM cells. 

 

Fig. 6. A putative HRE site is required for PDGF-BB activation of Mcl-1 promoter. (A) The 

effects of PDGF-BB on the HIF-1 reporter activity in ARCaPM cells. The cells were transiently 

transfected with HIF-1 reporter or pGL3 for 24 h, serum-starved and incubated in the presence or 

absence of PDGF-BB (20 ng/ml) for 48 h. (B) Schematic diagram of human Mcl-1 promoter and 

its deletion mutation at the putative HRE site. (C) The effects of deleting the putative HRE site 

on PDGF regulation of Mcl-1 promoter activity in ARCaPM cells. IL-6 (200 ng/ml) was included 

as the positive control. (D) ChIP assay of the effects of PDGF-BB treatment (20 ng/ml) on HIF-

1α binding to human Mcl-1 promoter region in ARCaPM cells. 
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Fig. 7. A proposed model for PDGF-BB regulation of Mcl-1 expression in PCa cells. The 

engagement of PDGF-BB to PDGFR dimers activates the c-Abl-p68 cascade, which 

subsequently stablizes β-catenin and promotes its nuclear translocation. In the nucleus, 

interaction between β-catenin and HIF-1α increases the binding of HIF-1α to the HRE site within 

Mcl-1 promoter, thereby activating the transcription of Mcl-1 gene. Upregulation of Mcl-1 

antagonizes apoptotic signals and confers survival advantages to metastatic PCa cells. 

Furthermore, tumor-derived and locally expressed PDGF may mediate the interactions between 

PCa and bone microenvironment. Co-targeting the PDGF signaling in PCa cells (autocrine) and 

microenvironment (paracrine) could provide a new strategy to disrupt the "vicious cycle" and 

efficaciously treat metastatic PCa. 
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BKM1740, an Acyl-Tyrosine BisphosphonateAmide Derivative,
Inhibits the BoneMetastatic Growth of Human Prostate
Cancer Cells by Inducing Apoptosis
Seong Il Seo,2 Lajos Gera,3 Haiyen E. Zhau,1Wei Ping Qian,1Shareen Iqbal,1NicoleA. Johnson,1

Shumin Zhang,1Majd Zayzafoon,4 John Stewart,3 RuoxiangWang,1

LelandW.K. Chung,1and DaqingWu1

Abstract Purpose: Survivin overexpression has been associated with an unfavorable outcome in
human PCa; however, its role in metastasis remains elusive.We aim to (a) evaluate the clinical
implications of survivin expression in PCa bone metastasis; (b) determine in vivo efficacy
of BKM1740, a small-molecule compound, against PCa skeletal growth and survival; and (c)
investigate molecular mechanism by which BKM1740 augments apoptosis in bone metastatic
PCa cells.
Experimental Design: Survivin expression was analyzed in PCa specimens and experimental
models. Bone metastatic C4-2 and ARCaPM cell lines were used to evaluate the in vitro effects
of BKM1740 and molecular mechanism for the induction of apoptosis. C4-2 cells were grown
intratibially in athymic nude mice to evaluate the in vivo efficacy of BKM1740. Tumor growth in
mouse bone was assessed by serum prostate-specific antigen and radiography and confirmed
by immunohistochemical analyses.
Results: Survivin expression is positively associated with clinical PCa bone metastasis.
BKM1740 induced apoptosis in PCa cells by repressing survivin. Mice with established C4-2
tumors in tibia showed amarked decrease in serumprostate-specific antigen andmuch improved
bone architecture radiographically after treatment with BKM1740. Immunohistochemical assays
of mouse tumor samples confirmed that the in vivo effects weremediatedby inhibitionof survivin
and induction of apoptosis.
Conclusions: Survivin expression is associated with PCa bone metastasis. BKM1740 treatment
specifically inhibited survivin and induced apoptosis in vitro andwas efficacious in retarding PCa
skeletal growth in a mouse model. BKM1740 is a promising small-molecule compound that could
be used to treat PCa bone metastasis.

Bone metastasis and skeletal complications are the major con-
tributing factors to human prostate cancer (PCa) morbidity and
mortality (1). The gain of function of antiapoptotic factors and/or
loss of function of proapoptotic proteins may allow PCa cells
to evade apoptosis during dissemination and growth in bone
tissue (2). As a member of the inhibitor of apoptosis family, sur-
vivin intersectsmultiple survival signals and is highly differentially
expressed in cancer (3). In PCa, survivin overexpression has
frequently been associatedwith an unfavorable outcome. Survivin
expression is significantly elevated in tumors with a high Gleason
score and lymph node metastasis (4, 5). Survivin also mediates
resistance to antiandrogen therapy, chemotherapy, and irradia-
tion (6–8).However, despite thewell-defined functionof survivin
in antagonizing death signals during tumorigenesis, little is
known about its role in tumor invasion and metastasis (9).
Currently, several strategies are being pursued to target

survivin expression or interrupt its antiapoptotic function.
Some have been in clinical trials for a variety of human cancers
(see ref. 10 for review). Some small-molecule antagonists exert
their antitumor function by indirectly targeting pathways
implicated in survivin regulation (such as STA-21 inhibition
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of the signal transducer and activator of transcription 3 path-
way or flavopiridol inhibition of cyclin-dependent kinase 1
activity) or by perturbing protein-protein interaction between
survivin and its partners (such as shepherdin, a peptidyl
antagonist that may disrupt the interaction between heat shock
protein 90 and survivin). Some agents have been developed to
directly suppress survivin expression, including an antisense
molecule (LY218130B) and transcriptional repressors (YM155
and EM-1421). In established human PCa PC-3 xenografts,
YM155, a small imidazolium-based compound, was shown to
specifically suppress survivin transcription (11). Two phase I
trials for YM155 have been completed in 41 patients with PCa,
non–Hodgkin lymphoma, or colorectal cancer. The treatment
was well tolerated and exhibited encouraging antitumor effi-
cacy (12). Nonetheless, the portfolio of truly survivin-directed
antagonists or suppressors available for clinical testing,
particularly in metastatic cancer, is small (10).
Bradykinin-related compounds are emerging as promising

antitumor agents (13–15). In experimental models for human
PCa and lung cancer, a bradykinin antagonist peptide dimer,
B-9870 (CU201), and its nonpeptide mimetic, BKM-570,
suppress tumor growth and act synergistically with standard
chemotherapy drugs such as cisplatin and Taxotere (16–18).
Mechanistic study indicated that the bradykinin-related com-
pounds induce caspase-dependent apoptosis in cancer cells
while inhibiting angiogenesis and reducing tissue permeability
mediated by matrix metalloproteinases (MMP) in tumors (15).
Therefore, these compounds may be pluripotent anticancer
agents. To explore novel drugs that may specifically target bone
metastatic PCa cells, we developed a BKM-570 analogue con-
jugated with an aminobisphosphonate group. This compound,
termed BKM1740, was found to be efficacious in retarding
skeletal growth of human PCa cells through direct inhibition of
survivin in a xenograft model.

Materials andMethods

Cell lines and culture conditions. Human PCa cell lines LNCaP,
C4-2 (19), ARCaPE, and ARCaPM (20) were regularly maintained in

T-medium (Invitrogen) supplemented with 5% fetal bovine serum
(Sigma), 100 IU/L penicillin G, and 100 Ag/L streptomycin at 37jC
under 5% CO2.
Chemicals. BKM1740 was developed and synthesized by Gera in

the Stewart laboratory according to previously described methods
(18, 21, 22). For the in vitro and in vivo studies, the BKM1740 was
dissolved in DMSO (Sigma) at 10 mg/mL stock solution and its purity
was determined to be a minimum of 99% by high-performance liquid
chromatography.
Cell proliferation assay. Cell proliferation was measured using the

CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium salt (MTS) assay; Promega]. Briefly, cells suspended in
T-medium plus 5% fetal bovine serum were added to 96-well plates at
5,000 per well in sextuplicate. After 24 h of culture, BKM1740 or DMSO
was added in various concentrations, and cells were cultured for
the indicated time. Combined MTS/phenazine methosulfate solution
(20 AL/well) was added to the cells and the absorbance at 490 nm was
recorded after 1 h of incubation at 37jC using a microplate reader
(Bio-Rad Laboratories). Cell viability was expressed as relative survival
with controls recorded as 100%.
Reporter assay. Cells were seeded at a density of 1.5� 105 per well in

12-well plates 24 h before transfection. pSurvivin-luc1430 (23) and
pRL-TK (as internal control; Promega) were introduced using Lipofect-
amine 2000 (Invitrogen). A Dual-Luciferase Reporter Assay kit (Prom-
ega) was used to determine the firefly luciferase activity and Renilla
luciferase activity. Data were presented as relative luciferase activity
(firefly luciferase activity normalized to Renilla luciferase activity).
Western blot analysis. Total cell lysates were prepared using radio-

immunoprecipitation assay buffer (Santa Cruz Biotechnology). Protein
concentrations in the supernatants were measured with the bicincho-
ninic acid protein assay kit (Pierce Biotechnology). Total protein
(50 Ag) was loaded to each lane, resolved on a 4% to 12% NuPAGE
Bis-Tris –buffered (pH 7.0) polyacrylamide gel (Invitrogen), and
transferred onto a nitrocellulose membrane (Bio-Rad Laboratories).
The membrane was incubated with anti-survivin (Novus Biologicals),
anti-caspase-3, anti-cleaved caspase-3, anti-caspase-8, anti-cleaved
caspase-8, anti-caspase-9, anti-poly(ADP-ribose) polymerase (Cell
Signaling), and anti-myeloid cell leukemia-1 (Mcl-1) and MMP-9
(Santa Cruz Biotechnology), with anti-h-actin (Sigma) or anti-EF1a
(BD Transduction Laboratories) as loading controls. The reactive bands
were visualized by an enhanced chemiluminescence assay kit (Amer-
sham Pharmacia Biotech). Quantification of band intensity was
measured by densitometry and analyzed with ImageJ (NIH). Relative
protein expression was expressed as fold change compared with control
(h-actin or EF1a).
Reverse transcription-PCR. Total RNA was prepared using a Qiagen

RNeasy kit. One microgram was used as a template in a reaction

using the SuperScript III One-Step reverse transcription-PCR (RT-PCR)

kit (Invitrogen). The primer pairs specific for human survivin are

5¶-ccaccgcatctctacattca-3¶ (forward) and 5¶-gcactttcttcgcagtttc-3¶ (reverse);
for human Mcl-1, 5¶-gaggaggaggaggacgagtt-3¶ (forward) and 5¶-gtccc-
gttttgtccttacga-3¶ (reverse). The primers for vascular endothelial growth
factor (VEGF) and glyceraldehyde-3-phosphate dehydrogenase were

described previously (24). The thermal profile is 23 cycles for human

survivin, Mcl-1, and VEGF amplification or 20 cycles for glyceralde-

hyde-3-phosphate dehydrogenase, with 94jC, 15 s; 55jC, 30 s; and
68jC, 60 s. Quantification of band intensity was measured by densi-
tometry and analyzed with ImageJ. Relative mRNA abundance was

expressed as fold change compared with control (glyceraldehyde-

3-phosphate dehydrogenase).

Condition medium preparation. Subconfluent C4-2 cells were

serum starved overnight and further treated with BKM1740 or DMSO

in fresh serum-free T-medium for 48 h before condition media were

collected (24).
ELISA. Vascular endothelial cell growth factor (VEGF) concentra-

tion was analyzed using a Quantikine ELISA kit (R&D Systems).

Translational Relevance

Bone metastasis is the leading cause of prostate cancer
(PCa) death. Current therapy does not improve patient
survival. It is critical to identify novel targets for developing
efficacious treatments. This study showed that overex-
pression of survivin, a critical antiapoptotic protein, is
associated with clinical PCa progression and bone metas-
tasis. We developed BKM1740, a small-molecule acyl-
tyrosine bisphosphonate amide derivative, and found that
BKM1740 efficaciously retards PCa skeletal growth in athy-
mic nude mice. Mechanistic study confirmed that the
in vivo effectsweremediatedby specific inhibitionof survi-
vin and induction of apoptosis. This study validated the
clinical implications of survivin expression in PCa bone
metastasis and may have a significant effect on the devel-
opment of efficacious and safe therapeutic regimens for
metastatic PCa and other types of cancers.

BKM1740 Inhibits Skeletal Growth of Human PCa
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Apoptosis analysis. Cells treated with DMSO or BKM1740 were
trypsinized and washed with PBS and resuspended in Annexin-binding
buffer (BD PharMingen). Cells were then stained with both Annexin
V-phycoerythrin and 7-amino-actinomycin for 15 min at room tempe-
rature. The stained samples for apoptosis assay were measured using a
fluorescence-activated cell sorting (FACS) caliber bench-top flow
cytometer (Becton Dickinson). The data were analyzed using FlowJo
software (Tree Star, Inc.). The experiments were repeated at least thrice
independently.
Assessment of in vivo effects of BKM1740 on human prostate tumor

xenografts in mouse bone. All animal procedures were done in
compliance with Emory University Institutional Animal Care and Use
Committee and NIH guidelines. A total of 1.0 � 106 C4-2 cells were
inoculated in mouse bilateral tibia using a previously established
procedure (25, 26). Blood specimens (70 AL) were obtained from the
retro-orbital sinus vein every 2 wk for serum prostate-specific antigen
(PSA) determination. Serum PSA was determined by microparticle
ELISA using an Abbott IMx instrument (Abbott Laboratories). A total of
20 athymic male nude mice (BALB/c nu/nu ; National Cancer Institute,
Bethesda, MD) were divided into two groups: a vehicle control group
(n = 11) and a BKM1740 treatment group (n = 9). The treatments were
initiated at 4 wk after tumor cell inoculation with confirmed tumors in
bone by X-ray and positive serum PSA (25, 27). BKM1740 was
dissolved in 100% DMSO as a stock solution of 10 mg/mL. Mice were
given BKM1740 every 2 d at 5 mg/kg via the i.p. route for an 8-wk
period. Control mice received vehicle injections for the same duration.
Mice were weighed every week and tumor growth in bilateral tibia was
followed by serum PSA and X-ray every 2 wk. Mice were sacrificed 8 wk
after the initiation of treatment. The bilateral tibia were removed, fixed
in 10% neutralized formalin for 48 h, and decalcified in EDTA (pH 7.2)
for 15 d. Tibia specimens were dehydrated and paraffin embedded for
immunohistochemical analyses. To assess the systemic toxicity of
BKM1740, athymic nude mice (n = 4) were administered at a high dose
of 20 mg/kg via the i.p. route, twice per week, for 4 wk.

Immunohistochemical analysis. Survivin expression was analyzed in
five human normal/benign prostatic glands, five each of well-
differentiated and poorly differentiated primary PCa, and four bone
metastatic PCa tissue specimens. Cell proliferation (Ki67), cell death
(M30), and survivin in bone tumor specimens obtained from control
and BKM1740-treated mice (two in each group) were conducted.
Antibodies used were goat polyclonal antibody against Ki67 (1:500;
Santa Cruz Biotechnology), mouse monoclonal antibody against
M30 CytoDeath (1:500; DiaPharma Group, Inc.), and rabbit polyclonal
antibody against survivin (1:200; Novus Biologicals). Tissues were
deparaffinized, rehydrated, and subjected to 5-mn pressure-cooking
antigen retrieval, 10-min double endogenous enzyme block, and
30-min primary antibody incubation, and subjected to 30-min
DakoCytomation EnVision+ horseradish peroxidase reagent (for M30
and survivin) or 15 min each of biotinylated link and streptavidin-
peroxidase label reagents (for Ki67) incubation. Signals were detected
by adding substrate hydrogen peroxide using diaminobenzidine as
chromogen and counterstained by hematoxylin. All reagents were
obtained from Dako Corp. Matching sera and IgG were used as negative
controls. Relative expression of Ki67, M30, and survivin was shown as
the number of positively stained cells in 200 cells F SE at three
randomly selected areas at �100 magnification.
Data analysis. All data represent three or more experiments.

Treatment effects were evaluated using a two-sided Student’s t test.
Errors are SE values of averaged results, and values of P < 0.05 were
taken as a significant difference between means.

Results

Elevation of survivin is correlated to bone metastasis status
in human PCa tumors. To investigate the clinicopathologic
significance of survivin expression in human PCa progression,
we analyzed the immunohistochemical protein expression of

Fig. 1. Survivin expression is associated with bone
metastasis in human PCa specimens and theARCaP
experimental model. A, survivin expression increased during
PCa progression from normal to primary cancer to bone
metastasis. B, RT-PCR andWestern blot analyses of survivin
expression in human PCa cell models. Survivin increased in
bone metastatic C4-2 and ARCaPM cells compared with
their parental LNCaP and ARCaPE cells. Relative expression
was expressed as fold change compared with controls.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
C, survivin expression in bone metastatic ARCaPM tumor
was higher than in primary tumor.
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survivin in primary and bone metastatic PCa tissue. We defined
well-differentiated PCa as Gleason score V6 and poorly
differentiated PCa as Gleason score z8. Survivin expression
was undetectable to marginal in all normal/benign glands
(n = 5) and increased from well-differentiated cancer (n = 5) to
poorly differentiated cancers (n = 5). Importantly, survivin was
highly expressed in all bone metastatic PCa tumor specimens
(n = 4; Fig. 1A). These data suggest that survivin expression is
positively associated with PCa progression, particularly bone
metastasis.
We have established several lines of human PCa cells that

represent a continuum of PCa progression closely mimicking
the clinical pathophysiology of bone metastasis (see ref. 28
for review). Two lineage-related sets of PCa cells were used in
this study: the LNCaP-C4-2 model (19, 29) and the ARCaPE-
ARCaPM model (20, 24, 30). RT-PCR and Western blotting
analyses indicated that survivin expression was elevated in
highly bone metastatic C4-2 and ARCaPM PCa cell lines
compared with the less invasive parental cell lines LNCaP and
ARCaPE (Fig. 1B). ARCaPM cells were inoculated into athymic
mice s.c., which resulted in metastases to bone tissues within a
short latency period (20, 31). Survivin expression was
examined by immunohistochemical staining of the ARCaPM
tumor specimens from either the primary site (s.c. injection) or
metastatic bone. Consistently, survivin protein level was
significantly increased in bone metastatic tumor compared
with the primary tumor (Fig. 1C). These data obtained from in
vivo PCa models validate a positive correlation between
survivin expression and the bone metastatic propensity
observed in clinical specimens.
BKM1740 induces apoptosis in metastatic PCa cells.

BKM1740 is an acyl-tyrosine bisphosphonate amide derivative,
which was developed from the key chemical structure of
BKM-570, F5c-OC2Y [N-(2,3,4,5,6-pentaflurocinnamoyl)-O-
(2,6-dichlorobenzyl)-tyrosine; refs. 18, 22]. BKM1740 is
expected to have potent antitumor activity exhibited by the
F5c-OC2Y moiety and can be selectively taken up and adsorbed
to mineral surfaces in bone because of the introduction of the
aminobisphosphonate moiety (32).
We first evaluated the cytotoxic effects of BKM1740 on bone

metastatic PCa cells. C4-2 and ARCaPM cells were exposed to
the indicated concentrations of BKM1740 for various durations
and cell proliferation was determined by MTS assay. BKM1740
was found to inhibit the in vitro growth of C4-2 (Fig. 2B) and
ARCaPM cells (Fig. 2C) in a dose- and time-dependent manner,
with 50% inhibition (IC50) observed at 2 and 9 Amol/L,
respectively. Interestingly, compared with C4-2 cells, ARCaPM
only responded to BKM1740 treatment significantly within a
narrow dose range (between 8 and 10 Amol/L), suggesting that
this cell line is more resistant to the cytotoxicity of BKM1740
(Fig. 2C).
To further elucidate the mechanism for the effects of

BKM1740 on PCa cell viability, we determined Annexin V
expression, an indicator of apoptosis, in C4-2 cells treated with
BKM1740 at the indicated concentrations for 24 h (Fig. 3A).
Fluorescence-activated cell sorting analysis indicated that
BKM1740 treatment significantly induced apoptosis in C4-2
cells in a dose-dependent manner. Greater than 40% cell death
can be achieved in 24 h with 5 Amol/L BKM1740 (Fig. 3B).
Expression of caspases was determined by Western blot analysis
of C4-2 cells treated with 5 Amol/L BKM1740. Activation of

caspase-3, caspase-8, and caspase-9, as exhibited by increased
cleaved protein bands at 17, 40, and 35 kDa, respectively, was
observed after incubation with BKM1740 for 12 h. Cleavage of
poly(ADP-ribose) polymerase, an indicator of apoptosis shown
as a band at 89 kDa, also increased significantly (Fig. 3C). These
data suggest that BKM1740 induces apoptosis in metastatic
PCa cells through a caspase-dependent pathway.
BKM1740 specifically inhibits expression of survivin in meta-

static PCa cells. Multiple factors are involved in the regulation
of cell death by apoptosis (33). To elucidate the specific
signaling pathway(s) mediating the cytotoxicity of BKM1740 in
PCa cells, we analyzed the expression of several antiapoptotic
proteins in C4-2 cells treated with BKM1740 (Fig. 4A and B).
RT-PCR assay indicated that BKM1740 significantly inhibited
survivin expression at the mRNA level. BKM1740 treatment
did not significantly affect the expression of antiapoptotic
protein Mcl-1 (34). Expression of VEGF, inhibited by treatment
with BKM-570 in a previous study (22), was not affected by
BKM1740 at either the mRNA (Fig. 4A) or protein level
(Fig. 4B). Western blot analysis confirmed the inhibition of
survivin protein expression following BKM1740 treatment in
C4-2 and ARCaPM cells (Fig. 4A and C). Basal expression of
MMP-9, an important MMP implicated in PCa metastasis
(22, 35), was not detected in C4-2 cells by Western blot analysis
(data not shown) and not affected by BKM1740 treatment in
ARCaPM cells (Fig. 2C).
C4-2 cells were transiently transfected with a survivin-

luciferase reporter (pSurvivin-luc1430) composed of a 1,430-
bp region of human survivin promoter (23). The cells were
further treated with BKM1740 at the indicated concentrations
for 24 h before the luciferase activity assay was done. The data
indicated that BKM1740 inhibited the survivin reporter activity
in a dose-dependent manner (Fig. 4D), suggesting that survivin
transcription was suppressed by BKM1740 treatment in C4-2
cells, which was consistent to the RT-PCR results (Fig. 4A).
Taken together, these data showed that BKM1740 specifically
inhibits survivin expression in bone metastatic PCa cells, which
may mediate the activation of caspase-dependent apoptotic
death caused by this compound.
BKM1740 treatment inhibits in vivo C4-2 tumor growth in

mouse skeleton. To evaluate the in vivo effect of BKM1740
against the growth of bone metastatic PCa tumors, we treated
athymic nude mice bearing intratibial C4-2 xenografts with
BKM1740 at a dose of 5 mg/kg by the i.p. route, once every
2 days. The treatment started on day 28 (4 weeks) after tumor
inoculation and continued for 8 weeks. Tumor growth and
responsiveness to BKM1740 treatment were determined by
serum PSA and skeletal X-ray. As shown in Fig. 5A, there was a
significant reduction in serum PSA levels in the BKM1740-
treated groups compared with vehicle control at 8 weeks
(P < 0.05). Representative radiographs are shown in Fig. 5B.
Compared with the vehicle control, C4-2 tumor-bearing bone
treated with BKM1740 displayed improved architecture with
reduced osteolytic destruction and osteoblastic lesions (Fig. 5B,
left). These X-ray results were consistent with the inhibitory
effects of BKM1740 treatment on serum PSA levels in C4-2
tumor-bearing mice. Mice treated with BKM1740 gained weight
comparably with the controls (data not shown). To assess the
potential in vivo toxicity of BKM1740 treatment, athymic nude
mice without C4-2 tumor inoculation were treated with a high
dose of BKM1740 (20 mg/kg) for 4 weeks. No systemic toxicity
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was observed, and the mice gained body weight during the
treatment (Supplementary Data). X-ray radiography showed
intact bone architecture like that in normal mouse (Fig. 5B,
right). These results suggested negligible in vivo acute toxicity of
BKM1740 treatment.
Immunohistochemical analysis of human PCa xenografts

subjected to BKM1740 treatment. The effects of BKM1740
treatment on C4-2 tumor growth in tibia were confirmed by
immunohistochemical analyses of the harvested tumor speci-
mens at the termination of the experiments. Immunohisto-
chemical staining of mouse tibia indicated that compared with
vehicle control, BKM1740 treatment resulted in (a) markedly
decreased cell proliferation (Ki67) and massive apoptosis
(M30) in tumor tissues and (b) significant inhibition of
survivin expression (Fig. 6A). These differences are statistically
significant (Fig. 6B). The data confirmed that the in vivo effects

of BKM1740 on C4-2 tumor growth were mediated by
suppression of survivin expression and induction of apoptosis
in PCa tumors.

Discussion

Current regimens treating metastatic PCa by conventional
hormone therapy, chemotherapy, or radiation therapy have not
resulted in improved patient survival (36). New approaches
targeting bone with bisphosphonates to slow down skeletal
events, and bone-directed chemotherapy and radiation therapy
using strontium-89 or samarium-153, have been approved by
the Food and Drug Administration for the clinical treatment of
bone metastasis in PCa and breast cancer (37). In addition,
‘‘cotargeting’’ both the tumor and its stromal microenviron-
ment using gene therapy approaches, and drug therapy

Fig. 2. BKM1740, an acyl-tyrosine
bisphosphonate amide derivative, inhibits
in vitro proliferation of C4-2 and ARCaPM
cells. A, chemical structure of BKM1740.
B and C, BKM1740 effects on proliferation
of C4-2 (B) and ARCaPM cells (C). PCa
cells were cultured in the presence of
BKM1740 at indicated concentrations for
various durations.The effects of BKM1740
treatment on cell numbers were evaluated
using MTS assay.
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targeting osteoblasts, osteoclasts, marrow stromal cells, bone-
derived endothelium, cell adhesion to extracellular matrices, or
selected growth factor pathways (see refs. 2, 38 for reviews), has
shown promise in a large number of bone metastasis models.
In this study, we present evidence indicating that BKM1740, a
novel bradykinin-related compound conjugated with aminobi-
sphosphonate, induced massive apoptosis and retarded tumor
growth in a human PCa bone metastasis model. These data
suggest that BKM1740 is an attractive compound for evaluation
as a PCa skeletal metastasis drug.
Aberrant signal transduction in both tumors and the bone

microenvironment is critical in defining the invasiveness of PCa
cells. ‘‘Targeted therapy’’ to interrupt specific signaling pathways
implicated in PCa progression is a promising approach
supported by recent experimental and clinical studies (39).
Multiple signaling molecules have been identified as possible
‘‘targets’’ for rational drug design. Among them, survivin is
considered uniquely promising for two reasons: (a) survivin
intersects multiple signaling networks implicated in the
inhibition of apoptosis and therefore blockade of the survivin
signal will interrupt tumor progression regardless of the genetic
background of the tumor and (b) survivin is overexpressed by
virtually all solid tumors but undetectable or at very low levels
in most terminally differentiated normal tissues; therefore,

survivin-based therapy may specifically target tumors with a
favorable toxicity profile (3).
Although survivin expression has been correlated to ad-

vanced stages of PCa with higher Gleason scores and lymph
node metastasis (4, 5), its role in PCa bone metastasis remains
elusive. To validate survivin as a rational target for PCa bone
metastasis, we first investigated the clinical significance of
survivin in human PCa progression. The data showed that
survivin expression is positively associated with higher Gleason
scores in primary prostatic tumors, indicating that survivin is
important in tumorigenesis. Intriguingly, survivin expression is
further increased in bone metastatic PCa specimens, which we
confirmed in PCa bone metastatic models of LNCaP-C4-2 and
ARCaP. Despite the limited numbers of tumor specimens
(which were extremely difficult to obtain), these results for the
first time suggest a crucial role for survivin in the progression of
advanced PCa toward bone metastasis. We hypothesize that
overexpression of survivin may confer survival advantages to
metastatic PCa cells that allow them to successfully disseminate
and colonize. Inhibition of survivin expression may reverse this
and induce regression of tumor growth in bone.
Bradykinin-related compounds are being explored as prom-

ising anticancer drugs. Several bradykinin antagonists and their
mimetic have been found to effectively inhibit tumor growth in

Fig. 3. BKM1740 induces apoptosis in metastatic PCa
cells. A, C4-2 cells were treated with BKM1740 at the
indicated concentrations for 24 h, and AnnexinV
fluorescence-activated cell sorting (FACS) analysis
was done. B, percentage of apoptotic cells induced by
BKM1740 treatment. C,Western blot analysis of
activation of caspase pathways. C4-2 cells were
exposed to 5 Amol/L BKM1740 for12 h. Activated
caspase-3, caspase-8, and caspase-9 and cleavage of
poly(ADP-ribose) polymerase (PARP) were detected
by the increased banding of proteins at 17, 40, 35, and
89 kDa, respectively. Relative expression was expressed
as fold change compared with the EF1acontrols.
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animal models of PCa and lung cancer (13–16, 18, 40). One of
the peptide-based antagonists, CU201, is entering a phase I
clinical trial for lung cancer. Mechanistic study showed that
CU201 induced cancer cell apoptosis as a ‘‘biased’’ agonist by
inhibiting Gaq activation and downstream events and by
stimulating Ga12,13 and downstream cascades (17). Intriguing-
ly, these compounds may act as pluripotent molecules that
could simultaneously inhibit cancer cell proliferation by
inducing apoptosis, and interrupt angiogenesis by reducing
VEGF expression (18). To develop novel anticancer reagents
that specifically target PCa bone metastasis, we designed
BKM1740 as an analogue that incorporates the key ‘‘anticancer’’
structure (F5c-OC2Y) of BKM-570 and an aminobisphospho-
nate group to improve specific delivery of the compound into
bone, thereby increasing its bioavailability in tumor tissues
residing in bone. The mechanism-based evidence presented
here shows that (a) BKM1740 specifically inhibited survivin

expression at both the mRNA and protein levels and induced
tumor regression in a mouse model of PCa bone metastasis,
suggesting that BKM1740 and its derivatives could be novel
small-molecule chemicals that effectively treat PCa bone
metastasis, and (b) the design scheme for BKM1740 as a
‘‘pluripotent’’ compound could serve as a valuable principle in
rational drug development.
Bisphosphonates are nonhydrolyzable pyrophosphate ana-

logues, which have been shown to have inhibitory effects on
metastasis-induced osteoclastic bone resorption (32, 41). Intro-
duction of an aminobisphosphonate moiety in BKM1740 was
expected to increase its bioavailability in bone metastatic tumor
lesions and retain the inhibitory effects on bone resorption
initiated by metastatic PCa. However, whether this compound
retains the inhibitory activity of the bisphosphonate moiety on
the osteolysis process is not clear. Future studies will examine
the in vitro effects of BKM1740 on osteoclast activity and
formation and assess the in vivo effects on osteolytic process
and bone turnover using the model established in the current
study. The results will validate the design strategy for BKM1740
and provide valuable information for developing alternative
candidates.
Interestingly, recent studies suggest that bisphosphonates

may have direct anticancer activity (42, 43). For example,
zoledronic acid was found to be capable of inhibiting in vitro
proliferation of LNCaP and PC-3 PCa cells (44). Because
BKM1740 is conjugated with bisphosphonate, we do not

Fig. 5. BKM1740 induces regression of PCa skeletal tumor in C4-2 mouse
xenografts. A, i.p. injection of BKM1740 reduced serum PSA in mice bearing C4-2
skeletal tumors compared with control group after 8 wk of treatments (P < 0.05).
o, vehicle control group; ., BKM1740-treated group. B, representative
chromatograms of the bones in each group as detected by X-ray, showing that
BKM1740 treatment improves bone X-ray appearances in comparison with control
group. Left, tumor-bearing athymic nude mice treated with either vehicle or
BKM1740 at a dose of 5 mg/kg, every 2 d, for 8 wk.The osteolytic lesion and
osteoblastic lesion in the tumor-bearing bone were indicated by arrows1and 2,
respectively. Right, normal athymic nude mice or only treated with BKM1740 at a
dose of 20 mg/kg, twice per week, for 4 wk.

Fig. 4. BKM1740 inhibits survivin expression in metastatic PCa cells. A, BKM1740
specifically suppresses survivin expression at both RNA and protein levels in
C4-2 cells. Left, C4-2 cells were exposed to 5 Amol/LBKM1740 for12 h.Total RNA
was collected and analyzed by RT-PCR for survivin, Mcl-1, andVEGF, with
glyceraldehyde-3-phosphate dehydrogenase as loading control. Right, C4-2 cells
were treated with 5 Amol/L BKM1740 for 24 h, and total lysates were analyzed for
the expression of survivin and Mcl-1. Relative expression was expressed as fold
change compared with the h-actin controls. B, ELISA ofVEGF levels in conditioned
medium of C4-2 cells treated with BKM1740 or vehicle for 48 h. RelativeVEGF
levels were normalized by dividingVEGF concentrations (pg/mL) by total protein
concentrations (mg/mL) in conditionmedium. C, BKM1740 specifically suppresses
survivin expression in ARCaPM cells. ARCaPM cells were treated with10 Amol/L
BKM1740 for 24 h, and total lysates were analyzed for the expression of survivin,
Mcl-1, and MMP-9. Relative expression was expressed as fold change compared
with the h-actin controls.D, C4-2 cells were cotransfected with pSurvivin-luc1430
and pRL-TK (internal control) for 48 h before exposure to BKM1740 at the
indicated concentrations for a further 24-h incubation.Total lysates were analyzed
for luciferase activity induced by the survivin promoter and normalized to the
Renilla luciferase activity.
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exclude the possibility that its inhibitory effects on PCa cell
survival were partially due to the bisphosphonate moiety.
However, the zoledronic acid concentration used in the cited
study was much higher (68 Amol/L zoledronic acid in
apoptosis analysis; ref. 44) than the BKM1740 concentration
used in this report. Further, zoledronic acid only exhibited
significant efficacy inhibiting PCa tumor growth in mouse
bone, not in s.c. models (44), indicating that zoledronic acid
activity on PCa skeletal growth is mainly attributable to indirect
effects related to decreased osteolysis. These observations sup-
port our notion that the proapoptotic activity of BKM1740
may be primarily mediated by the effects of its F5c-OC2Y
moiety on survivin expression.
Multiple growth factors and proteases are involved in PCa

growth, survival, and invasion (2, 45, 46). A previous study by
Stewart et al. (15) found that CU201 and BKM-570 signifi-
cantly inhibited angiogenesis by reducing VEGF expression and
decreased tissue permeability mediated by MMPs in a PC-3
model. Because BKM1740 is derived from BKM-570, we exa-
mined whether it has similar effects on the expression of VEGF
and MMPs in C4-2 cells. The data indicated that BKM1740
treatment did not affect VEGF mRNA expression or protein
secretion. Unlike in PC-3 cells, basal expression of MMP-9 was
undetectable in C4-2 cells and not affected significantly by
BKM1740 treatment in ARCaPM cells. Taken together, these
results suggested that BKM1740-induced C4-2 tumor regression
in bone may be primarily mediated by specific inhibition of
survivin and induction of apoptosis.
Survivin overexpression in human cancers has been asso-

ciated with resistance to conventional chemotherapy and irra-
diation therapy (6–8). Furthermore, treatment with certain
mitotic inhibitor-based drugs such as Taxol may result in

arresting the mitotic process and subsequent accumulation of
survivin in the G2-M phase of cell cycle, which eventually coun-
teracts Taxol-induced apoptosis (47). Inhibition of survivin,
particularly by small-molecule suppressants, could sensitize the
resistant cells to apoptosis induction, thereby augmenting
therapeutic responses (10). Several strategies are being pursued
to down-regulate survivin expression and increase the efficacy of
chemotherapy in PCa and breast cancer (7, 11). With the shown
efficacy of BKM1740 in suppressing survivin and inducing
apoptosis in invasive PCa cells, it can be expected that a
combination treatment with BKM1740 and chemotherapeutic
agents such Taxotere may have therapeutic advantages over a
single regimen for the treatment of PCa bone metastasis.
In conclusion, our study shows that BKM1740 is a novel

small acyl-tyrosine bisphosphonate amide analogue that
specifically suppresses survivin expression and induces massive
apoptosis in bone metastatic PCa cells. In vivo experiments
validated its efficacy in inducing regression of pre-established
bone metastatic PCa tumors without acute toxicity. Extensive
studies of BKM1740 function and further development of its
analogues could provide a novel therapeutic strategy for
treating bone metastasis in PCa and other human cancers.
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Fig. 6. BKM1740 treatment exhibits
growth-inhibitory and proapoptotic activity
against C4-2 tumor xenografts in mice.
A, BKM1740 treatment inhibited cell proliferation
(Ki67), induced apoptosis (M30), and
suppressed survivin expression in vivo by
immunohistochemical analysis. B, comparative
quantification of BKM1740 treatment as
opposed to controls on the expression of
markers of cell proliferation, apoptosis, and
survivin expression (P < 0.05).
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Epithelial–mesenchymal transition (EMT) is a crucial
mechanism for the acquisition of migratory and invasive
capabilities by epithelial cancer cells. By conducting
quantitative proteomics in experimental models of human
prostate cancer (PCa) metastasis, we observed strikingly
decreased expression of EPLIN (epithelial protein lost in
neoplasm; or LIM domain and actin binding 1, LIMA-1)
upon EMT. Biochemical and functional analyses demon-
strated that EPLIN is a negative regulator of EMT and
invasiveness in PCa cells. EPLIN depletion resulted in the
disassembly of adherens junctions, structurally distinct
actin remodeling and activation of b-catenin signaling.
Microarray expression analysis identified a subset of
putative EPLIN target genes associated with EMT,
invasion and metastasis. By immunohistochemistry, EPLIN
downregulation was also demonstrated in lymph node
metastases of human solid tumors including PCa, breast
cancer, colorectal cancer and squamous cell carcinoma of
the head and neck. This study reveals a novel molecular
mechanism for converting cancer cells into a highly
invasive and malignant form, and has important implica-
tions in prognosis and treating metastasis at early stages.
Oncogene advance online publication, 30 May 2011;
doi:10.1038/onc.2011.199

Keywords: EPLIN; epithelial–mesenchymal transition;
prostate cancer; lymph node metastasis; cytoskeleton

Introduction

Acquisition of migratory and invasive capabilities by
cancer cells at the primary site is the first step in tumor

metastasis (Fidler, 2003). This process resembles epithe-
lial–mesenchymal transition (EMT), a highly conserved
cellular program in embryonic development. During
EMT, epithelial cells lose polarity and gain motility
through downregulation of epithelial markers, disrup-
tion of the cadherin/catenin adhesion complex and re-
expression of mesenchymal molecules, which are neces-
sary for invasion and metastasis. Although demonstrat-
ing this potentially rapid and transient process in vivo
has been difficult, and data linking this process to tumor
progression are limited and controversial, mounting
experimental and clinical evidence, however, supports a
crucial role for EMT in cancer metastasis. A number of
EMT-related factors and pathways, such as Snail, wnt/
b-catenin and hedgehog signaling have been shown to be
shared by embryonic development and tumor progres-
sion. The EMT concept, therefore, provides valuable
insight into molecular and cellular mechanisms control-
ling metastasis (Thiery et al., 2009).

Metastatic cancer cells are characterized by high
motility and invasiveness (Yamazaki et al., 2005). Effi-
cient migration and invasion require cancer cells to
establish and maintain defined morphological features,
often with lost cell polarity. Although stabilization of
the actin cytoskeleton is important to the mainte-
nance of an epithelial phenotype, dynamic remodeling
of the actin network is crucial for invasive cancer cells
to leave the primary tumor, invade through the base-
ment membrane and extravasate to establish metastases
at distant organs. However, cell signaling pathways
involved in the regulation of cell-cell adhesion and the
actin cytoskeleton network in metastatic cancer cells
have not been fully elucidated (Machesky and Tang,
2009).

EPLIN (epithelial protein lost in neoplasm; or LIM
domain and actin binding 1, LIMA-1) was initially
identified as an actin-binding protein that was preferen-
tially expressed in human epithelia but frequently lost in
cancerous cells (Maul and Chang, 1999; Song et al.,
2002). Two EPLIN isoforms, the 600-residue EPLIN-a
and 759-residue EPLIN-b, differ only at the 50-end,
where an alternative RNA-processing event extends the
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reading frame of EPLIN-b by an additional 160 amino
acids (Maul and Chang, 1999; Chen et al., 2000). EPLIN
contains a centrally located LIM domain that may allow
EPLIN to dimerize with itself or associate with other
proteins. Both the N- and C-termini of EPLIN bind actin to
promote the parallel formation of filamentous actin
polymer (F-actin) structures by crosslinking and bundling
actin filaments. EPLIN also inhibits the Arp2/3-mediated
nucleation of actin filaments and suppresses F-actin
depolymerization (Maul et al., 2003). A recent study
demonstrated EPLIN as a key molecule linking the
cadherin–catenin complex to F-actin (Abe and Takeichi,
2008), which may simultaneously stabilize the adhesion belt
formed by the adherens junctions and a bundle of cortical
actin filaments near the apical surface of epithelial cells
(Pokutta and Weis, 2007). The direct interaction between
EPLIN and a-catenin via both the N- and C-terminal
regions is indispensable for the formation of apical actin
belt. These observations indicate that EPLIN may be
critical to the maintenance of epithelial phenotypes. Never-
theless, investigation into the role of EPLIN in tumor
progression remains rudimentary. A recent report inversely
correlated EPLIN expression with the aggressiveness and
clinical outcome of breast cancer (Jiang et al., 2008).

By conducting quantitative proteomics using an
experimental model of human prostate cancer (PCa)
metastasis, we observed strikingly decreased EPLIN
expression upon EMT. Biochemical and functional
analyses indicated that EPLIN is a negative regulator
of EMT and invasiveness in PCa cells. Importantly,
EPLIN downregulation correlated with lymph node
metastases in PCa and other solid tumors. These studies
reveal a novel role of EPLIN in the regulation of EMT
and tumor metastasis.

Results

Quantitative proteomic analysis of protein expression
profile in a prostate cancer EMT model
Previously we reported the androgen refractory cancer of
the prostate (ARCaP) cell lineage as an experimental
model that resembles the classical descriptions of EMT
and closely mimics the clinical pathophysiology of PCa
metastasis (Xu et al., 2006; Zhau et al., 2008). The more
epithelial ARCaPE and more mesenchymal ARCaPM cells
are lineage-related, defined as genetically identical, but
behaviorally and phenotypically different. ARCaPE cells
display typical cobblestone morphology and have a
relatively low bone metastatic propensity (12.5%) after
intracardiac injection in immunocompromised mice,
whereas ARCaPM cells have spindle-shaped fibroblastic
morphology associated with increased expression of
vimentin and reduced expression of epithelial markers.
Importantly, the switch in morphology and gene expres-
sion in ARCaPM cells is associated with high metastatic
propensity to skeleton (100%) and soft tissues (33% to
adrenal gland). We and others reported that EMT in
ARCaPE cells can be induced by soluble growth factors
in vitro or by direct interaction with mouse skeleton in situ
(Graham et al., 2008; Zhau et al., 2008).

To gain an unbiased insight into the molecular mechan-
isms underlying PCa EMT, we used an internally stand-
ardized gel-free quantitative proteomic technique, cleavable
isotope-coded affinity tag (cICAT) analysis using stable
isotope tags (12C and 13C), in combination with two-
dimensional liquid chromatography-tandem mass spectro-
metry (Khwaja et al., 2006, 2007), to compare protein
expression patterns in the total lysates of ARCaPE
and ARCaPM cells. We identified 343 unique proteins as
expressed in both ARCaPE and ARCaPM cells when a
ProtScore threshold of 1.3 was used (corresponding to
495% protein confidence) (Table 1a). Among them, 76
proteins showed differential expression between the cell lines
that was considered statistically significant with a P-value
o0.05: a total of 31 proteins were found to be increased
(X1.20-fold) and 45 proteins were found to be down-
regulated (p0.85-fold) in ARCaPM cells (Table 1b). These
proteins had diverse molecular functions, including cell
structure and motility, cell communication, DNA binding
and gene expression, metabolism and signal transduction
(Supplementary Figure S1). In agreement with our previous
reports (Xu et al., 2006; Zhau et al., 2008), proteomics
validated increased expression of mesenchymal marker
(vimentin) and decreased expression of epithelial markers
(cytokeratin-8 and -18) in ARCaPM cells.

EPLIN downregulation is associated with EMT
in the experimental models of prostate cancer
Intriguingly, a striking downregulation of EPLIN-b
(by 4.5-fold, Table 1b) was observed in ARCaPM cells.
Western blotting (Figure 1a, left panel) and immunocy-
tochemical (Figure 1a, right panel, top) analyses
confirmed that both EPLIN-b and -a isoforms were
abundantly expressed in ARCaPE cells and reduced
significantly in ARCaPM cells. Consistently, immuno-
histochemical (IHC) analysis showed that EPLIN was
substantially expressed in ARCaPE tumor subcuta-
neously inoculated in athymic nude mice, but signifi-
cantly reduced in ARCaPM tumor (Figure 1a, right
panel, bottom). These data indicated that EPLIN
downregulation correlated with increased in vivo meta-
static potential in the ARCaP EMT model. Supporting
this notion, a similar association between EPLIN
expression and invasive phenotypes was observed in
other experimental models of PCa and squamous cell
carcinoma of the head and neck (SCCHN) (Supplemen-
tary Figure S2). It was interesting to note that the two
EPLIN isoforms were differentially expressed in a cell
context-dependent manner: EPLIN-a is prevalently
presented in SCCHN cells (Supplementary Figure
S2B), whereas EPLIN-b is the major isoform in LNCaP,
C4-2 and MCF-7 cells (Supplementary Figures S3A and
B). In comparison, EPLIN-a and -b appeared to be
equally expressed by ARCaP and PC3 cells (Figure 1a,
Supplementary Figure S3A).

EPLIN depletion promotes EMT and induces
the remodeling of the actin cytoskeleton
To investigate the role of EPLIN in the regulation of
EMT, ARCaPE cells were transiently transfected with
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an EPLIN small-interfering RNA (siRNA) that effec-
tively inhibited expression of both EPLIN-b and -a
isoforms (Figure 1b, left panel). ARCaPE cells expres-
sing control siRNA showed a cobblestone-like morphol-
ogy similar to parent ARCaPE cells, with tight cell-cell
contacts in monolayer cultures. EPLIN depletion in
ARCaPE cells led to loss of cell-cell contacts and the
emergence of spindle-shaped and mesenchymal-like
morphology (Figure 1b, right panel), indicating the
occurrence of EMT in these cells.

Previous studies have demonstrated an important
function of EPLIN in stabilizing the actin cytoskeleton
(Song et al., 2002; Maul et al., 2003). To investigate
whether EPLIN depletion in PCa cells was associated with
the reorganization of the actin cytoskeleton, immunofluor-
escent confocal microscopy was performed (Figure 1c,

Table 1 Quantitative proteomic analysis of protein expression in
PCa cells

Confidence
(ProtScore)
cutoff

Proteins
identified

Proteins
before

grouping

Distinct
peptides

Spectra
identified

% of
total

spectra

a. Report statistics of cICAT proteomics in ARCaPE and ARCaPM

cells (2338 total spectra):
499 (2.0) 160 804 798 1823 78.0
495 (1.3) 343 1607 998 2178 93.2
466 (0.47) 458 2064 1121 2319 99.2

Accession Protein Fold
changew,a

b. Proteins significantly altered in ARCaPE and ARCaPM cells
Increased expression
IPI00103355.1 Cytochrome P450 2F1 2.0225
IPI00418471.5 Vimentin 1.8046
IPI00418169.3 Annexin A2 isoform 1 1.6253
IPI00220327.2 Keratin, type II cytoskeletal 1 1.5625
IPI00556038.2 cDNA FLJ20203 fis, clone COLF1334 1.4706
IPI00014537.3 Isoform 1 of calumenin precursor 1.4183
IPI00013991.1 Isoform 1 of tropomyosin beta chain 1.3734
IPI00550766.1 NNP-1 protein 1.3666
IPI00376215.2 Isoform 2 of DNA-dependent protein

kinase catalytic subunit
1.3567

IPI00414264.2 Sorcin isoform b 1.3444
IPI00171152.1 Abhydrolase domain-containing 11

isoform 2
1.3379

IPI00217468.2 Histone H1.5 1.315
IPI00018349.5 DNA replication licensing factor MCM4 1.3106
IPI00183695.8 Protein S100-A10 1.3048
IPI00398585.5 Isoform 2 of Hook homolog 2 1.3004
IPI00025491.1 Eukaryotic initiation factor 4A-I 1.2984
IPI00741886.2 PREDICTED: similar to HLA class II

histocompatibility antigen, DRB1-1 beta
chain precursor

1.2858

IPI00157351.3 OTTHUMP00000045700 1.2857
IPI00009901.1 Nuclear transport factor 2 1.2782
IPI00003362.2 Hypothetical protein 1.2753
IPI00797917.1 26-kDa protein 1.263
IPI00220766.3 Lactoylglutathione lyase 1.2527
IPI00025512.2 Heat-shock protein beta-1 1.2498
IPI00023006.1 Actin, alpha cardiac muscle 1 1.2437
IPI00478970.1 Hypothetical protein MGC16372 1.2418
IPI00029048.2 Tubulin-tyrosine ligase-like protein 12 1.2403
IPI00029744.1 Single-stranded DNA-binding protein,

mitochondrial precursor
1.2339

IPI00009904.1 Protein disulfide-isomerase A4 precursor 1.23
IPI00220301.4 Peroxiredoxin-6 1.2163
IPI00791157.1 16-kDa protein 1.2157
IPI00216691.4 Profilin-1 1.2029

Decreased expression
IPI00019205.1 Protein C14orf4 0.1028
IPI00218130.2 Glycogen phosphorylase, muscle form 0.2191
IPI00008918.1 Isoform beta of LIM domain and

actin-binding protein 1; EPLIN-beta
0.2218

IPI00384897.3 PREDICTED: similar to Mucin-5B
precursor

0.2543

IPI00032313.1 Protein S100-A4 0.5059
IPI00003110.2 Growth factor independence-1B 0.5779
IPI00744835.1 Isoform Sap-mu-9 of proactivator

polypeptide precursor
0.5838

IPI00291809.4 PREDICTED: similar to ankyrin repeat
domain 24

0.6056

IPI00219757.12 Glutathione S-transferase P 0.6144
IPI00218914.4 Retinal dehydrogenase 1 0.6313
IPI00030154.1 Proteasome activator complex subunit 1 0.6323
IPI00789310.1 37-kDa protein 0.6374
IPI00797038.1 Mitochondrial phosphoenolpyruvate

carboxykinase 2 isoform 1 precursor
0.6586

Table 1 Continued

Accession Protein Fold
changew,a

IPI00746205.1 Proteasome activator subunit 2 0.6848
IPI00747047.1 Treacle major isoform 0.6892
IPI00418790.2 Echinoderm microtubule-associated

protein-like 5
0.694

IPI00514204.3 Lamin A/C 0.7052
IPI00215911.2 DNA-(apurinic or apyrimidinic site) lyase 0.7139
IPI00017297.1 Matrin-3 0.7177
IPI00784347.1 Keratin, type I cytoskeletal 18 0.7218
IPI00472448.1 Isoform 1 of HLA class I histocompat-

ibility antigen, A-11 alpha chain precursor
0.7227

IPI00554648.2 Keratin, type II cytoskeletal 8 0.7258
IPI00018755.1 High-mobility group protein 1-like 10 0.726
IPI00017510.3 Cytochrome c oxidase subunit-2 0.7319
IPI00007752.1 Tubulin beta-2C chain 0.7489
IPI00794319.1 9-kDa protein 0.7515
IPI00337544.7 Phosphodiesterase 4D-interacting protein

isoform-5
0.7561

IPI00303476.1 ATP synthase subunit beta, mitochondrial
precursor

0.7733

IPI00292387.5 Isoform Alpha of nucleolar
phosphoprotein p130

0.7842

IPI00024920.1 ATP synthase delta chain, mitochondrial
precursor

0.7913

IPI00550020.2 Parathymosin 0.7927
IPI00647118.1 14-kDa protein 0.8043
IPI00007765.5 Stress-70 protein, mitochondrial precursor 0.8068
IPI00549248.4 Isoform 1 of nucleophosmin 0.8094
IPI00020984.1 Calnexin precursor 0.8123
IPI00000874.1 Peroxiredoxin-1 0.8196
IPI00025086.3 Cytochrome c oxidase subunit 5A,

mitochondrial precursor
0.8253

IPI00008527.3 60S-Acidic ribosomal protein P1 0.8263
IPI00301311.1 Isoform 2 of protein SET 0.8291
IPI00791301.1 46-kDa protein 0.8342
IPI00218200.7 B-cell receptor-associated protein 31 0.8344
IPI00075248.10 Calmodulin 0.8388
IPI00479694.1 PREDICTED: similar to 40S ribosomal

protein S26
0.8427

IPI00002459.4 Annexin VI isoform 2 0.8438
IPI00000816.1 14-3-3 Protein epsilon 0.8477

Abbreviations: ARCaPE, epithelial androgen refractory cancer of the
prostate; ARCaPM, mesenchymal ARCap; cICAT, cleavable isotope-
coded affinity tag; PCa, prostate cancer.
Report parameters: ProtScore threshold: 1.20; show competitor
proteins within ProtScore: 1.20; Software version: 1.0.2.
aRatio: relative protein expression in ARCaPM vs ARCaPE cells.
wPo0.05.
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Supplementary Figure S4). In ARCaPE cells expressing
control siRNA, EPLIN largely colocalized with actin stress
fibers as revealed by phalloidin staining. EPLIN was also
associated with circumferential fibers that were character-
ized by a circular arrangement along the adhesion belt and
bundles of actin filaments linked to the plasma membrane.
EPLIN siRNA transfection reduced EPLIN that coloca-
lized with the circumferential fibers and induced actin
remodeling, which was manifested as the disassembly of
cellular stress fibers, a concomitant gain of actin foci and
formation of prominent membrane ruffles. These data
indicated that upon EPLIN depletion, PCa cells may
undergo active reorganization of the actin cytoskeleton,
which could contribute to increased migratory and invasive
capabilities (Yilmaz and Christofori, 2010).

EPLIN depletion enhances in vitro migration and invasion
We further investigated whether the morphological
change of ARCaPE cells was associated with invasive

behavior in vitro. Indeed, EPLIN depletion signifi-
cantly increased the migratory capability of ARCaPE

cells in a wound-healing assay (Figure 1d, upper panel).
The infiltration of ARCaPE cells through Matrigel
in a modified Boyden chamber was also remarkably
increased (by Btwofold) following EPLIN siRNA
transfection (Figure 1d, bottom panel). Such effects of
EPLIN siRNA transfection were also observed in other
PCa (LNCaP, PC3) and human breast cancer (MCF-7)
cells (Supplementary Figures S3B–E). These data suggest
that EPLIN downregulation could significantly enhance
the in vitro invasive capabilities in epithelial cancer cells.

EPLIN depletion suppresses E-cadherin, activates
b-catenin signaling and enhances chemoresistance
We established eight ARCaPE sublines that, respec-
tively, expressed four different 29-mer EPLIN short-
hairpin RNAs (shRNAs) (Supplementary Table S5).
These sublines showed similar morphological, biochem-

Figure 1 EPLIN depletion promotes EMT and enhances in vitro migration and invasion. (a) Expression of EPLIN in ARCaP cells
and xenograft tumors. Left panel: western blot analysis of EPLIN and E-cadherin in ARCaPE and ARCaPM cells. Right panel:
immunocytochemical and immunohistochemical staining of EPLIN expression in ARCaP cells (top) and subcutaneous tumor tissues
(bottom). (b) Left panel: effects of EPLIN siRNA transfection (72 h) on EPLIN protein expression in ARCaPE cells. Right panel:
effects of EPLIN siRNA transfection on the morphology of ARCaPE cells. (c) Immunofluorescence staining of EPLIN and phalloidin
staining of F-actin in ARCaPE cells transfected with EPLIN or control siRNA for 72 h. (d) Effects of EPLIN siRNA transfection
on the in vitro migration (left panel) and invasion (right panel) in ARCaPE cells. The assays were performed at 18 h following cell
seeding. Bars denote the standard error (n¼ 3).
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ical and behavior characteristics. One of such ARCaPE

sublines (ARCaPE-shRNA clone #102) expressing a
shRNA sequence of 50-TAATAGACGGCAATGGAC
CTCACTATCAT-30 was used as the representative.
Consistently, ARCaPE-shRNA cells showed a typical
mesenchymal morphology compared with epithelial-like
control cells (ARCaPE-pRS), indicating the occurrence
of EMT upon EPLIN depletion (Figure 2a). Biochem-
ical analyses found that EPLIN inhibition led to
decreased E-cadherin, increased vimentin, nuclear
translocation of b-catenin and activation of T-cell factor
reporter (Figure 2b). Confocal microscopy further
demonstrated that shRNA expression resulted in down-

regulation of E-cadherin on plasma membrane, disas-
sembly of adherens junctions and structurally distinct
actin remodeling in PCa cells (Figure 2c). Interestingly,
it appeared that EPLIN depletion slightly inhibited
proliferation of ARCaPE cells (Figure 2d), which was
associated with an arrested cell cycle progression at the
G0/G1 and G2 phases (Figure 2e). On the other hand,
however, EPLIN depletion significantly enhanced cell
resistance to the treatment of docetaxel and doxorubicin
(by Beightfold and B4.4-fold, respectively) (Figure 2f).
These results indicated an important role of EPLIN in
the regulation of EMT, actin dynamics, proliferation
and survival in PCa cells.

Figure 2 EPLIN depletion inhibits E-cadherin expression, activates b-catenin signaling, suppresses proliferation and enhances
chemoresistance. (a) Comparison of the morphology of ARCaPE cells stably expressing EPLIN shRNA (ARCaPE-shRNA, clone
#102) or control pRS (ARCaPE-pRS) constructs. (b) Effects of EPLIN depletion on the expression of EMT markers (E-cadherin and
vimentin, left panel), nuclear translocation of b-catenin (central panel), and T-cell factor promoter activity (right panel) in ARCaPE

cells. Bars denote the standard error (n¼ 3). (c) Effects of EPLIN depletion on the actin cytoskeleton and membrane E-cadherin
expression in ARCaPE cells. (d) Proliferation of ARCaPE-shRNA cells and control cells. Bars denote the standard error (n¼ 6). (e) Cell
cycle profiles of ARCaPE-shRNA and control cells at 48 and 96 h following cell seeding. y axis: cell numbers. (f) Effects of EPLIN
depletion on the chemoresistance to docetaxel and doxorubicin in ARCaPE cells, as analyzed by MTT assays.
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EPLIN affects a subset of genes involved in EMT and
invasion
To identify genes that are potentially affected by
EPLIN, we analyzed the transcriptome of ARCaPE-
shRNA cells and control cells. Microarray analysis
found that there were 1,026 genes significantly upregu-
lated and 828 genes significantly downregulated in
ARCaPE-shRNA cells (Figure 3a), which could be
categorized into different function clusters (Supplemen-
tary Tables S1 and S2), including those involved in the

regulation of EMT, Wnt/b-catenin signaling, actin
cytoskeleton, invasion and metastasis, adhesion and
extracellular matrix remodeling and growth factor sig-
naling (Figure 3b; Supplementary Tables S3 and S4).
Several approaches were used to validate the differential
expression of selected putative EPLIN target genes.
Reverse transcription-PCR assays (Figure 3c, left panel)
demonstrated increased expression of versican, matrix
metalloproteinase-7, Bcl-2A, fibroblast growth factor 5,
and downregulation of inhibitor of differentiation 2,

Figure 3 EPLIN downregulation activates multiple pro-EMT genes. (a) Microarray analysis of gene expression profile in ARCaPE-
pRS and ARCaPE-shRNA cells. (b) Selected genes affected by EPLIN depletion in ARCaPE cells. (c) Validation of several putative
EPLIN target genes. Left panel: RT–PCR analysis of the effects of EPLIN depletion on the expression of several selected genes in
ARCaPE cells. Right panel: western blot analysis of the effects of EPLIN depletion on protein expression in the total lysates (top)
and nuclear extracts (bottom) in ARCaPE cells. (d) Effects of EPLIN depletion on the expression of active MMP-27 in ARCaPE cells,
as analyzed by gelatin zymogram. (e) Effects of EPLIN depletion on the membrane expression of CD44 in ARCaPE cells, as analyzed
by fluorescence-activated cell sorting. y axis: cell numbers. (f) Real-time qPCR analysis of the effects of EPLIN depletion on the
expression of miR-200b, miR-429 and miR-205 in ARCaPE cells.
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myosin light chain kinase and insulin-like growth factor-
binding protein-3 in ARCaPE-shRNA cells. Western
blot analyses (Figure 3c, right panel) confirmed down-
regulation of insulin-like growth factor-binding protein-
3 at protein level, and showed that EPLIN depletion
increased expression of cAMP-responsive element-bind-
ing protein and myeloid cell leukemia-1 whose upregu-
lation has been associated with clinical PCa metastasis
(Wu et al., 2007; Zhang et al., 2010). EPLIN depletion
significantly increased expression of zinc-finger E-box-
binding homeobox 1, a potent EMT activator that
transcriptionally suppresses E-cadherin expression
(Wellner et al., 2009), whereas it inhibited Krueppel-
like factor 5, a zinc-finger transcription factor implicated
in PCa progression (Dong and Chen, 2009). Consis-
tently, increased presence of zinc-finger E-box-binding
homeobox 1 and reduced expression of Krueppel-like
factor 5 in the nucleus of ARCaPE-shRNA cells were
observed. Expression of Slug and Twist, two master
regulators of EMT, was not affected by EPLIN
depletion in PCa cells. Zymogram assay (Figure 3d)
showed that expression of activated MMP-27 was signi-
ficantly increased upon EPLIN silencing. EPLIN deple-
tion also resulted in a remarkable increase (B5.6-fold)
in the proportion of ARCaPE cells carrying the
CD44high/CD24negative marker profile associated with
cancer stem cell sub-population (Klarmann et al.,
2009) (Figure 3e). Interestingly, EPLIN shRNA sup-
pressed expression of several microRNAs, including

miR-205 and two miR-200 family members (miR-200b
and miR-429) (Figure 3f), whose downregulation is
thought to be the essential feature of EMT and acqui-
sition of cancer stem cell properties (Lang et al., 2009).
These data indicate that EPLIN downregulation may
coordinately activate multiple pro-EMT programs in
PCa cells.

EPLIN downregulation is associated with lymph node
metastasis in prostate cancer, breast cancer, colon cancer
and SCCHN
We searched two global cancer transcriptome databases,
that is, the Gene Expression Omnibus and ONCO-
MINE, for the expression pattern of EPLIN in a
number of epithelial cancers. Analyses on four indepen-
dent sets of microarray data on clinical PCa (Lapointe
et al., 2004; Yu et al., 2004; Varambally et al., 2005;
Chandran et al., 2007) revealed that EPLIN transcripts
were expressed at a similar level in primary tumors and
normal prostatic tissues, but were remarkably reduced
in metastatic tumors (Figure 4a). We examined the
IHC staining of EPLIN in matched pairs of PCa tissue
specimens from primary PCa and lymph node metas-
tases. As shown in Figure 4b, EPLIN expression was
significantly reduced in lymph node metastases.

Analyses of the ONCOMINE database found that
metastatic colon cancer expresses significantly lower levels
of EPLIN transcripts compared with primary tumors

Figure 4 EPLIN downregulation correlates with PCa lymph node metastasis. (a) Microarray data mining of EPLIN transcript
expression in primary and metastatic PCa. (b) IHC expression of EPLIN were examined in matched pairs of specimens from primary
and lymph node metastatic PCa and compared for the statistical significance. Bars denote the standard error.
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(Figure 5a). We examined IHC expression of EPLIN in a
human colorectal cancer tissue microarray consisting of
matched pairs of primary tumors and lymph node
metastases. Figure 5b shows that EPLIN expression was
significantly decreased in lymph node metastatic tumors.
Similarly, EPLIN immunointensity was markedly reduced
in breast cancer lymph node metastases compared
with their matched primary tumors (Figure 5c). We finally
evaluated IHC expression of EPLIN in 10 pairs of tissue
specimens from primary and lymph node metastatic
SCCHN. EPLIN expression was also decreased in lymph
node metastases (Figure 5d). Collectively, these observa-
tions suggested that EPLIN downregulation might be an
indicator of clinical metastasis in PCa and several other
epithelial cancers.

Discussion

In this study, a quantitative proteomics characterized a
remarkable downregulation of EPLIN upon EMT in an
experimental model of PCa metastasis. Biochemical and
functional evidence revealed that EPLIN is a negative
regulator of EMT and invasiveness in PCa cells. EPLIN
downregulation was found to significantly disrupt epi-
thelial structures, induce actin cytoskeleton remodeling,
affect specific gene expression profiles and activate a
pro-EMT program. Importantly, using human tumor
specimens as the ‘gold standard’, an inverse correlation
between EPLIN expression and clinical lymph node
metastasis was observed in a variety of solid tumors.

These studies elucidate a causal role of EPLIN in EMT
and support its new function as a tumor metastasis
suppressor (Figure 6).

Emerging proteomic techniques offer robust and
unbiased approaches for molecular profiling of the
complex metastatic process, including EMT, at the
protein level (Varambally et al., 2005). However, to date
only a limited number of proteomic studies were
reported in EMT models of human cancer (Mathias
and Simpson, 2009). In this report, we utilized a quanti-
tative proteomic approach, that is, cICAT in combina-
tion with two-dimensional liquid chromatography-tan-
dem mass spectrometry, to characterize protein profile
in a novel model for PCa EMT and metastasis. A panel
of 76 proteins were found to be significantly altered in
the epithelial-like and low-invasive ARCaPE cells and
the mesenchymal-like and highly metastatic ARCaPM

cells. Of those, several have been identified to be
associated with EMT and metastasis in previous
proteomic studies, including increased expression of
vimentin, tropomyosin and heat-shock protein b-1, and
reduced expression of cytokeratin-8, -18 and 14-3-3e
(Willipinski-Stapelfeldt et al., 2005; Keshamouni et al.,
2006, 2009; Wei et al., 2008; Larriba et al., 2010). We
also observed a concurrent upregulation of S100A10
and its annexin A2 ligand in ARCaPM cells, which is
interesting as activation of the S100A10/Annexin A2
signaling has been associated with plasminogen activa-
tion and increased tumor invasion and metastasis
(Kwon et al., 2005; O’Connell et al., 2010). These
results validated the application of quantitative proteo-

Figure 5 EPLIN downregulation correlates with clinical lymph node metastasis in breast cancer, colorectal cancer and SCCHN.
(a) Microarray data mining of EPLIN transcript expression in primary and metastatic colorectal cancer. IHC expression of EPLIN
were examined in matched pairs of tumor tissues specimens or TMAs and compared for the statistical significance in human colorectal
cancer (b), breast cancer (c) and SCCHN (d). Bars denote the standard error.
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mics in identifying key factors implicated in EMT and
the acquisition of invasiveness in PCa cells.

At the cellular levels, EMT is characterized by the
disappearance of the apical-basal polarity in epithelial
cells. Remodeling of the actin cytoskeleton is a
prerequisite for the acquisition of migratory and
invasive capabilities during this process (Yamazaki
et al., 2005; Machesky and Tang, 2009; Yilmaz and
Christofori, 2009). Our proteomic analysis identified a
functional group of proteins that have been implicated
in the regulation of actin dynamics and cellular structure
(Supplementary Figure S1), which includes six proteins
upregulated (vimentin, keratin II, tropomysin, profilin 1,
heat-shock protein b-1 and actin-a) and eight proteins
downregulated (LIMA1 or EPLIN, S100A4, echino-
derm microtubule associated protein like 5, lamin A/C,
matrin-3, tubulin-b2C, cytokeratin-18 and -8) in AR-
CaPM cells. Among them, EPLIN has been demon-
strated as an indispensable component of the core cell
polarity complexes, linking the cadherin–catenin com-
plex to the actin cytoskeleton and actively stabilizing the
actin bundles (Song et al., 2002; Maul et al., 2003;
Abe and Takeichi, 2008). Mechanistic studies in non-
cancerous (such as NIH3T3) and cancerous (such as
MCF-7) cells indicated that both EPLIN isoforms
are capable of suppressing F-actin depolymerization
and enhancing the bundling of actin filaments through
an Arp2/3-mediated mechanism. Downregulation of
EPLIN, therefore, may result in cytoskeletal reorganiza-
tion due to a loss of stability of mature actin filament
structure and facilitated turnover of filaments in epi-
thelial cancer cells. Indeed, as revealed by confocal
microscopy, EPLIN depletion in ARCaPE cells signifi-
cantly reduced cellular actin stress fibers and promoted
the formation of more dynamic actin filament structures
such as membrane ruffling, which may contribute to

increased motility of PCa cells. Furthermore, we
showed that EPLIN depletion in PCa cells could directly
facilitate disassembly of the apical adherens junctions-
actin machinery and redistribution of the components of
the cadherin–catenin complex, thereby substantially
perturbing actin dynamics. These structural alterations
may promote transition to mesenchymal morphology
and enhance the plasticity and migratory capabilities of
epithelial cancer cells (Yamazaki et al., 2005) (Figure 6).

Accumulating evidence support that actin and actin-
associated proteins are indispensable components of the
regulatory machinery of eukaryotic gene transcription,
for example, involving in the modulation of RNA
polymerase II-dependent transcription and facilitating
RNA polymerase I transcription and possibly down-
stream events during ribosomal RNA biogenesis
(Schneider and Grosschedl, 2007; Percipalle et al.,
2009). EPLIN dysregulation may have a remarkable
influence on the dynamics of cytoskeleton and its
interplay with nuclear architecture, thereby regulating
global gene expression. In fact, it has been shown that
EPLIN is required for the local accumulation of key
cytokinesis proteins at the cleavage furrow during
ingression, which is critical to cytokinesis and genomic
stability. EPLIN depletion in Hela cells results in
cytokinesis failure and formation of multinucleation
and aneuploidy (Chircop et al., 2009). In this study,
we identified approximately 1800 genes that were
significantly affected by EPLIN depletion in PCa cells.
Among them, some have been implicated in the
regulation of EMT and tumor metastasis, for instance,
zinc-finger E-box-binding homeobox 1 (Schmalhofer
et al., 2009; Wellner et al., 2009), insulin-like growth
factor-binding protein-3 (Renehan et al., 2004), versican
(Sakko et al., 2003; Sung et al., 2008) and MMPs
(Katiyar, 2006). Notably, EPLIN depletion in several

Figure 6 A proposed model for the role of EPLIN in PCa EMT and metastasis. Epithelial-like, low-invasive cancer cells (such as
ARCaPE) are joined by adherens junctions mediated by E-cadherin. The cytoplasmic tails of cadherin dimers bind to intracellular
b-catenin. a-catenin binds to b-catenin, and is linked with actin filaments via EPLIN. EPLIN downregulation results in the
disintegration of adherens junctions, remodeling of the actin cytoskeleton and activation of b-catenin signaling, which may further lead
to the activation of multiple pro-EMT and -metastasis genes. These morphological, molecular and cellular alterations may significantly
contribute to EMT and increase the invasiveness of PCa cells.

EPLIN in prostate cancer EMT and metastasis
S Zhang et al

9

Oncogene



PCa and breast cancer cells resulted in downregulation
of E-cadherin (Figure 2b, Supplementary Figure S3B), a
hallmark of EMT and acquired invasiveness in most
solid tumors. These interesting findings suggest that
EPLIN dysregulation could profoundly affect gene
expression at transcriptional levels, which may be an
underlying mechanism for EPLIN regulation of EMT.

Loss of expression or function of tumor metastasis
suppressors is requisite for the development of local
invasion and distant metastases (Smith and Theodor-
escu, 2009). Previous studies have described several
potential metastasis suppressor genes in PCa (Wong
et al., 2007; Thiolloy and Rinker-Schaeffer, 2010).
EPLIN was initially identified as an epithelial protein
that is abundantly expressed in normal epithelia but
significantly downregulated at mRNA level in a limited
number of cancerous cells (Maul and Chang, 1999). This
expression profile suggested that EPLIN might function
as a suppressor of tumorigenesis in epithelial cancers.
Nevertheless, the role and clinical significance of EPLIN
during tumor progression remains largely unknown.
Our data presented here demonstrated that EPLIN
protein is substantially expressed by most low-invasive
epithelial cancer cells examined, but significantly de-
creased in those with high invasive capabilities
(Figure 1a and Supplementary Figure S2), implying
the involvement of EPLIN in tumor invasion and
metastasis. Biochemical and functional analyses further
uncovered the function of EPLIN in the maintenance of
epithelial phenotypes in low-invasive PCa cells, and a
causal role of EPLIN downregulation in promoting
EMT and conferring invasiveness, including enhanced
migratory and invasive behaviors and resistance to
chemotherapy agents. Interestingly, EPLIN depletion
resulted in delayed cell cycles and suppressed in vitro
proliferation, an effect that has been observed when
overexpressing certain pro-metastasis genes (such as
Snail, Slug) in PCa cells (Emadi Baygi et al., 2010; Liu
et al., 2010; McKeithen et al., 2010), suggesting a
complicated role of EPLIN in the regulation of PCa cell
proliferation and differentiation.

To explore the clinical significance of EPLIN in
human cancers, we analyzed the expression profile of
EPLIN, based on published microarray data. In both
PCa and colorectal cancer specimens, EPLIN tran-
scripts were found to be reduced in primary tumors and
further decreased in metastatic disease. These observa-
tions argue against a simple role of EPLIN as a tumor
suppressor, and suggest a new function of EPLIN in late
stages of tumor progression in addition to tumorigenesis
(Maul and Chang, 1999; Jiang et al., 2008). Indeed,
EPLIN protein could be detected at relatively high levels
in primary PCa, breast cancer, colorectal cancer and
SCCHN, but was significantly reduced in their matched
lymph node metastases. Although the numbers of tissue
specimens included in this study are limited because of
the extreme difficulty of obtaining paired tumor samples
from primary and metastatic human cancers, our data
clearly demonstrate that EPLIN downregulation could
be an indicator of tumor metastasis in a variety of
epithelial cancers.

Materials and methods

Proteomic analysis
Quantitative proteomic analysis was performed at the
Emory University Microchemical and Proteomics Facility. Total
proteins from ARCaPE and ARCaPM cells were prepared in the
absence of proteinase inhibitors by trichloroacetic acid precipita-
tion and resuspended in denaturing buffer. cICAT analysis, in
combination with liquid two-dimensional liquid chromatogra-
phy-tandem mass spectrometry, was performed as described
previously (Khwaja et al., 2006, 2007). Briefly, the ARCaPE and
ARCaPM samples were separately labeled with light and heavy
reagent, mixed in equal total protein ratio and digested overnight
with trypsin. The peptides were then desalted using a strong
cation-exchange cartridge, and the cICAT-modified, cysteine-
containing peptides were enriched/purified using a monomeric
avidin column (Applied Biosystems, Carlsbad, CA, USA). The
biotin tag was cleaved-off by treatment with trifluoroacetic acid,
and the sample was dried and reconstituted in 10% formic acid.
A portion of the sample was analyzed using an Ultimate 3000
nanoHPLC system (Dionex, Sunnyvale, CA, USA) using a
Vydac C18 silica column interfaced to a QSTAR XL mass
spectrometer (Applied Biosystems). The MS/MS data from each
salt cut were combined and processed by ProteinPilot software
(Applied Biosystems) for protein identification and quantifica-
tion. Only proteins with a ProtScore 41.0 (confidence interval
485%) were considered. Proteins were considered differentially
expressed if multiple peptides generated concordant cICAT ratios
in both analyses. Proteins were grouped into functional categories
using the UniProt Knowledgebase.

Microarray analysis
A reference standard RNA for use in two-color oligo arrays was
prepared as described previously (Arnold et al., 2009). Total
RNA from triplicate preparations of control and knockdown
samples, as well as reference total RNA samples were amplified
and hybridized to Agilent 44K whole human genome expression
oligonucleotide microarray slides (Agilent Technologies, Inc,
Santa Clara, CA, USA) as previously described (Koreckij et al.,
2009). Spots of poor quality or average intensity levels o300
were removed from further analysis. The Statistical Analysis of
Microarray program (Tusher et al., 2001) was used to analyze
expression differences between control and knockdown groups
using unpaired, two-sample t-tests.

Immunohistochemical analysis
Human PCa tissue specimens were obtained from the Emory
University Hospital Department of Pathology. Human
SCCHN tissue specimens were obtained from the Pathology
Core of the Emory University Head and Neck Cancer
Specialized Programs of Research Excellence. Human color-
ectal cancer and breast cancer tissue microarrays were
purchased from the US BioMax, Inc., (Rockville, MD,
USA). IHC staining of EPLIN was performed as described
previously (Wu et al., 2007), using a rabbit anti-EPLIN
antibody (NB100-2305, Novus Biologicals, LLC, Littleton,
CO, USA) at a dilution of 1:50.

Statistical analysis
Significance levels for comparisons of protein expression in
tumor tissue specimens were calculated by using the two-
sample t-test. Treatment effects were evaluated using a
two-sided Student’s t-test. All data represent three or more
experiments. Errors are shown as s.e. values of averaged
results, and values of Pp0.05 were taken as a significant
difference between means.
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Tumor Microenvironment Promotes
Cancer Progression, Metastasis, and

Therapeutic Resistance

C ell and tissue homeostasis results from the dynamic balance of
cell–cell and cell–extracellular component cross-talk that regu-
lates such cell activities as proliferation, differentiation, and

apoptosis as well as secretion and activation of soluble factors and/or
deposition of extracellular matrix (ECM) components.1 This dynamic
balance includes the interaction of epithelial and mesenchymal basal
cells, endothelium, fibroblasts, neuroendocrine cells, smooth muscle cells,
inflammatory cells and ECM, activation of laten proteins, infiltration of
cytokines, and chemokine and hormone production.1 These interactions
provide the microenvironment for epithelial cells.

Organ-specific human epithelial cells maintain their polarity, grow,
survive, and express tissue-specific proteins under microenvironmen-
tal regulation. These properties are unique organ-specific phenotypes
conferred and maintained by interaction between epithelium and
adjacent ECM secreted primarily by the stroma through intimate
intercellular signaling pathways. Epithelial cells, the predominant
cells of origin of adult cancer, exist in contiguous sheets composed of
organized, polarized cells circumscribed by a basement membrane that
separates the epithelium from the stroma. Basal cells (mesenchymal
epithelial cells) underneath mature prostate epithelial cells continue to
renew dying prostate epithelial cells with polarity regulation. Inter-
cellular interaction between these cells, mediated by direct contact,
soluble factors, and insoluble ECMs, will determine the growth and
differentiation potentials of the entire organ. Disruption of the
homeostatic interaction between epithelium and stroma could initiate
and promote carcinogenesis. In these instances, carcinogenic insults
may trigger additional genetic changes in the epithelial cell compart-
ment over and beyond the inherited traits, through increased genomic
instability and decreased DNA repair and apoptotic signaling. Altered

Curr Probl Cancer 2007;31:36-100.
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epithelial cells may trigger stromal reactions that in turn confer
reciprocal signal cascades in tumor epithelium to promote further
carcinogenic processes. These changes can combine or modify to
produce a variety of growth factors, chemokines, cytokines, and
matrix-degrading enzymes that enhance the proliferation and invasion
of the tumor and confer the ability to metastasize to different organs.
Ultimately, reciprocal tumor–stroma interaction culminates in in-
creased migratory, invasive, and metastatic behavior of cancer cells.

Prostate Tumor–Stroma Interaction
Recent evidence suggests that prostate epithelium and stroma interact in

a highly organ-specific, androgen-dependent, and temporally related
manner. The intimate interaction between prostate cancer and its micro-
environment drives reciprocal stromal reactions to prostate tumor epithe-
lium, creating a “vicious cycle” involving the microenvironment and
cancer epithelium, which further drives tumor epithelium to develop
malignant properties. Figure 1 depicted the models of vicious cycle. Our
recent studies demonstrated that this model can be mimicked using a
Rotary Cell Culture System (RCCS), which showed that genetic and
epigenetic changes of stromal cells can drive cancer cells to become
highly tumorigenic in vivo in animal studies (Fig 2).

Currently the “seed and soil” hypothesis of prostate cancer bone
metastasis consists of three principles. First, neoplasms are biologically
heterogeneous and contain subpopulations of cells with different angio-
genic, invasive, and metastatic properties.2,3 Second, the process of
metastasis is selective for cells that succeed in invasion and embolization,
can survive in the circulation, anchor in a distant capillary bed, and
extravasate into and multiply within the organ parenchyma.4-7 Although
some of the steps in this process contain stochastic elements, as a whole,
metastasis favors the survival and growth of a few subpopulations of cells
that preexist within the parent neoplasm.5,8 Thus, metastases can have a
clonal origin, and different metastases can originate from the proliferation
of different single cells.9 Third, the outcome of metastasis depends on the
“cross talk” of metastatic cells with homeostatic mechanisms, which the
tumor cells can usurp.10,11 Therapy for metastasis, therefore, can target
not only tumor cells but also the homeostatic factors that promote tumor
cell growth, survival, angiogenesis, invasion, and metastasis.

Laboratory Observations
Androgen-independent and metastatic progression of human prostate

epithelial cells can be promoted by coinoculating a marginally tumori-
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genic human prostate cell line, LNCaP, with a human bone stromal cell
line derived from an osteosarcoma in vivo.12,13 By manipulating chimeric
LNCaP tumor growth in vivo under the influence of bone stromal cells,
either in the presence or absence of androgen, the derivative LNCaP
sublines C4-2 and C4-2B acquired the ability to become androgen-
independent and metastatic, as exhibited by their behaviors in immune-
compromised mice. To ascertain that cell–cell contact rather than
unknown factors from the host were responsible for conferring tumori-
genic and metastatic potential to the parental LNCaP cells, we cocultured

FIG 1. Vicious cycle between prostate cancer and prostate or bone stromal cells results in
genetic changes in prostate or bone stromal cells through a reciprocal interaction. This
reciprocal cellular interaction could contribute to the invasiveness and metastasis of humane
prostate cancer cells to bone and visceral organs. The normal prostate epithelial cell
homeostatic interaction with its adjacent stroma through growth factors and extracellular
matrices via growth factor receptors or integrins is deranged because of genetic modifications
occurring in the epithelium. The genetically altered prostate epithelial cell provokes a stromal
desmoplastic reaction, which sets off a chain reaction in reciprocally modulating the cancer
epithelium, which become prostate stroma independent and ivades and migrates to bone. The
early migrated prostate cancer cells chipping the bone microenvironment and interaction with
cells in micorenvironment which provide the education to these cells for “adopt” the cancer cells
either from cell proliferated or migratory later through extravasation of prostate cancer cells.
(Color version of figure is available online.)
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LNCaP cells with either prostate or bone stromal cells under 3-dimen-
sional (3-D) conditions and observed similar permanent phenotypic,
genotypic, and behavioral changes of the parental LNCaP cells as well as
stromal cells (unpublished data), including the ability to form tumors in
castrated mice and metastasize to distant organs including bone.14,15 We
further tested if the significance of stromal cells in vitro as observed in our
laboratory by 3-D coculture can be seen in vivo by coinoculating tumor
and stromal cells. Paired prostate fibroblast cells isolated either from
benign (Pt-N) or tumor regions (Pt-C) were carefully separated and
cultured. Coinoculation of the androgen-independent prostate cancer cell
line, C4-2, with either Pt-N or Pt-Cs showed that chimeric tumors
comprised of Pt-C/C4 to 2-Luc grew faster and formed larger tumors in
the subcutaneous space than Pt-N/C4 to 2-Luc chimeric tumors (unpub-
lished data). These results were confirmed by the measurement of serum

FIG 2. 3D-coculture of prostate cancer cells with bone stromal cell (MG63) induced permanently
morphological change of MG63. Whereas MGLN exhibited typical spindle cell morphology
with randomly dispersed patterns, MGC4-2 cells, in contrast, exhibited directional spindle-
shaped morphology with cells that are tightly packed and organized to achieve higher cell
density on in vitro growth. (Color version of figure is available online.)
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PSA in tumor-bearing hosts and luciferase activity associated with tumor
specimens. Confirmation by other laboratories showed that prostate tumor
growth in vivo could be accelerated by cancer-associated, but not by
benign tissue-associated stromal fibroblasts.16,17

Role of Prostate Fibromuscular Stromal Cells in Prostate
Tumor Growth and Progression

These results taken together suggest that tumor stroma can confer
“inductive” or “adaptive” cues to the responding tumor epithelium and is
directly responsible for the altered behavior of tumor epithelium. How-
ever, tumor–stroma interaction is reciprocal. Not only can stroma “in-
duce” or “select” the phenotypic and genotypic changes in tumor
epithelial cells, tumor epithelium can also induce genetic and phenotypic
changes in stroma after tight association in vivo. It appears that both
tumor and stroma are involved in controlling tumor growth and the
subsequent progression of tumor epithelium to androgen-independence
and acquisition of local invasive and distant metastatic potential in
experimental models of human prostate cancer (Fig 1). Genetically and
phenotypically altered epithelial cells induce a stromal reaction that in
turn induces a reciprocal epithelial reaction. The serial interactions form
a vicious cycle that not only drives epithelial cancer progressive to
androgen-independent local invasion and metastasis but also causes
epithelial cells lose their apical–basal polarity and thus assume a less well
differentiated state.18,19 This dramatic alteration of the epithelial cell
phenotype can lead to increased cell proliferation and tumorigenesis.20

Recent studies indicate that several factors are involved in the reciprocal
interaction between tumor and stroma cells, such as TGF-�, HGF/SF,
ROS, and RNS.1,21-25 Hill and coworkers reported the mutation of
stromal cells, induced by prostate cancer epithelial cells, induced the loss
of p53 and helped prostate cancer cells escape regulation.22 In contrast to
tumor-associated stroma, stromal cells associated with normal tissues
have a low proliferative index, probably secrete only the factors necessary
to maintain normal tissue function,26 and appear to be less responsive to
inductive cues from normal epithelium.

Stroma Reaction to Tumor Epithelium
Since stromal cells from normal tissues are less inductive, or often

noninductive, the experimental data imply that stromal cells exposed to
tumor epithelium could be “activated” and acquire an inductive potential
driving the subsequent neoplastic process. Two lines of evidence suggest
that stromal cells regulate cancer cells. First, morphologic “desmoplastic”
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stromal response to tumor epithelium often occurs around either primary
or metastatic tumor epithelium.27-29 A desmoplastic stroma response is
characterized by increased proliferation of fibromuscular stromal cells
and enhanced deposition of ECMs, such as tenascin or biglycan,28,30,31

surrounding the tumor epithelium. This active process could be viewed as
a part of the host defense mechanism to curtail or restrict tumor
expansion.31 Conversely, this reaction and accompanying increase in
stromal cell number could provide a fertile soil supporting the growth and
invasion of tumor epithelium through the increased production by stromal
cells of growth factors and stroma-associated ECMs.32,33 Thus, global
changes in the microenvironment adjacent to the tumor could provide
selective growth and survival advantages for certain tumor cell clones,
particularly in androgen-deprived conditions. Second, stroma reaction to
tumor epithelium may be irreversible, if the reacting stromal cells receive
an “inductive cue” from tumor epithelium to undergo transdifferentiation,
whereby stromal fibroblasts adjacent to the tumor epithelium convert both
morphologically and phenotypically to myofibroblasts.21,22,25

Increased extracellular deposition, such as the increased expression
of vimentin, pro-collagen I, desmin, calponin, and tenascin, has been
shown in cancer-associated myofibroblasts.25,34-38 Using the laser
capture microdissection (LCM) technique, genetic aberrations were
detected in the fibromuscular stromal compartment surrounding tumor
epithelium, further supporting the reciprocal nature of the tumor–
stroma interaction.39 However, the mechanisms of the genetic and
phenotypic response of stroma to adjacent tumor epithelium are still
unclear. Several possible mechanisms may involved, including: (a)
transition or interconversion of epithelium to stroma, or epithelial-
mesenchymal transition (EMT)40; (b) irreversible induction of stroma
changes, both at the morphologic and the biochemical levels, by
soluble and insoluble factors secreted by tumor epithelium15 (unpub-
lished data); (c) selection of previously existing clones of stromal cell
populations and preferential expansion of these clones based on their
proliferative and survival advantages, or clonal selection41; and (d) the
combination of (b) and (c) above; that is, after prolonged adaptation to
a tumor-associated stromal microenvironment, permanent genetic
changes may occur in the stroma cell population through a poorly
understood adaptative mutation mechanism.42

Stromal Response to Early Prostate Inflammatory Atrophy
There is emerging evidence that prostate inflammation may contrib-

ute to prostatic carcinogenesis. Chronic inflammation has been asso-
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ciated with the development of malignancy in several other organs,
such as esophagus, stomach, colon, liver, and urinary bladder.43,44

Chronic inflammation is thought to incite carcinogenesis by causing
cell and genome damage, promoting cellular turnover, and creating a
tissue microenvironment that can enhance cell replication, angiogen-
esis, and tissue repair. Epidemiological data have correlated prostatitis
and sexually transmitted diseases with an increased risk of prostate
cancer and intake of antiinflammatory drugs and antioxidants with a
decreased risk.45 Evidence from genetic and molecular studies also
supports the hypothesis that prostate inflammation and/or infection
may be a cause of prostate cancer. In 1999, De Marzo and coworkers
proposed that proliferative inflammatory atrophy (PIA) is a precursor
to PIN and cancer.46 Inflammatory reactions often result in the
activation and recruitment of phagocytic cells (eg, neutrophils and/or
tissue macrophages) whose products, such as cytokines, oxidants, and
free radicals (reactive oxygen and nitrogen species), result in injury to
the tissue. Repeated bouts of the immune-mediated inflammatory
response phagocytic cells over many years are thought to play a major
role in the pathogenesis of cancer in a number of organ systems.44

Recent studies indicated the association of inflammation with prostate
cancer and elevated expression of BCL-2, glutathione S-transferase
(GSTP1), and COX-2 and reduced level of p27Kip1 in these pa-
tients.46-48 Another report indicated that prostate cancer stroma
frequently exhibits infiltration of CD45RO(�) memory T-lympho-
cytes.49 CD8(�)/CD45RO(�) T-cells mainly associate with lumen
epithelium as the first line defense system for infection/inflammation
responses, but CD4(�)/CD45RO(�) T-cells primary associated with
stromal cells in the region of infiltration. This inflammatory infiltration
could induce increased growth of myofibroblast cells in prostate
cancer patients. An in vivo study of H2O2 and GSTs indicated that
hydrogen peroxide (H2O2) enhances the expression of GSTP1,50

suggesting that the increased expression of GSTs in PIA may be due
to increased concentrations of H2O2 in the stroma microenvironment,
released by phagocytic cells during the PIA stage. The hypothetical
mechanism involves repeated tissue damage and regeneration in the
presence of highly reactive oxygen. These reactive molecules, ie,
H2O2, released from the inflammatory cells, interact with DNA in the
proliferating epithelium to produce permanent genomic alterations,
such as frameshift mutation, deletions, and rearrangements, as well as
increasing the epithelium proliferative rate.51,52
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A Vicious Cycle Between Prostate Stroma and Tumor
May Be Responsible for Cancer Progression in Primary
Prostate Cancer

The phenotypic switch of stromal cells, extracellular matrix remodeling,
increased growth factor availability, elevated protease activity, angiogen-
esis, and recruitment of inflammatory cells is observed in cancer progres-
sion. This stromal response to cancer shows similarity to the wound repair
response,53 and it is possible that these conditions could promote further
cancer progression and malignancy. The phenotypic switch between
fibroblast and myofibroblast indicates increased extracellular matrix
remodeling during prostate cancer progression. In normal prostate, it has
been reported that the “stromal network of collagen fibers is loosely
woven, fine and smooth in texture,” whereas in Gleason-score seven
adenocarcinoma the collagen fibers “appeared swollen in diameter” and
there is “no regularity in the spatial relationship of the fibers.”54,55 This
suggests that remodeling of the extracellular matrix is one of the key
features of stromal reaction in prostate cancer.

Studies using tissue and cell recombination models demonstrate that
growth and differentiation of the prostate gland depend on reciprocal
cellular interaction between prostate epithelium and its adjacent
stroma.17,56 Evidence also suggests that androgen receptor in the stroma
rather than in the epithelium may be critical for the growth and
differentiation functions of the prostate gland.57 When normal prostate
epithelium58 or urothelium59 was used in these studies, the inductive fetal
urogenital mesenchyme determined the ultimate size of the tissue-tissue
recombinant. However, when prostate tumor tissues,60 tumor cells de-
rived from the prostate,61,62 or urinary bladder63 were used in the
experiments, the growth of the tissue–tissue or tissue–cell recombinants
was uncontrolled and never reached a state of homeostasis. One interpre-
tation of these results is that signaling between tumor and stroma is
aberrant and resembles a vicious cycle, with dysfunctional cytokine
trafficking between tumor and host cells.1,64-66 There are several possible
mechanisms for the activation of a vicious cycle between tumor and
stroma: (1) tumor cells secrete putative cytokines, growth factors and/or
extracellular matrices that alter the morphology and gene expression of
the surrounding stroma, such that the altered stroma becomes highly
inductive and reciprocally induces the growth and gene expression of
tumor epithelium and thus initiates the vicious cycle. Rowley and
collaborators provided evidence that stromal fibroblasts surrounding
tumor epithelium underwent transdifferentiation to become a morpholog-
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ically and biochemically distinct population of myofibroblasts.25,67 Inter-
estingly, they showed that this type of stroma response to tumor
epithelium can predict PSA-free survival in patients with prostate
cancer38 and is regulated by TGF-� and androgen secreted by cancer
cells.25 They also demonstrated that the increase of CTGF released in
myofibroblasts in the prostate cancer area is the downstream reaction that
can promote angiogenesis and prostate cancer tumorigenesis,68 demon-
strating a vicious cycle between prostate cancer and stroma via TGF-�/
CTGF mediation. (2) Tumor cells secrete soluble factors that act in an
autocrine manner to promote the vicious cycle regardless of the surround-
ing stroma. Under certain stress and androgen conditions, increases in
growth factors, such as vascular endothelial growth factor (VEGF)
production by tumor cells, have been observed.69-71 Increased VEGF was
shown to induce more oxygen stress and initiate the vicious cycle by
promoting more VEGF production by tumor cells, eventually causing an
accumulation of neovasculature surrounding the tumor epithelium.72,73

(3) The intrinsic genetic instability of tumor cells can be promoted by
tumor-microenvironment interaction.22,74 A recent study by Hill and
coworkers showed that inhibition of pRb in prostate cancer epithelium
induced a paracrine p53 response that suppressds fibroblast proliferation
in associated stroma.22 This outstanding study showed that cancer
evolution can indeed involve the selection of genetic changes in the
microenvironment as a result of nonautonomous pressures imposed by
oncogenic stress within the epithelium.

Potential Factors Responsible for Activating Prostate
Carcinogenesis and Driving the “Vicious Cycle” of
Prostate Stroma and Tumor

Integrins. Integrins are a large family of glycoproteins that form cell
adhesion and signaling receptors which mediate cell death, proliferation,
migration, and tissue remodeling in response to stimuli from the ECM.75

In addition to controlling cell adhesion and shape, integrins also transmit
signals, either by physical association with several growth factor recep-
tors, or directly through recruitment of nonreceptor tyrosine kinases from
the focal adhesion kinase (FAK) and Src families.76 The consequent
downstream signals, especially via the mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K) transduction cascades, are
critical for regulation of cyclin-dependent kinases (CDKs) and cell-cycle
progression in a process known as “outside-in” signaling.1 Thus, main-
taining normal cellular functions is one of the modes by which integrins
prevent apoptotic cell death. In addition, integrin receptors are involved in
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cell resistance to apoptotic stimuli that activate the intrinsic cell death
pathway (also called the stress pathway).77,78 In this regard, integrins
preserve cell viability in response to stress at several levels, including
integrin-mediated activation of major cell signaling pathways such as the
Ras-activated Raf-MEK-extracellular signal-regulated kinase (ERK) and
the PI3K/AKT transduction cascades. These integrin-emanating signals
regulate, in turn, the expression and activity of anti- and pro-apoptotic
members of the Bcl-2 protein family, as well as the overall expression,
function, and localization of these proteins.

The “outside-in” signal of integrin also has been demonstrated in
prostate cancer cells, such as �v�3 regulation in prostate cancer local and
bone metastasis. The �v�3 integrin heterodimer has been detected on
many different cell types, such as macrophage, endothelial cells, oste-
oclasts, and prostate cancer epithelial cells.79 The activation of �v�3 in
prostate cancer cells is mediated by the FAK pathway that activates the
downstream PI3K/Akt pathway.80 This triggers alterations in cell adhe-
sion and migration of a variety of extracellular matrix proteins, including
vitronectin, fibronectin, fibrinogen, laminin, collagen, and osteopontin.
�v�3 has been shown to be important for prostate cancer bone metastasis
by adhesion of cancer cells to bone matrix components, such as
vitronectin, osteopontin, and bone sialoprotein (BSP). Using DU145
adhesion to ECM as a model, Zheng and colleagues showed that the
adhesive property of DU145 cells can be decreased by LM609, an �v�3
blocking antibody.80,81

Recent studies of the effects of pharmacological inhibition of the
MAPK and the PI3K/AKT pathways and stress response of cancer cells
demonstrated “inside-out” regulation of antistress regulation of cancer
cells by integrins.82,83 Vellon and coworkers82 assessed the role of
“inside-out” integrin-driven signaling in the Heregulin (HRG)-induced
malignant phenotype of breast cancer cells. They demonstrated that MEK
inhibitor U0126 and PI3K inhibitor LY294002 drastically increase �v�3
levels in breast cancer cells. These effects were associated with a decrease
in cell viability and of the fraction of cells in the S- and G2/M
compartment of the cell cycle. Moreover, functional blockade of �v�3
with small peptidomimetic integrin antagonists strongly antagonized the
effects of U0126, indicating that the �v�3 integrin triggered Ras-Raf-
MEK-ERK pathway is a major regulator of growth of HRG-overexpress-
ing breast cancer cells. Since treatment with �v�3 antagonists specifically
decreased MAPK-activation status in breast cancer cells,84 the “outside-
in” and the “inside-out” �v�3 mediated signaling seems to be transduced
primarily through the ERK1/2-MAPK pathway in breast cancer cells.
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Thamilselvan and coworkers83 demonstrated the stress response of cancer
cells through the “inside-out” integrin pathway regulates FAK and Src
expression in response to the stress, which indicates the “inside-out”
antiapoptosis pathway of integrins in cancer cells.

Growth Factors
Fibroblast Growth Factor (FGF). The expression of basic fibroblast

growth factor (bFGF, FGF-2) has been shown to be significantly
increased in stromal fibroblasts in human prostate cancer and in endothe-
lial cells compared with normal tissue. Prostate carcinoma cells have been
shown to up-regulate fibroblast growth factor receptor isoforms with a
high affinity for bFGF during cancer progression.85 Accordingly, elevated
sensitivity to bFGF may stimulate cancer cell proliferation and protease
expression, thereby supporting tumor growth and invasion. In addition,
overexpression of both FGFR-1 and FGFR-2 in prostate cancer epithelial
cells has been correlated with poor differentiation in a subset of prostate
cancers. Thus, there is both an increase in bFGF releasing in stromal
cells and receptor expression in tumor epithelial cells, establishing a
potential paracrine loop between prostate cancer cells and their
surrounding stromal cells, which may be important for prostate cancer
progression.26,86,87

bFGF also stimulates fibroblast proliferation and extracellular matrix
turnover through increased deposition and protease degradation,87 and
functions as an angiogenic factor that induces endothelial cell migration,
proliferation and differentiation into new blood vessels.88 Thus bFGF
may promote prostate cancer progression by inducing angiogenesis and
stromal remodeling through a vicious cycle. This vicious cycle of
FGF–FGFR interaction in prostate cancer cells promotes downstream
signaling pathways that induce cancer cells to release factors such as
VEGF and encourage angiogenesis.89-91 A study also indicates the
increase of bFGF in tumor epithelial cells due to induction of stromal
bFGF,86 thus potentially establishing a positive feedback loop. Human
prostate cancer cell lines DU-145 and PC-3 have been shown to express
FGF-2 and metastasize to bone.85 Furthermore, studies of the Dunning rat
model and tumor-stromal interactions show that activation of bFGF expres-
sion accompanied progression of epithelial cells to malignancy.87,88,92 These
data suggest a possible contributing role for bFGF in the vicious cycle of
tumor formation and progression.

Platelet-Derived Growth Factor (PDGF). PDGF is a 30-kDa protein
consisting of disulfide-bonded homodimers or heterodimers of � and �
subunits.93 Its isoforms have been indicated as important during embry-
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onic development, particularly in the formation of connective tissue in
various organs.94-97 In adult tissues, the primary function of PDGF is to
stimulate wound healing via chemotaxis and mitogenesis of fibroblasts,
and secretion of extracellular matrix components.53 The normal physio-
logic targets for PDGF are stromal cells such as fibroblasts, endothelial
cells, smooth muscle cells, and glial cells. Thus, paracrine release of
PDGF stimulates stromal reaction in normal and pathologic states.
Receptor binding by PDGF is known to activate intracellular tyrosine
kinase, leading to autophosphorylation of the cytoplasmic domain of the
receptor as well as other intracellular substrates. Specific substrates
identified with the �-receptor include Src, GTPase Activating Protein
(GAP), phospholyphase C (PLC-�), and phosphotidylinositol 3-phos-
phate. Both PLC-� and GAP seem to bind with different affinities to the
� and � receptors, suggesting that the particular response of a cell
depends on the type of receptor it expresses and the type of PDGF dimer
to which it is exposed. In addition to the above, a nontyrosine phospho-
rylation-associated signal transduction pathway can also be activated that
involves the zinc finger protein Erg-1.98 Immunohistochemical analysis
of PDGF and PDGFR indicated expression in both prostate epithelial and
stromal cells. In contrast, normal epithelial cells do not express PDGF or
PDGFR.99 In vitro study of PDGF indicates that release of PDGF from
tumor cell lines stimulates prostate stromal cell proliferation,100 and
suggests de novo expression of PDGF in prostate tumor progression. The
production and activation of PDGF could further enhance the stromal
reaction and contribute to the vicious cycle of tumor progression and
stress response.101

Vascular Endothelial Growth Factor (VEGF). Recruitment of new
blood vessel growth clearly illustrates the importance of carcinoma-
stroma interactions during cancer progression. In normal human prostate
tissue, VEGF is reportedly expressed at low levels and restricted to
stromal cells. In high-grade PIN and prostate cancer, elevated expression
of VEGF was observed in cancer, stroma, and vascular endothelium.102

Endothelial cells from microvessels in the surrounding stroma must be
induced to migrate into the tumor, whereby they proliferate and form new
blood vessels to support tumor growth. This complex process is regulated
by a delicate balance of angiogenesis inducers and angiogenesis inhibitors
in the extracellular milieu. Increased activator(s) and/or decreased inhib-
itor(s) alter the balance and lead to the growth of new blood vessels.103

Recent studies indicate that VEGF directly stimulates prostate tumor cells
via autocrine and/or paracrine mechanisms.104,105 Studies demonstrated
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the possible role of VEGF as a mediator in the vicious cycle of tumor and
stroma, in which reactive oxygen species (ROS) could participate in early
prostate cancer epithelium growth and development. Increased ROS
could enhance the production of VEGF, further promoting ROS concen-
tration in stromal fibroblasts. The resulting overexpression of VEGF from
stromal fibroblasts could induce Nox1, MMP-9, VEGF, and VEGFR
production and increase the overall tumor growth rate.73,106 Please see the
next section for further detailed discussion of angiogenesis and stromal
interaction.

Plasminogen-Related Growth Factors (PRGFs). Two huge molecules
called plasminogen-related growth factors (PRGFs), evolutionarily re-
lated to plasminogen, play an important role in inducing invasive growth
in cancer progression. PRGF-1 is also called hepatocyte growth factor/
scatter factor (HGF/SF). PRGF-2 is also known as macrophage-stimu-
lating protein (MSP), scatter factor-2.107 HGF/SF has been demonstrated
to be important in prostate cancer progression and metastasis, whereas
MSP may be an important neurotrophic factor for embryonic develop-
ment and induce superoxide anion production.108,109 It has been shown
that both HGF/SF and MSP were up-regulated in the wound repair
process in a rat model.110 HGF/SF predominantly participates in a
paracrine network. Several mesenchymal-derived cells (fibroblasts) se-
crete HGF/SF. It has been implicated as a mediator communicating
between epithelial cells and the microenvironment.107,111 HGF/SF is
secreted predominantly by stromal fibroblasts to stimulate proliferation
and migration of epithelial and endothelial cells during organ develop-
ment and tissue remodeling.112 The secretion of HGF/SF as an inactive
pro-HGF is converted into its bioactive form by a proteolytic cleavage by
four proteases: urokinase (uPA), serine protease in the serum, coagulation
factor XII, and its homologs.107 It has also been shown that some
epithelial cells secrete two potent inhibitors of pro-HGF activation
(HAI-1 and -2) that tightly control HGF/SF activation.113

c-Met is the receptor for HGF/SF and has been reported to have
increased expression in prostate cancer epithelial cells.114 DU145 and
PC3 human prostate cancer cells showed higher levels of c-Met than
LNCaP, suggesting that HGF/SF and cMet interaction may increase the
invasive and metastatic potential of prostate cancer cells. The secretion of
HGF/SF from prostate stromal myofibroblasts significantly increased the
expression of IL-1�, PDGF, bFGF, and VEGF,115 which suggests the
early induction of myofibroblast transition, secretion of HGF/SF, and its
regulation of downstream microenvironment events such as angiogenesis.

48 Curr Probl Cancer, March/April 2007



Zhu and coworkers showed that DU145-conditioned media but not
prostate cancer-associated myofibroblastic conditioned media displayed
HGF/SF-inducing activity and also contained IL1b, bFGF and PDGF.
The results of this study suggest that cytokines and growth factors
produced by stromal cells can mediate the expression of HGF/SF in
prostate cancer cells and hence their growth and progression.115 HGF/SF
significantly increases the migration of both normal prostate epithelial
cells and prostate cancer cells; however, whereas HGF/SF stimulates the
proliferation of prostate cancer cells, it inhibits the proliferation of normal
prostate epithelial cells.116 This suggests that normal and malignant
prostate epithelial cells have both common and differing response
pathways to HGF/SF. The modulation of the interaction between the
c-Met and E-cadherin/catenin complex by HGF/SF has been reported,
suggesting that HGF/SF may alter the intercellular adhesion properties of
prostate cancer cells and contribute to metastasis.117

Studies of the role of HGF/SF in the role of cancer migration and
invasion demonstrated that HGF/SF modulates the invasiveness of
prostate cancer cells. Matrilysin promotes the extracellular cleavage of
E-cadherin from prostate cancer cells and has been suggested as a
mechanism whereby HGF/SF induces cell–cell dissociation and in vitro
invasion.118 This study also cultured DU145 under HGF/SF, in which
HGF/SF induces scattering of DU145 prostate cancer cells in vitro by
decreasing expression of E-cadherin and promoting translocation of the
cytokine to the cytoplasm.119 The migration of primary prostate epithelial
cells is also regulated by the PI3K and Src kinase signaling pathways.
Activation of the PI3K pathway requires stimulation by adhesion and
motility factors secreted by prostate stromal cells. In conditioned medium
of primary prostate stromal cells, HGF/SF is the major stimulator of the
PI3K pathway and has been demonstrated to mediate prostate epithelial
cell migration.120

Regulation of Angiogenesis by the Tumor
Microenvironment

The survival and growth of cells is dependent on an adequate supply of
oxygen and nutrients, and on the removal of toxic molecules. Oxygen can
diffuse from capillaries for only 150 to 200 �m. When distance of cells
from a blood supply exceeds this range, oxygen and nutrient supplies for
cells can be a problem.121 Thus, the expansion of tumor masses beyond
1 to 2 mm in diameter depends on neovascularization, ie, angiogenesis.122

The formation of new vasculature consists of multiple, interdependent
steps. It begins with local degradation of the basement membrane
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surrounding capillaries, followed by invasion of the surrounding stroma
and migration of endothelial cells in the direction of the angiogenic
stimulus. Proliferation of endothelial cells occurs at the leading edge of
the migrating column, and the endothelial cells begin to organize into
three-dimensional structures to form new capillary tubes.123 Differences
in cellular composition, vascular permeability, blood vessel stability, and
growth regulation distinguish vessels in neoplasms from those in normal
tissue.124 A variety of positive and negative regulators govern vasculo-
genesis, angiogenesis, and subsequent vessel maturation.125-127 More
than 20 angiogenic stimulators and inhibitors have been discovered in the
past 2 decades, including vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), and angiopoietin (Ang).125-128

These factors not only mediate tumor vessel formation but also affect the
function of these vessels. Some of the common pro-angiogenic factors
include bFGF, which induces the proliferation of a variety of cells and has
also been shown to stimulate endothelial cells to migrate, increase
production of proteases, and undergo morphogenesis.129,130 VEGF has
been shown to induce the proliferation of endothelial cells, increase
vascular permeability, and induce production of urokinase plasminogen
activator by endothelial cells.131,132 PDGF has been shown to stimulate
endothelial cell DNA synthesis and to induce production of FGF,133

HGF/SF, that increases endothelial cell migration, invasion, and produc-
tion of proteases,134 and PDGF.135 These factors together govern the fate
of endothelial cells and new blood vessel formation in tumor progression.

Angiogenesis Regulation by the Tumor Microenvironment
A recent study by McAlhany and coworkers showed stroma-induced

angiogenesis in prostate cancer development.136 The protein, ps20,
secreted by prostate smooth muscle cells and vascular smooth muscle
cells within the prostate enhances endothelial cell motility. They demon-
strated 67% increased vessel density in the prostate cancer tumor region
with the expression of ps20, when compared with control tumors.
Correspondingly, ps20 tumors showed an average 29% greater wet
weight and 58% greater volume than controls. Interestingly, this study
also showed that ps20 mRNA synthesis is directly stimulated by TGF-b,
which is known to influence angiogenesis in experimental models,
including prostate tumor models. Tumor generated in the presence of
ps20 showed 67% greater vessel density compared with control tumors.
A wound healing study showed that TGF-b is released by macrophages
and platelets, and serves to stimulate angiogenesis and activate fibro-
blasts.25 Thus, mechanistic evidence exists to validate comparisons
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between angiogenesis in wound repair and neovascularization in prostate
tumors. This evidence further emphasizes the significance of the stromal
microenvironment in prostate cancer progression.

VEGF also has been showed to be a factor influencing both wound
repair and tumor angiogenesis. VEGF can act as mitogen of endothelial
cells. VEGF is secreted by both epithelial cells and smooth muscle cells
in prostate organ development.137 West and coworkers demonstrated that
the level of VEGF in prostate cancer progression correlated to PSA levels
and Gleason score, indicating the angiogenesis response in prostate
cancer development.90 The significance of these findings for understand-
ing prostate carcinogenesis was framed by the recent work of Richard and
coworkers. It is clear that prostate carcinomas originate in an androgen-
sensitive manner, but eventually progress to an androgen-insensitive
phenotype. From a clinical standpoint, this loss of androgen responsive-
ness is one of the most challenging aspects of prostate malignancies.
Certainly, a more complete understanding of the evolution of a tumor to
the androgen-refractory phenotype would be valuable. Richard and
coworkers deciphered an androgen-mediated mechanism of VEGF mod-
ulation in a mouse prostate model. Their findings show that the secretion
of VEGF is controlled by androgens. As the luminal cells secrete VEGF
apically, it is probable that the androgen/VEGF-mediated angiogenesis
observed in prostate development as well as in prostate tumorigenesis is
primarily due to the stromal smooth muscle.137 This hypothesis is also
supported by the fact that when the prostate cancer cell line C4-2 is
injected intrafemorally in mice, it showed high levels of blood support in
the subcutaneous site, indicating high rates of angiogenesis (laboratory
observation). This organ-specific tumorigenicity and angiogenesis also
was found in human colon adenocarcinoma, which showed higher VEGF
expression when subcutaneously implanted than when grown in liver.138,139

As mentioned before, increasing CTGF release by myofibroblasts in
prostate cancer progression promotes angiogenesis and prostate cancer
tumorigenesis.68 CTGF is a member of the CCN gene family (CTGF,
Cyr61, and Nov).140-142 This family includes six structurally and func-
tionally related proteins: CTGF143,144; cysteine-rich 61 (Cyr61)145;
nephroblastoma overexpressed (NovH)146; and Wnt-1-induced signaling
protein (WISP) 1, WISP2, and WISP3.147 The CCN family members
(excluding WISP2) share four conserved structural modules with se-
quence homologies similar to insulin-like growth factor-binding proteins,
von Willebrand factor, thrombospondin, and cysteine knot.142 CTGF
message is potently stimulated by TGF-�134,148-151 and likely mediates
TGF-�1-induced collagen expression in wound repair fibroblasts.152
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CTGF is expressed by several stromal cell types, including endothelial
cells, fibroblasts, smooth muscle cells, and myofibroblasts, and some
epithelial cell types in diverse tissues. Consistent with its role in
connective tissue biology, CTGF enhances stromal extracellular matrix
synthesis149 and stimulates proliferation, cell adhesion, cell spreading,
and chemotaxis of fibroblasts.143,149,153 CTGF was also shown to
stimulate smooth muscle cell proliferation and migration.154 In addition,
CTGF is a potent stimulator of endothelial cell adhesion, proliferation,
migration, and angiogenesis in vivo.155-157 As might be predicted, CTGF
is expressed in the reactive stromal compartment of several epithelial
cancers, including mammary carcinoma, pancreatic cancer, and esopha-
geal cancer.158-160 Expression of CTGF is also observed in several
stromal cell disorders, including angiofibromas, infantile myofibromato-
sis, malignant hemangiopericytomas, fibrous histiocytomas, and chondro-
sarcomas.161,162 Accordingly, CTGF is considered to be a profibrosis
marker.163 Together, these findings suggest that the TGF-� released by
tumor epithelial cells, VEGF from both cancer epithelial and stromal
cells, and the secretion of CTGF from tumor stromal cells create a
network of cross talk between tumor, stromal, and neovascular cells to
support tumor progression.

Adhesion Molecule-Mediated Tumor Progression
Epithelium cell–cell interaction and adhesion is mediated by cadherins

to establish Ca2�-dependent adhesion.164,165 E-cadherin is the major
epithelial cadherin family member for the formation and maintenance of
epithelial structures. Mesenchymal cadherins, such as N-cadherin, are
preferentially expressed in migratory cells and in cells of connective
tissue. Cadherins are single-span transmembrane-domain glycoproteins
which, via their extracellular cadherin domains, mediate homophilic
protein-protein interactions in a zipper-like fashion. The intracellular
domains of cadherins interact with �-catenin, �-catenin and p120ctn to
assemble the cytoplasmic cell adhesion complex (CCC) that is critical for
the formation of extracellular cell-cell adhesion. �-catenin and �-catenin
bind directly to �-catenin, which links the CCC to the actin cytoskeleton.

Switching of Cadherin in Cancer Progression
However, most cancer epithelia lose E-cadherin-mediated cell–cell

adhesion during cancer progression toward malignancy, and it has been
proposed that the loss of E-cadherin-mediated cell–cell adhesion is a
prerequisite for tumor cell invasion and metastasis.166 Re-establishing the
functional cadherin complex, eg, by forced expression of E-cadherin,
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results in reversion from an invasive mesenchymal to a benign epithelial
phenotype of cultured tumor cells.166,167 Using a transgenic mouse model
of pancreatic b-cell carcinogenesis, Perl and coworkers demonstrated that
the loss of E-cadherin-mediated cell–cell adhesion is one rate-limiting
step in the progression from adenoma to carcinoma in vivo,168 indicating
the role of E-cadherin as a suppressor of tumor invasion. In a number of
human cancer types that have lost E-cadherin expression, de novo
expression of mesenchymal cadherins such as N-cadherin and cad-
herin-11 has been observed.169,170 N-cadherin has been shown to promote
cell motility and migration, thus showing an opposite effect as compared
with E-cadherin.171-173 N-cadherin-induced tumor cell invasion can even
overcome E-cadherin mediated cell–cell adhesion.171,174 This cadherin
conversion recapitulates a well characterized phenomenon occurring
during embryonic development, when epiblast cells switch from E- to
N-cadherin to ingress the primitive streak or when primordial germ cells
migrate to populate the genital ridge.170,175,176 Based on these observa-
tions, a novel concept has been formulated that a “cadherin switch” is
involved not only in delamination and migration of epithelial cells during
embryonic development but also during the transition from a benign to an
invasive, malignant tumor phenotype.169,170

Loss of E-cadherin function during tumor progression can be caused by
a variety of genetic or epigenetic mechanisms, including mutational
inactivation, chromosomal aberrations, transcriptional repression of the
E-cadherin gene by the repressors Snail and Sip-1, and subsequent
promoter hypermethylation and chromatin rearrangements.177 Tyrosine
phosphorylation has also previously been implicated in the regulation of
cadherin function. RTKs, such as EGFR, c-Met, and FGFR, and the
nonreceptor tyrosine kinase, c-Src, phosphorylate E-cadherin, N-cad-
herin, b-cadherin, g-cadherin, and p120ctn, resulting in the disassembly of
the cytoplasmic adhesion complex, disruption of cadherin-mediated cell
adhesion, and cell scattering.164,165 On autophosphorylation, RTKs are
often ubiquitinylated by E3 ligases, such as c-Cbl, which associate with
phosphorylated RTKs, resulting in the degradation of the RTK by the
proteasome.178 A novel E3 ligase, Hakai, binds tyrosine-phosphorylated
E-cadherin, and by ubiquitinylation earmarks it for endocytosis and
proteasome-mediated degradation.179,180 Notably, Hakai is structurally
and functionally related to c-Cbl. Consistent with the function of RTKs in
the degradation of E-cadherin protein, treatment of cells with phosphatase
inhibitors causes the dissociation of �- and �-catenin from the adhesion
in E-cadherin-mediated cell adhesion.179 Interestingly, the cadherin
switch in cancer cells can be recapitulated in vitro by treating the cells
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with HGF, further underscoring the critical role of RTK-mediated
changes in cell adhesion during physiological processes.165

E-cadherin and N-cadherin are both classical cadherins and on first sight
seem to have similar mechanisms of cell–cell adhesion. Hence, the
functional implication of the “cadherin switch” for tumor progression is
not obvious. One possibility is that the change from E- to N-cadherin
expression may provide a tumor cell with a new “homing address” to find
new “neighbors.” Unlike E-cadherin, N-cadherin (and, presumably, other
mesenchymal cadherins) promotes a dynamic adhesion state in tumor
cells, not only allowing the dissociation of single cells from the tumor
mass but also their interactions with endothelial and stromal compo-
nents.169-171 On the other hand, N-cadherin may provide a pro-migratory
signal to the cells expressing it. In fact, N-cadherin mediated induction of
FGFR signaling has been demonstrated to occur in neurons, where it
supports neurite outgrowth, an event strictly related to cell migration and
invasion.181 Hazan and coworkers in breast cancer cells demonstrated the
functional cooperation between N-cadherin and FGFR signaling path-
ways.174,182 Cavallaro and coworkers further showed the direct binding of
N-cadherin with two different FGFRs.183 This FGFR-N-cadherin inter-
action enhances the binding of FGFs to the receptor, MEK/MAPK
signaling pathway, and later increases cell migration and invasion.

Association of another member of the cadherin family with an RTK has
been reported for the endothelial cell-specific VE-cadherin and the major
signaling receptor for VEGF, VEGFR-2.184 Similarly to N-cadherin and
FGFR, VE-cadherin is able to enhance VEGF-induced VEGFR signaling;
and in the absence of VE-cadherin, endothelial cells are unable to respond
to VEGF and undergo apotosis.185 Conversely, VE-cadherin, �-catenin,
�-catenin, and p120ctn, but not �-catenin, are phosphorylated on tyrosine
by activated VEGFR-2.186 However, it is not clear whether tyrosine
phosphorylation of these proteins is an earmark for their degradation, as
is the case for E-cadherin (see below). Because VEGF is a potent
angiogenic factor and VE-cadherin (and N-cadherin) is expressed by
endothelial cells during ongoing angiogenesis, these cadherins may play
an important role in the fine-tuning of physiological and pathological
angiogenesis, not only by modulating endothelial cell adhesion but also
by influencing the activity of angiogenic growth factor signaling via
RTKs.

HGF and CD-44 Regulate Cadherin Signaling
Hepatocyte growth factor (HGF) and its cognate receptor c-Met are

known inducers of cell scattering, migration, invasion, and proliferation
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as well as epithelial to mesenchymal transition, tubular organization, and
morphogenesis. Their involvement in cancer progression, mainly by
affecting the invasive behavior of tumor cells, has been amply demon-
strated in various experimental systems. In human cancers, the c-Met
gene has frequently been found to be amplified, mutated, or overex-
pressed.187 Together with c-Met, expression of the hyaluronan receptor
CD44 is frequently upregulated in cancers.188,189 Based on extensive
alternative splicing of exon v1-v10, various isoforms exist which are
further diversified by additional posttranslational modifications. Notably,
the v6 isoform of CD44 seems to play a critical role in tumor metastasis:
ectopic expression of v6-containing CD44 isoforms or treatment with
antiv6 monoclonal antibodies modulates metastasis formation of cancer
cells in animal models in vivo and tumor cell invasiveness in vitro.189,190

Moreover, the v6 isoform of CD44 seems to be required for HGF-induced
c-Met activation, and CD44v6 and c-Met are found to interact physically.
Whereas the extracellular domain of CD44v6 is required and sufficient to
allow HGF-induced autophosphorylation of c-Met, transfer of the signal
to downstream effectors, such as MEK and MAPK, depends on the
presence of the cytoplasmic tail of CD44v6.191 Another splice variant of
CD44, CD44v3, contains Ser-Gly repeats that support covalent attach-
ment of heparan sulfate proteoglycans. CD44v3 binds a number of
heparin-binding growth factors, including members of the FGF family
and heparin-binding epidermal growth factor (HB-EGF). Here also, a
physical association between a cell adhesion molecule and an RTK has
been demonstrated; in the presence of CD44v3, binding of HB-EGF to its
cognate receptor, the EGFR family member ErbB4, is facilitated.192

Moreover, CD44v3 recruits active matrix metalloprotease 7 (MMP7;
matrilysin), which then proteolytically converts HB-EGF from the pre-
cursor to its active receptor binding form. Subsequent stimulation of the
receptor results in increased cell proliferation, migration, and survival.
This cell surface complex between CD44v3, HB-EGF, ErbB4, and
MMP7 is found on tumor cells in vitro, and in uterine epithelium and
lactating mammary gland epithelium in vivo.192 Notably, CD44, via the
interaction of its cytoplasmic domain with ERM (ezrin-radixin-moesin)
proteins, is also connected to the actin cytoskeleton, thereby modulating
cell migration and cell shape.188

Wnt Signaling Pathway Regulated by Cadherin
Cadherin-mediated cell–cell adhesion can also affect the Wnt-signaling

pathway.193 �-catenin (and �-catenin) is usually sequestered by cadherins
in the CCC. On loss of E-cadherin function, nonsequestered free
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�-catenin is usually phosphorylated by glycogen synthase kinase 3�
(GSK-3�) in the adenomatous polyposis coli (APC)-axin-GSK-3� com-
plex and subsequently degraded by the ubiquitin-proteasome pathway. In
many cancer cells, loss of function of the tumor suppressor APC,
mutations in �-catenin or inhibition of GSK-3� by the activated Wnt-
signaling pathway leads to the stabilization of �-catenin in the cytoplasm.
Subsequently, it translocates to the nucleus, where it binds to members of
the Tcf/Lef-1 family of transcription factors and modulates expression of
Tcf/Lef-1-target genes, including the proto-oncogene c-Myc and cyclin
D1.

Cadherins also appear to directly affect each other’s function. Suppres-
sion of N-cadherin function in invasive squamous carcinoma cells results
in the induction of E- and P-cadherin expression and reversion to an
epithelial phenotype. In contrast, forced expression of N-cadherin in
epithelial-like squamous cells causes downregulation of E- and P-
cadherin and the acquisition of an invasive phenotype.172 This implies
that the expression of N-cadherin during tumor progression might be
equally necessary and sufficient to overcome E-cadherin-mediated cell–
cell adhesion and promote malignant tumor progression.

Epithelial to Mesenchymal Transition (EMT) of Prostate
Cancer Cells

The epithelial–mesenchymal transition (EMT) was originally defined
by developmental biologists as a morphological conversion occurring at
specific sites in embryonic epithelia to give rise to individual migratory
cells.194 EMT is a fundamental process in the development of most
metazoans and is primarily involved in the shaping of embryos. In
mammals, EMT has been associated with the formation of the parietal
endoderm.195 It is also directly involved in the formation of the mesoderm
and definitive endoderm at the primitive streak during gastrulation.196

Neural crest cells emerge from the dorsal neural epithelium through EMT
before undergoing extensive migration and differentiation into many
derivatives.197 EMT has also been implicated in the ontogeny of other
structures including somites and heart endocardium.198

Most current studies of EMT in cancer progression are performed in
vitro with epithelial cell lines, which can be converted into fibroblast-like
cells under specific culture conditions. However, not all normal or
malignant cell lines share all characteristics with embryonic epithelia. In
many instances, epithelial cell lines can be refractory to EMT, perhaps
owing to the inaccessibility of scatter factors or to intrinsic inhibitory
mechanisms. Conversely, culture conditions do not always allow epithe-
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lial cells to achieve full polarity and can facilitate dispersion. The
definition of an EMT, and the requirements to execute one in vitro are at
variance with those in vivo and therefore cannot exactly recapitulate these
events. It is therefore not surprising to find studies differing in their
stringency for the various criteria for defining an EMT.

The current criteria for defining an EMT in vitro194 involve the loss of
epithelial cell polarity, the separation into individual cells and subsequent
dispersion after the acquisition of cell motility. EMT presumably involves
the disassembly of tight junctions, adherens junctions, and desmosomes
as well as the reorganization of cell substrate adhesion complexes. After
the loss of cell polarity, the cytoskeleton is significantly remodeled. A
shift from cytokeratin intermediate filaments to vimentin is considered to
be an important criterion for EMT, although vimentin is not necessarily
a reliable marker of mesenchymal cells. The epithelial and mesenchymal
phenotypes also show particular transcription profiles including cytoskel-
etal components and extracellular matrix components. It is likely that
several other types of protein will be found to be associated with EMT in
only one of the two states.199

The most outstanding study of EMT of prostate cancer cells was
currently done by Zhau and coworkers, who established an ARCaP
human prostate cancer cell model to study the possible relationship
between the host microenvironment, EMT, the critical transition of
prostate cancer cells from epithelial to mesenchymal phenotype,40 and the
tendency of prostate cancer to metastasize to bone and soft tissue. In the
ARCaP human prostate cancer progression model, EMT can be promoted
by cellular interaction between an ARCaP human prostate cancer cell
subclone, ARCaPE, and host bone or adrenal gland in vivo. The derivative
ARCaPM and ARCaPAd cells have the proclivity to metastasize to bone
and adrenal gland, respectively. Through cellular interaction with host
adrenal gland, they derived a secondary generation of ARCaPAd cells; the
second generation of ARCaPAd cells had restricted ability to metastasize
only to the host adrenal gland. Similar behavior also can be seen in the
bone metastasis variant, ARCaPM, and the loss of epithelial-like behavior
as ARCaPE suggests that ARCaPM derived from ARCaPE through EMT
transdifferentiation and the interaction of ARCaPE with the host bone.

Following cellular interaction between human prostate cancer ARCaPE

cells and the mouse host, we observed changes in morphology, gene
expression, and behavior in this cell clone to resemble a mesenchymal
cell type, express mesenchymal genes, and show increased invasion and
migration in vitro and metastasis to bone and adrenal gland in live mice.40

The changes in gene expression profile, such as increased expression of
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vimentin and N-cadherin and decreased expression of E-cadherin and
cytokeratin18 and 19, are consistent with the morphologic switch by
EMT, with increased metastatic potential, as reported in several other
tumor types.200-205 This observation indicated that the host microenvi-
ronment plays an important role in EMT and metastasis.40,206 The fact
that host interaction enhances EMT and promotes ARCaP cells to
migrate, invade, and metastasize in this model suggests that clinical bone
and adrenal gland metastases of prostate cancer cells may be acquired and
facilitated by cellular interaction with the host microenvironment. Based
on the results of this and our previous studies, it is likely that resident
fibroblasts in the prostate, bone, or adrenal gland, or cells recruited from
hosts, such as inflammatory and marrow stem cells, can instigate prostate
cancer cells to gain increased malignant potential through the local
production of soluble factors, reactive oxygen species and/or extracellular
matrices that prompt the tumor cells for enhanced growth and metastasis.
Using marginally tumorigenic LNCaP cells as a model, we showed
previously that coinoculating LNCaP cells with either nontumorigenic
human prostate stromal fibroblast or a human osteosarcoma cell line12,207

formed large chimeric tumors. By cloning LNCaP cells from the chimeric
tumors, we established lineage-derived LNCaP sublines C4-2 and C4-2B
cells which, like other variants,14 exhibited increased lymph node and
bone metastasis.

The demonstration that ARCaP cells undergo EMT in bone or adrenal
gland and gain metastatic potential for various sites has several important
clinical implications for controlling cancer growth and metastasis. First,
the host microenvironment includes soluble and insoluble factors associ-
ated with or secreted by osteoblasts, osteoclasts, marrow stromal, or stem
cells that could play key roles promoting EMT, an important molecular
transition by which cancer cells gain increased metastatic potential in
response to the changing tumor microenvironment. These interactions
could result in the promotion of cancer cell metastasis to soft tissues such
as the adrenal gland, a documented site for human prostate cancer
metastasis.208 Second, if EMT acquired by prostate cancer cells following
cellular interaction with host bone or adrenal gland occurs in patients, this
could be a potential target for prevention and treatment strategies. Third,
since the host microenvironment was shown to promote EMT and
prostate cancer progression, host stroma-directed targeting of prostate
cancer by the use of atrasentan,209 bisphosphonates,210 growth factor
receptor antagonists,211 antiangiogenics,212 and radiopharmaceuticals213

should be further explored to improve the treatment of cancer metastases.
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Tumor Microenvironment Immune Surveillance in
Response to Cancer Development

The concept of immune surveillance against cancer is supported by
several animal studies and various observations in humans.214,215 These
include increased prevalence of tumor development following immune
suppression and the observation that the extent of intratumoral T cells is
correlated with improved clinical outcome in various solid tumors.215,216

Followed by the identification of tumor-associated antigens (TAA),217,218

immunologic study of tumor response has become a rapidly growing field
of research and clinical investigation. In the past decade, more than 60
major histocompatibility (MHC) class I-associated TAAs have been
identified219 and new TAAs are continuously being described. The
appearance of tumor-specific reactions against tumor cells is dependent
on a complex system. As for all antigens recognized by T cells, TAA are
cleaved within the tumor cells by proteasomes into short peptides of 8 to
12 amino acids. These peptides are transported through the transporter
associated with antigen presentation (TAP) into the endoplasmatic retic-
ulum. Here, peptides with good binding affinity for the MHC class I
molecules (in humans called Human Leukocyte Antigens or HLA) are
naturally associated with them. The peptide/HLA complexes, stabilized
by a further protein (�2-microglobulin), then migrate to the cell surface
where they are exposed to potential interaction with HLA class I-re-
stricted T cells. In an HLA-dependent fashion, TAA-derived epitopes are
detected by T cells through HLA/epitope-T cell receptor (TCR) engage-
ment. Effective T cells have been primed by presentation of TAA by
professional antigen-presentation cells (APC), such as dendritic cells.
Therefore, APC within tumor (resident APC) may play a major role for
the development of specific T cell responses.

It is likely that immune cells influence the tumor cell phenotype and
changes in tumor cells in return shape the immune response. Though
a selective process, tumor cells likely adapt to immune pressure by
changing their phenotype and escaping immune surveillance. Due to
genetic instability, tumors continuously re-program their genotype and
thus their phenotype. Several mechanisms may be involved. Tumor
cells often are defective in TAA220 or HLA molecule expres-
sion,221,222 and/or have malfunctioning antigen-processing.223 A loss
of expression of the HLA-epitope complex on the surface of tumor
cells renders their recognition by TAA-specific T cells impossible.
Furthermore, HLA-epitope complex downregulation on tumor cell
membranes correlates with decreased T-cell-triggering capability.224
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Dysfunction of antigen-processing machinery might have a strong role
in the coexistence of TAA-specific T-cells with cancer cells express-
ing the target components necessary for their recognition.225-227

Complete TAA loss obviously eliminates one of the most important
preconditions for a targeted T cell function. All given escape mech-
anisms happen under an assumed pressure by the immune system.
Tumor/immune cell interactions are bidirectional. Tumor cells can
modulate T cell function. For example, systemic and intratumor T cell
dysfunction including anergic T cells and T cells with down-regulated
CD3-zeta chain have been described in tumor patients.228,229 This
anergic status of T cells has been proposed as the cause of their
ineffectiveness in containing tumor growth.230 The cause of malfunc-
tion of TAA-specific T cells is not known but it is known that tumor
cells can secrete immune suppressive factors, such as TGF-�.231

Several additional variables might influence T cell function and,
consequently, their clinical effectiveness.232 These include the activa-
tion of regulatory T cells, the development of death resistance by
tumor cells, involvement of natural killer cells and their receptors, and
the potential contribution of Fas expression. Additionally, new data
shed light on the role of transcription factors in tumor defenses against
the immune system. STAT3 expression in tumor cells leads to
inhibition of production of pro-inflammatory cytokines and chemo-
kines.233 These variables might have an important role in modulating
the immune response at both the systemic level and the tumor site, and
their significance for immune-system/tumor-interaction warrants fur-
ther study.

Several studies have demonstrated the presence of TAA-specific T cells in
peripheral blood of immunized patients, proving that the primary goal of
vaccination–inducing a systemic TAA-specific immune response–can repro-
ducibly be achieved.234 Additionally, systemic tumor-directed T cell re-
sponses can evolve spontaneously in various malignant diseases without prior
immunotherapy.235 Although these spontaneously occurring TAA-specific T
cells have been characterized as CD3�CD8�INF��CD45RA�,236 a pheno-
type supposedly representative of cytotoxic effector T cells,237 their actual
function in clinical settings remains unknown. Clinically, although rare tumor
responses can be achieved using peptide vaccination,238 no conclusive
correlation between systemic T cell response and clinical cancer repression
has been convincingly demonstrated so far. Thus, investigations of the
systemic immune response do not provide sufficient information about the
interaction between host and cancer cells at the actual site of conflict in the
tumor microenvironment.

60 Curr Probl Cancer, March/April 2007



The Tumor Microenvironment Induces Cancer
Migration from Primary to Distant Locations

Steps of Metastasis
Invasion. Invasion, which initiates the metastatic process, consists of

changes in tumor cell adherence to cells and to the extracellular matrix
(ECM), proteolytic degradation of surrounding tissue, and motility to
physically propel tumor cells through tissue. Tumor cell adherence to the
ECM is mediated by integrins. The engagement of integrins and other
attachment molecules is accompanied by the recruitment of proteases to
degrade the ECM, providing a pathway for invasion.239 Matrix metallo-
proteinases, plasmin, urokinase plasminogen activator, cathepsins, and
heparinase, when transfected into a tumor cell line, augment invasion.
Besides the destruction of ECM, proteases liberate embedded growth
factors and chemokines activate latent proteins on the cell surface, and
may have protective roles in tumorigenesis.240,241 Most tumor cell
movement in invasion is dynamic, involving the formation of adhesions
to the ECM at the leading edge of the cell, detachment from the ECM at
the trailing edge, and a ratcheting of the cell forward. Virtually every
growth factor stimulates tumor cell motility in vitro. Pathways may be
tumor-cell autonomous or may involve paracrine loops with cells in the
environment.242 Chemokines, chemotactic cytokines that bind G-protein-
coupled receptors, represent another important class of motility-inducing
proteins.243 Chemokines also contribute to tumor cell invasion by
inducing infiltration of tumors by macrophages and lymphocytes, which
release proteases and other inflammatory stimuli.

Regulation of Normal Bone Remodeling. Before studying prostate
cancer bone metastasis, one should appreciate the complexity of normal bone
remodeling, which helps to understand the interaction of the bone microen-
vironment with cancer. Bone is a dynamic organ undergoing constant
remodeling involving active destruction and re-synthesis of the bone matrix.
Within normal adult bone, homeostatic mechanisms maintain the balance
between bone-forming osteoblasts and bone-resorbing osteoclasts.5

Osteoblasts arise from mesenchymal osteoprogenitor cells.244 During
development, these cells secrete a complex mixture of growth factors and
ECM proteins into the surrounding bone microenvironment before
apoptosis or terminal differentiation into osteocytes (the cellular compo-
nent of hardened bone). The majority of bone matrix proteins consist of
type I collagen fibers (80-90%), which provide structural support for the
mineralization of bone.245,246 The remaining 10% to 15% consists of
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proteoglycans, �-carboxylated (gla) proteins,247 cell adhesive proteins,
and growth factors. A large number of adhesive proteins found in bone
contain RGD (Arg-Gly-Asp) motifs248-253; examples of these are type I
collagen, bone sialoprotein, fibronectin, laminin-10, osteopontin, throm-
bospondin, and vitronectin. The RGD motif is a well-characterized
binding site for several adhesion receptors of the integrin family and,
depending on substrate-receptor context, can regulate cellular motility,
invasion, and growth.254 Osteoblasts also secrete growth factors into the
bone matrix, including TGF-�, IGFs, PDGF, interleukins, FGFs, and
bone morphogenic proteins (BMPs).255 These growth factors remain
latent in the bone matrix but can be released and activated on proteolytic
degradation of the bone. FGF, PDGF, TGF-�, and several BMPs have been
reported to enhance the differentiation and growth of osteoblasts.256-258 Thus,
release of these factors from the bone matrix provides a feedback mechanism
to promote bone formation and attenuate bone resorption.

Osteoclasts are differentiated cells arising from the monocyte–macroph-
age lineage. The primary role of the osteoclast is to resorb bone.
Activated osteoclasts are recruited to the bone surface and attach through
interactions with the �v�3 integrin receptor.259-261 This interaction is
crucial in the bone remodeling process; �3 integrin knockout mice
develop osteosclerosis due to the lack of functional osteoclasts.261-263

Osteoclasts acidify the local microenvironment at the bone–osteoclast
interface (resorption zone) and secrete several proteases such as MMPs
and cathepsin B, L, K, and S, which are used to degrade components of
the ECM. The most abundant protease expressed by osteoclasts is
cathepsin K which targets type I collagen.264,265 Whereas cathepsin K
seems to be the prevalent protease in solubilization of the bone matrix,
several MMPs have also been implicated in the proteolysis of bone.266-271

Interestingly, osteoclast-secreted MMPs, MMP-9, -10, -12, and -14, do
not contribute significantly to bone degradation, whereas MMP-13, an
osteoblast-secreted MMP with collagenase activity, can be recruited into
the resorption zone and degrade bone.272 In addition to bone proteolysis,
several MMPs have been implicated in the regulation of osteoclast
signaling, migration, and invasion.269,271,273,274 The osteoclastogenesis
regulation through cathepsin and MMPs is tightly controlled through a
complex network of cytokines and receptors in interaction within bone
stroma. In particular, stromal expression of macrophage colony-stimulat-
ing factor (M-CSF) and the receptor activator of NF�B ligand (RANKL)
are necessary and sufficient to induce osteoclastogenesis in vivo and in
vitro.275,276 M-CSF, through binding to its receptor c-Fms, acts as a
survival factor for osteoclast precursor cells, allowing them to respond to
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inducers of osteoclastogenesis.277 Expression of membrane-bound
RANKL is induced in stromal cells and osteoblasts by various stimuli,
including parathyroid hormone (PTH), PTH related protein (PTHrP),
calcitriol, tumor necrosis factor-� (TNF-�), glucocorticoids, prostaglan-
din E2 (PGE2), IL-1, IL-11, bFGF, and IGF-1.278-280 Binding of RANKL
to its membrane receptor RANK on osteoclast precursors activates
inhibitor of NF�B kinase (IKK), c-Jun N-terminal kinase (JNK), p38,
extracellular signal-regulated kinase (ERK), and Src signaling pathways
that cooperate to induce the differentiation of hematopoietic progenitors
into mature osteoclasts.281,282 Mice with homozygous deletions in either
RANKL or RANK have no functional osteoclasts and develop severe
osteopetrosis,272,282,283 demonstrating the critical importance of the
RANKL/RANK interaction in osteoclastogenesis. Another osteoclast
regulator is osteoprotegerin (OPG), a member of the Tumor Necrosis
Factor receptor (TNF) superfamily that is secreted by osteoblasts and
other bone stromal cells and suppresses osteoclastogenesis by competing
with RNAK for RNAKL binding.284,285 Consistent with this, OPG-
deficient mice exhibit decreased bone density due to increased osteoclast
activity.286,287

Participation of Bone Microenvironment in Cancer
Bone Metastasis

Bone is one of the most favored sites of solid tumor metastasis,
indicating that the bone microenvironment provides a fertile soil for the
growth of many human tumors. In fact, patients with the most common
solid tumors, such as breast, lung, and prostate carcinomas, may have the
major portion of the tumor burden present in bone at death. Typical
clinical presentations include pain, spinal cord compression, and patho-
logic fractures.288 Pain is usually the first symptom and results from
mechanical or chemical stimulation of pain receptors in the periosteum/
endosteum by the growing tumor mass. Spinal cord compression results
from expanding extradural tumor growth, spinal angulation secondary to
vertebral collapse, or dislocation of the vertebra after pathologic fracture.
Back pain, motor weakness, sensory loss, and autonomic dysfunction all
are common symptoms of spinal cord compression. Pathologic fractures
occur as a result of the tumor mass weakening the bone and are associated
with both osteolytic and osteoblastic bone lesions.288,289

Bone metastases can be categorized into three distinct phenotypes:
osteolytic, osteoblastic, and mixed lesions containing elements of both.290

Patients with advanced bone metastases from primary breast cancer or
prostate cancer eventually develop a mixture of both osteoblastic and
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osteoclastic lesions to provide cancer cells a better environment for
survival. For example, in breast cancer bone metastasis, the majority of
bone lesions in patients are osteolytic, whereas approximately 15% to
30% are osteoblastic reactions. Similarly, prostate cancer shows higher
osteoblastic reaction with some degrees of osteolytic reaction in bone
metastasis patients.290,291 These phenotypes reflect the perturbation of
normal bone remodeling processes by the presence of tumor cells. This
suggests that the pathology of each type of lesion is not static; rather, the
observed phenotype in each metastatic lesion results from a shift in the
dynamic equilibrium of normal bone remodeling.

The progression of prostate cancer from the androgen-dependent to
androgen-independent and bone metastatic state is considered a poor and
generally a more rapidly lethal prognosis. To understand the molecular
basis of disease progression and develop rational new therapeutic ap-
proaches for targeting prostate cancer bone metastasis, we must first
understand the multi-step processes that lead to prostate cancer metastasis
to bone. As depicted in Fig 3, at the site of primary cell growth we expect
prostate cancer cells to interact with prostate stromal cells and gain the
ability to extravasate into the bloodstream. In the blood, prostate cancer
cells are expected to survive and move as an embolus before adhering to
bone marrow-associated endothelial cells. The attachment and interaction
of prostate cancer cells to marrow endothelial ECMs could activate the
invasive properties of prostate cancer cells and allow their extravasation
into the marrow space. At the final step of this progression, prostate
cancer cells interact directly with bone stromal fibroblasts, osteoblasts and
osteoclasts through a series of soluble factors (eg, RANKL) via cell
surface receptor (eg, RANK) to survive, proliferate, migrate, and invade
and eventually replace the bone marrow components. Recent studies of
cancer metastasis demonstrated that chemokines released by bone stromal
cells induce cancer cells migrate to the bone area, such as the CXCL12-
CCR4 interaction in breast cancer bone metastasis models.292 It also
merges the idea that self-seeding of cancer cells in bone induces the
colonization of cancer cells in the distant region.293 To sum up the seed
and soil and self-seeding hypotheses, the first group of cancer cells
migrates to many distant organs and later either die out or leave due to
immune surveillance or environmental restrictions; however, those cells
that do manage to interact with the target organ, such as bone, could
introduce permanent changes in those microenvironments to serve as
“fertilized” soil and also release chemokines leading cancer cells to such
good environments at later stages of cancer development. Those cancer
cells that do survive the process would find themselves in a more
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welcoming microenvironment which the pioneer cancer cells contributed
to. This coevolution of cancer cells and stroma that creates such
microenvironments may be reflected by the presence of tumor and
stroma-specific gene expression patterns.25,38,68,294,295 To understand the
cellular and molecular basis of the prostate cancer bone–stroma interac-
tion, it is essential to delineate how the soluble growth factors and
extracellular matrices participate reciprocally in the progression of
prostate cancer toward androgen independence and bone metastasis.

Using a human prostate cancer coculture model, our laboratory has
obtained evidence suggesting that nonrandom genetic changes occur in

FIG 3. Prostate cancer bone metastasis initiated from EMT under the influence of signals from
prostate cancer microenvironments. These factors can be released from many different cells in
cancer associated microenvironment and together of these factors induce cancer cells epithelial
to mesenchymal transition (MET). Cancer cells EMT induce cancer independently to its
microenvironment and intravasation, migrate through blood vessel, anchored to specific
endothelial markers and extravasation to the favor organs. Mesenchymal to epithelial transition
of cancer epithelial cells induce cancer cells permanently reside to the new microenvironment
and interact to the new neighbor cells in order for them to survive. These interaction induce new
factors released from the stromal cells for cancer cells proliferation, survival, and invasion in
these microenvironment. (Color version of figure is available online.)
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the human bone stromal cell line MG-63, after coculture with the human
androgen-independent prostate cancer cell line C4 to 2 (a lineage-derived
LNCaP subline with growth and metastatic potential to lymph node and
bone when injected subcutaneously or orthotopically in castrated mice)
under 3-D conditions. The 3-D model is valuable for the evaluation of
tumor-stroma interaction in vitro. The participation of stroma in tumor
growth and progression suggests that when prostate cancer metastasizes
to bone, there are complex and reciprocal cellular interactions between
populations of tumor and host bone cells.

Vicious Cycle Between Cancer and Bone Stroma
Whereas clinical human prostate cancer is predominantly osteoblastic,

the established human prostate human cancer cell lines inoculated and
grown in the bone of immune compromised mice yield both osteoblastic
and osteolytic lesions. Apparently, prostate cancer cells can participate in
the process of bone turnover by exhibiting properties similar to osteo-
blasts, the so-called “osteomimetic” properties of prostate cancer cells we
reported earlier.56,255 Much evidence supports this interesting phenotype
of prostate cancer cells, in which they behave like osteoblasts. Prostate
cancer cells express both soluble and membrane-bound RANK ligands,
and were shown to participate directly in osteoclastogenesis.285,296

Prostate cancer cells expressed a number of noncollagenous bone matrix
proteins, such as osteocalcin, osteopontin, osteonectin, bone sialoprotein,
alkaline phosphatase, and a key transcription factor, Runx 2 (cbfa1), that
controls the transcription of osteocalcin and collagenous-3.297,298 In
addition, on exposure to mineralizing cell culture conditions, prostate
cancer cells have been shown to form bona fide mineralized bone crystals
as detected under electron microscope. These observations raise the
possibility that soluble and/or matrix-associated molecules may be
responsible for signaling between prostate cancer and bone stromal cells.
Since bone-homing prostate cancer cells seek to adhere, colonize, and
survive in bone, it is of pivotal importance to find out how prostate tumor
and bone cells interact, with the hope of identifying novel therapeutic
targets for the treatment of prostate cancer bone metastasis. One attractive
hypothesis is that prostate cancer cells may behave like osteoblasts and
functionally participate in bone turnover. By markedly increasing the
basal rate of bone turnover, they may further enhance prostate cancer cell
colonization in bone.299,300 This hypothesis is supported by some clinical
observations where bisphosphonates, an effective class of agents that
slow down or inhibit bone resorption, have been shown to reduce cancer
cell colonization in experimental models of prostate and breast can-
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cers.301,302 In men harboring prostate cancer, there is evidence that
increased bone resorption occurs on castration. Whether these changes in
bone turnover subsequent to hormonal manipulation or bisphosphonate
treatment after prostate cancer cell colonization in bone affect the natural
history of prostate cancer progression should be the subject of future
thorough investigation.

Factors Driving the Vicious Cycle Between Breast or
Prostate Cancer and Bone Cells

Guise303 and Mundy304 presented the concept of a vicious cycle
involving TGF� produced by bone cells that promotes the production of
PTHrP by tumor cells, which in turn stimulates bone turnover by
enhancing osteolytic reaction in the bone. Increased release of TGF�
could result from rapid bone turnover and this triggers more PTHrP
production by cancer cells. The production of PTHrP by tumor cells will
induce osteolytic cells to express an increased level of RANK ligands.
The increased RANK ligands will help promote osteoclast formation/
activation and subsequently increase bone resorption. The enhanced
resorptive process by osteoblasts and osteoclasts leads to “bone pitting”
and subsequent colonization by breast cancer cells in the skeleton, and
associated bone destruction often observed in breast cancer patients. It is
likely that the similar proposed “vicious cycle” between TGF�, PTHrP,
RANK ligands and osteolytic breast cancer cells could also occur in
prostate cancer. Interrupting the vicious cycle in breast cancer models
using anti-PTHrP antibodies or osteoprogerin (OPG) has been shown to
reduce colonization of breast cancer metastasis to bone and prevent
prostate cancer growth in the skeleton.305,306

Patients with advanced prostate cancer bone metastases often have
androgen-independent prostate cancer (AIPC) and are hormone refrac-
tory, hence bone-associated growth factors and cytokines preferentially
stimulate the growth of hormonally independent prostate cancer cells.
Several factors are regulated by prostate cancer in the bone, such as
bFGF, IGF, PDGF, EGF, and TGF-�,62,255,307 which can reciprocally
regulate prostate cancer invasion and survival in bone microenviron-
ment.255 However, some bone growth factors, such as TGF-�, can inhibit
or stimulate the growth of prostate cancer cells, depending on their
phenotype.289 Other factors, such as CXCL12, may synergize the mito-
genic effect of other growth factors, which suggests CXCL12 and its
receptor (CXCR4) may play a role as prostate cancer bone metastasis
homing signals.308 The level of CXCR4 increases with the malignancy of
prostate cancer cell lines by both RT-PCR and Western blot analysis, and
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increased expression of CXCR4 also increased spreading to bone in
animal studies. An in vitro study of cellular spreading in basement
membrane indicates that spreading can be inhibited by CXCR4 antibody.
These findings suggest that chemokine and its receptor could also be
important in prostate cancer bone metastasis.

Cancer Therapy and the Response of Stroma:
Cotargeting Both Tumor and Stroma

Radiation Therapy and the Response of the
Microenvironment

Radiation therapy for cancer patients depends on killing cancer cells but
not normal tissues. It is a widely used treatment for cancer, with over half
of all cancer patients receiving radiation therapy during their course of
treatment.309 Recent experimental protocols for treating cancer combine
cytotoxic chemotherapeutic agents with radiation.310 The cytotoxicity of
chemotherapeutic agents, however, is not limited to tumor cells because
treatment of tumors with these agents can result in significant normal
tissue toxicity. We will separate the discussion of the stromal effects of
radiation and chemotherapy into two parts. The first part will mainly
focus on ionizing radiation (IR) to the stromal compartment and the
second will discuss stromal effects in chemotherapy.

IR kills cancer cells through many multicellular effects, indicating that
other mechanisms than IR-caused DNA damage contribute to therapeutic
response. In an intact organism, all cells are subject to complex regulatory
mechanisms that depend on their interactions with other cells and cellular
products that comprise their microenvironment. Therefore, the effects of
IR should not just be considered in terms of isolated cells, but rather the
entire tissue has a role in determining the response of any individual cell
to regulatory or damaging signals. Once cells are exposed to radiation,
DNA damage induces a stress response through activation or repression
of distinct target proteins that primarily function to facilitate DNA repair
and prevent the proliferation of damaged cells. Similar to the stress
response program within cells, IR induces a multicellular program that
orchestrates a response to damage at the tissue level. Such programs are
executed by soluble signals such as cytokines, growth factors, and
chemokines, which function on the stroma to modulate cell behaviors and
phenotypes. IR can elicit an “activated” phenotype in some cells that
promotes rapid, persistent stromal remodeling of the ECM. Remodeling
of the ECM occurs through the induction of proteases and growth factors,
and the chronic production of reactive oxygen species (ROS). Tissue
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responses to IR seem to be directed toward limiting damage, inducing
repair, and restoring tissue homeostasis. However, as with most tissue
processes, this response can be disrupted by high doses of radiation,
preexisting conditions such as previous exposure, and the genetic features
of the individual.

IR damages both the tissue microenvironment and tumor/target cells,
and each of these components has a different effect on tissue homeostasis.
In target cells such as epithelial and hematopoietic stem cells, IR activates
cell-cycle checkpoints and apoptotic programs. When these processes are
ineffective and target cells survive, they can propagate chromosome
abnormalities and mutations that lead to tumorigenesis. Concomitantly,
cells in the microenvironment, such as fibroblasts and immune cells,
respond to IR by altering their production of soluble growth factors,
cytokines, ROS, and extracellular matrix proteins. These signals normally
have effects on damaged target cells to limit neoplastic potential.
However, alterations in these activities can promote tumor formation
through the pathways such as permanent arrest in an activated state that
continually generates growth factors and ROS, affecting the function of
normal epithelial cells and hematopoietic stem cells and facilitating
tumorigenesis by cells carrying genetic alterations. These signals from the
microenvironment can persist for long periods and contribute additional
damage which promotes malignant phenotypes.

In determining how the microenvironment is altered by IR exposure, one
must consider how energy interacts with biological matter. The two primary
mechanisms are direct effects, owing to deposition of energy within a
macromolecule, and indirect effects, the interaction of energy with water to
produce ROS. Indirect effects cause 60% of the damage from IR. The
probability that IR functions on a sufficient number of similar proteins to
elicit a biological response is very small. By contrast, the effects of ROS
generation are rapidly amplified through their interactions with lipids,
membranes and oxygen. In addition to their self-amplification, ROS are
probably crucial mediators of changes in the microenvironment, because
many proteins have built-in sensors for oxidative stress. So when an
organism is exposed to IR, direct macromolecular damage might be dealt
with quickly by tagging proteins for degradation by proteosomes, or by
repairing DNA molecules, whereas indirect action through ROS can itself be
a signal, can be amplified, and can be persistent.

The Response of Tumor Microenvironment to Ionizing Radiation.
Cells from the microenvironment can regulate the parenchyma by
cell–cell contact with target cells and/or by secreting regulatory mole-
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cules (such as hormone or cytokines around the microenvironment) that
stimulate or inhibit target-cell proliferation and differentiation. IR also
induced many cytokines in the surrounding tissues, such as epidermal
growth factor,311 pro-inflammatory growth factor,312 and fibroblast
growth factor.313 Furthermore, activation of TGF� is an early and
persistent event in tissues that have been exposed to both high and low
doses of IR.314-316 TGF�1 is secreted in a latent complex317 that is widely
distributed throughout the microenvironment. A protein redox switch
activates latent TGF�1, allowing it to function as an extra-cellular sensor
of oxidative stress.318 In addition to its role in homeostatic growth
control, TGF� has a more complex role in regulating tissue responses to
damage, the failure of which could contribute to the development of
cancer. The most intriguing of the recent mouse models of TGF� function
is a fibroblast-specific conditional knockout of TGF� signaling created by
Moses and colleagues. Mice with a fibroblast-specific knockout of the
TGF� type II receptor rapidly develop epithelial tumors.319 The devel-
opment of intraepithelial neoplasia in prostate tissues and invasive
squamous-cell carcinoma of the forestomach were accompanied by an
increased abundance of stromal cells. The authors suggest that this is
partly owing to the dysregulation of hepatocyte growth factor production,
but it is clear that TGF� signaling functions both directly and indirectly
to suppress tumorigenesis. Furthermore, studies using Tgf�1-knockout
mice have shown that IR-induced epithelial apoptosis and phosphoryla-
tion of p53 are severely compromised.320 This indicates that radiation-
induced extracellular signaling has a direct and crucial impact on the
cellular response to DNA damage.

Studies of irradiated tissues have shown that the stem-cell compartment is
most sensitive to damage, as shown by the selective apoptosis of these cells
in response to IR.321 It has been postulated that this mechanism might serve
to eliminate potentially neoplastic cells from the organism. However, in some
tissues there is a regenerative recruitment of progenitor cells to re-establish
the stem-cell compartment. How does the irradiated microenvironment
contribute to the regulation of stem cells? In the intestine, TGF� concentra-
tions have been observed to increase in the proliferative zone where stem
cells reside,322 and this cytokine has been postulated to regulate the exit of
cells in the intestinal crypt from the cell cycle and their subsequent
differentiation.323 Furthermore, treatment of the intestine with TGF�3
reduces cell loss in the sensitive stem-cell compartment following irradia-
tion.324 These data indicate that one function of radiation-induced TGF� is to
protect the stem-cell compartment. However, the effects of IR on the normal
tissue microenvironment limit the radiation dose that can be applied to
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tumors. Several experimental models, however, support the concept that
IR-mediated toxicity might be decreased by limiting TGF� signaling. Studies
in rodents have shown that inhibition of TGF� signaling can limit the amount
of IR-induced damage that occurs in normal tissues.325-327 Limiting the
predominantly stromal production of TGF� during radiotherapy seems to
block the deleterious cytokine cascades that stimulate inflammation and
stromal remodeling.328

Chemotherapy and the Response of the
Microenvironment

Since Farber and coworkers first demonstrated the antitumor activity of
aminopterin (4-aminopteroyl-glutamic acid) in 1948, much effort has
been spent on developing effective cancer chemotherapeutic agents.
However, curative or survival benefits have been achieved only in a few
selected tumor types.329 Clinical drug resistance remains a major problem
in most cancers, especially in adult solid tumors. Recent cell culture
studies have defined three genetic mechanisms of drug resistance: (1)
activation and/or overexpression of cell membrane drug efflux transport-
ers, such as p-glycoprotein and other ATP-binding cassette transporter or
multi-drug resistance-associated proteins, breast cancer resistance pro-
tein, and lung resistance-related protein330-335; (2) altered expression or
activation of detoxifying enzymes such as glutathione S transferase,336,337

or quantitative or qualitative alterations of drug targets338-342; and (3)
defects in apoptosis regulatory proteins.343-345 Despite promising preclin-
ical data indicating therapeutic advantages to reversing these genetic
resistance mechanisms, the clinical results of these experimental ap-
proaches have often been disappointing.346 In this regard, there is
growing evidence suggesting that epigenetic factors or proteins present in
the tumor microenvironment also play important roles in clinical drug
resistance.

An outstanding study by Teicher and coworkers347 showed that repeat-
edly treating mice bearing mammary tumors with alkylating agents over
a 6-month period produced drug resistant tumor phenotype subclones
which showed cross-resistance to alkylating agents when implanted in
other recipient mice. They further showed that this acquired resistance
was exhibited only in vivo and not in tissue culture dishes of the single
tumor cell culture,348 which suggests that some factor(s) in the microen-
vironment mediated the expression of the drug resistant phenotype.
Subsequent work has identified a number of soluble factors in the
extracellular environment that can influence tumor chemoresistance.
These factors, such as cytokines (GM-CSF, GMSF, IL-6, VEGF, nitric
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oxide, and TGF-�), have been implicated in negatively regulating drug
response.349-352

Recent studies have accumulated enough evidence to indicate that the
tumor microenvironment’s growth factors, cytokines, cell–cell and cell–
matrix adhesion molecules, hypoxia, and stromal cells also protect tumors
from therapeutic intervention. These influences may take place in soluble
or contact forms. The soluble form involves production and secretion of
certain factors by stromal cells contained in the tumor microenvironment.
These soluble factors are then able to bind to cell surface receptors and
influence tumor behavior. For example, a series of interleukins are
produced and secreted by stromal cells of the bone marrow. These
cytokine transducers signal by binding surface receptors and affect
proliferation, differentiation, and tumor cell survival. In some cases,
interleukins prevent stress-induced apoptosis, which may include drug-
induced apoptosis. One particular interleukin, interleukin-6 (IL-6), is able
to prevent apoptosis induced by either Fas or drugs.353,354

Recently, IL-6 has been implicated in the resistance of myeloma cells to
a variety of apoptotic stimuli including cross-linking of the TNF-R family
death receptor Fas (CD-95), as well as chemotherapeutic drugs.355-357 It
has been shown that IL-6, produced and secreted primarily by bone
marrow stromal cells, is an essential cytokine involved in the growth and
survival of myeloma cells.358,359 In 1992, Lotem and Sachs reported that
IL-6 and other growth factors, such as granulocyte macrophage colony-
stimulating factor, inhibit apoptosis induced by several chemotherapeutic
drugs.350 In addition, IL-6 has been reported to prevent apoptosis induced
by dexamethasone, vitamin D3, and Fas agonistic antibodies.356,360-362

The signaling pathway by which IL-6 prevents apoptosis and induces cell
proliferation has only recently been elucidated. IL-6 activation requires
binding to IL-6 receptor (IL-6R) composed of 80- and 130-kDa subunits,
the � and � subunits, respectively. Following binding of IL-6 to the �
subunit, the � subunit then hetero-dimerizes with the � subunit and
subsequently the � subunit homo-dimerizes and stimulates signal trans-
duction pathways.363 Substantial evidence now exists demonstrating that
the proliferation effects of IL-6 may be independent of the cell survival
effects. This dissociation of the proliferative effects of IL-6 vis-à-vis the
antiapoptotic effects may be important for therapeutic manipulation of
IL-6 and drug-induced apoptosis. For example, blocking IL-6 binding to
the IL-6R� will likely block both the proliferative and antiapoptotic
effects of IL-6, and it may be necessary to interrupt only the downstream
signaling events associated with antiapoptosis to enhance cytotoxic drug
effects. After binding to the IL-6R� and homodimerization of the �
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subunits, the signal transducing component of this receptor, two major
pathways are activated: (1) the JAK/STAT pathway; and (2) ras and
subsequently the MAPK cascade.364 One of the MAPK pathways
activated by the IL-6 receptor involves the stress-activated protein kinase
(SAPK). It was shown that IL-6 inhibited Fas-induced apoptosis by
inhibiting the JNK/SAPK and P38 MAPK pathways that were associated
with Fas.355,365

Another explanation as to how IL-6 blocks apoptosis may be the
activation of the JAK/STAT pathway, in particular the JAK2/STAT3
pathway.365-367 Recent evidence has shown that IL-6 signaling results in
STAT3 dimerization, which in turn upregulates the antiapoptotic protein,
Bcl-xL. Tu and coworkers showed in both myeloma cell lines and human
myeloma specimens that expression of Bcl-sL correlated with resistance
to chemotherapy.368 Schwarze and Hawley, using a mouse myeloma
model, showed that aiIL-6 mediated suppression of apoptosis in IL-6-
dependent B9 cells involved induction of endogenous Bcl-xL expression
but not Bcl-2.369 In this study, Catlett-Falcone and colleagues showed
that IL-6 receptor signaling resulted in elevated levels of activated
STAT3, which in turn increased levels of Bcl-xL. These investigators
conclusively demonstrated that IL-6 activation of STAT3 was necessary
to block Fas-induced apoptosis by interrupting STAT signaling at two
different levels: (1) by inhibiting JAK2 phosphorylation using the
tyrphostin, AG490; and (2) by using the naturally occurring dominant-
negative STAT3� gene. Both approaches blocked the STAT3 pathway,
resulting in reduced Bl-xL mRNA and protein levels, and reversed
resistance to Gas-mediated apoptosis. These studies indicate that both the
SAPK pathway and the JAK/STAT pathway are involved in preventing
Fas-induced apoptosis. It remains to be determined whether one or both
pathways are involved in preventing drug-induced apoptosis, but blocking
IL-6 signaling may enhance drug activity. Agents that block JAK
phosphorylation and activation of STAT, such as the tryphostin AG-490,
may be effective in enhancing cytotoxic drug activity or preventing the
emergence of drug resistance. Similarly, agents that reduce STAT3
binding to DNA may reduce the expression of Bcl-xL and thereby
enhance drug response. A genetic approach using the dominant negative
gene, STAT3�, may be analogous to using wild-type P53 gene transfer to
enhance apoptosis and drug sensitivity.

In contrast to the soluble factors, the insoluble part of the tumor
microenvironment may also influence tumor cell behavior by direct
contact. Tumor cells may adhere to other cells or components of the
extracellular matrix (ECM) making up the tumor microenvironment.
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Adhesive interactions between cells or cells and ECM can regulate
apoptosis and cell survival in a wide variety of cell types. Durand and
Sutherland were among the first to describe how intercellular interactions
contribute to tumor cell survival during exposure to cytotoxic stresses
such as radiation.370 Similarly, tumor cell adhesion may influence cell
survival and prevent drug-induced apoptosis. It has been well documented
that certain drug-resistance mechanisms may only be functional in vivo,
where tumor cells are able to interact with environmental factors such as
ECM and cellular-counter receptors.370 As mentioned above, Teicher and
coworkers showed that mammary tumors resistant to alkylating agents in
vivo were sensitized to chemotherapeutic drugs once the tumor cells were
removed from the animal.347 St. Croix demonstrated that adhesive
interactions between some cell types could confer drug resistance.371

Using EMT-6 mouse mammary tumor cells, St. Croix and coworkers
found that when cells were grown as tightly adherent spheroids the tumor
cells had a higher fraction in G1 phase and were more resistant to drugs
and radiation than when cells were grown as a monolayer.371 Although
the cell surface molecules mediating this type of kinetic resistance were
not identified, studies showed that when mouse tumor cells were gown as
spheroids compared with monolayers, cells grew slower and expressed
higher levels of the cyclin-dependent kinase inhibitor, p27ktp1. Using an
antisense approach, these investigators were able to demonstrate a causal
relationship between elevated levels of p27kip1 and drug resistance. This
study shows that identifying how cells communicate and regulate expres-
sion of p27kip1 may have important implications for cancer chemother-
apy. Further, it establishes p27kip1 as a new target to enhance cytotoxic
drug activity and perhaps prevent drug resistance.

Recent studies in myeloma cells demonstrated that integrins also are
important in mediating resistance to drug-induced apoptosis.372-374 Ex-
perimental evidence has implicated the �1 integrin and fibronectin
interaction in apoptotic suppression and tumor cell survival.374 Several
studies demonstrated that stress induced Bcl-2 antiapoptotic signaling
pathway through �v�1 and fibronectin interaction, the anti-�1 antibodies
or antisense oligonucleotides enhanced apoptosis process.375,376 Damiano
and coworkers showed that integrins such as �v�1 or �5�1 are major
receptors in response to drug resistance in a myeloma cell line.372,373

These studies showed that when drug-sensitive myeloma cells expressed
receptors to fibronectin and adhered to fibronectin, they became relatively
resistant to the apoptotic effects of chemotherapy agents such as doxo-
rubicin and melphalan. This integrin-induced drug resistance in cancer
was also shown in solid tumors in a recent study of small cell lung cancer
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(SCLC) demonstrating that the levels of collagen IV, fibronectin, and
tenascin were elevated in most sections of SCLC that protect SCLC cells
from chemotherapy-induced apoptosis.377 Importantly, incubation with a
function-blocking integrin �1 antibody or with protein tyrosine kinase
inhibitors could inhibit these effects, demonstrating that apoptosis resis-
tance was mediated through binding of the integrins by the ECM and
implicating tyrosine phosphorylation downstream of integrin activation.

It is still unclear what signaling pathways are activated by ECM in response
to drug resistance, but tissue architecture may be crucial in mediating
apoptosis resistance. Weaver and coworkers showed that reconstituted
basement membrane can lead to the formation of polarized structures which
are essential in protecting these cells from chemotherapy-induced
apoptosis in a breast cancer cell model.378 Cell polarity resulting from the
interaction of the basement membrane molecules in conditions where
polarity could not be induced did not lead to resistance. As a clue to
possible downstream signals that may result from these interactions,
chemoresistance was accompanied by NF-kB activation, a transcription
factor that has been involved in mediating survival signals.379 Similarly,
myeloma cells strongly induced NF-kB when adhered to the ECM
component fibronectin, a treatment known to promote drug resistance.380

Experimental evidence has defined some of the resistance mechanisms,
leading to the development of innovative approaches aiming at specific
targets. Interactions between tumor and microenvironment-derived fac-
tors affect chemosensitivity or chemoresistance in two ways. First, these
factors can modulate each other and act cooperatively on several levels,
eg, regulation of expression of factors to induce environmental remodel-
ing, cooperative activation between adhesion molecules and receptor
tyrosine kinases, and cross-talk between downstream signaling pathways.
Growth factors and cytokines can also change in adhesion molecules, and
cell–cell or cell–matrix adhesion promoting expression of survival-
conferring soluble factors. Interaction between adhesion molecules and
receptor tyrosine kinases on the cell membrane regulate the downstream
signaling pathways and cell survival in multiple experimental mod-
els.153,374,380,381 In addition, N-cadhesin, which is upregulated to replace
E-cadherin during EMT, is able to activate or augment the signaling of the
stromal cell factors, such as the FGF system. Simultaneous upregulation
of adhesion molecules and FGFR3 in tumor tissues obtained from
advanced lung cancer patients after chemotherapy further suggests a
common response of tumor- and microenvironment-derived factors to
cytotoxic insults. Individual factors may also have direct and indirect
effects on multiple levels. For example, in addition to triggering the
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protective mechanisms in hypoxic cells, hypoxia initiates environment
change by regulating the expression of certain growth factors, matrix
components, and adhesion molecules, and thereby protects hypoxic tumor
cells as well as the neighboring nonhypoxic cells from stress. These
various interactions often confer survival advantage to tumor cells.

Second, there is a high degree of redundancy between the intracellular
signaling pathways activated by receptors and adhesion molecules. Cross-
talk between these pathways regulates the intensity and duration of the
activation and plays a critical role in signaling differentiation. An example is
the redundant intracellular signaling pathways of integrins and growth
factors. The effects of redundant signaling are twofold. The activation of one
factor can compensate for the blocking of the activation of the second factor,
eg, EGF-mediated protection is attenuated when cells are adherent to
extracellular matrix components. Furthermore, the redundant signaling pro-
vides more robust protection, making it more difficult to overcome the
survival advantage by blocking only a single target.

Laboratory and Clinical Observations
Because prostate cancer growth is highly susceptible to tumor–micro-

environment interaction and experimentally can be promoted by stroma
fibroblasts, it is reasonable to think that control of prostate tumor growth
might be optimized by cotargeting both tumor and stroma. To explore this
concept, we designed studies coculturing prostate cancer cells and bone
stroma in vitro, establishing chimeric tumor models consisting of human
prostate cancer cells and bone stroma. By introducing a “bystander”
therapeutic gene, herpes simplex thymidine kinase (hsv-TK), to stromal
cells only, we observed effective cell kill in tumor epithelium in vitro and
shrinkage of tumor size in vivo on addition of a pro-drug, ganciclovir
(GCV). Since there were no identifiable gap junctions between prostate
tumor cells and bone stroma under the electron microscope, we concluded
that there must be metabolic cooperation between tumor epithelium and
bone stroma mediated by soluble factors and extracellular matrices. By
interrupting this communication, and targeting both tumor and stroma,
tumor growth and survival may be adversely affected. Conceptually,
cotargeting tumor and stroma in prostate cancer bone metastasis is a
rational approach to the vicious cycle constantly operating between tumor
and stroma. Directly inducing cell-kill of tumor epithelium and starving
cancer cells by disrupting tumor interaction with the stromal compartment
could achieve the best possible tumor regression.

In our laboratory, we cotargeted tumor and stroma using an
adenoviral vector in which therapeutic gene expression was controlled
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by a tissue-specific and tumor restrictive promoter, such as osteocal-
cin, osteonectin, or bone sialoprotein. These have been shown to be
highly effective in inducing long-term tumor regression, and even
some cure in preestablished tumor in the skeleton, with administration
of the adenovirus through the intravenous route.382-384 This concept of
bone targeting to improve therapeutic effects has received clinical
support. Tu and colleagues213 reported a significant prolongation of
patient survival by targeting bone with strontium 89 and prostate
tumors with chemotherapy.

Molecular Therapy Cotargeting Both Tumor and Stroma
The bone microenvironment was depicted by Paget over a century ago

as a specialized “soil” that favors the metastasis of certain selective
cancer cell types (“seed”).385 Although the precise mechanism by which
cancer cells home to bone is still unknown, several attractive ideas and
hypotheses have been proposed. Bone must express certain chemoattrac-
tants that selectively retain circulating cancer cells, and cancer cells must
express cognate ligands or receptors allowing them to attach to bone
marrow-associated endothelial cells, marrow stromal cells or osteoblasts,
and/or respond to bone-derived growth factors, cytokines/chemokines, or
extracellular matrices. To metastasize to bone, cancer cells must be able
to survive hostile circulatory compartments, including the blood and
lymphatic channels. The mere detection of cancer cells in blood or
marrow stromal compartments may not reflect the vitality of cancer cells.
Solakoglu and coworkers386 demonstrated that 81% of prostate cancer
patients showed cytokeratin-postive tumor cells in their bone marrow.

From our use of prostate cancer cell lines as a model to study
tumor–stroma interaction, we suggest that a switch of transcriptional
factors must occur during the pathogenesis of prostate cancer. This
biochemical switch could occur early, even when epithelial cells are still
in the primary, since even then the expression of bone-like proteins such
as osteocalcin, osteopontin, osteonectin, and bone sialoprotein was
detected. Considering how osteocalcin promoter in prostate cancer cells is
regulated, a vicious cycle could occur at the level of transcription factor
activation, wherein the coordinated activation of transcription factors by
known soluble factors and ECM-integrin signaling culminates in the
ability of prostate cancer cells to proliferate and survive in bone.
Numerous links have been established between the upregulation of
transcription factors such as Runx-2 and the potential alteration of cellular
behavior that could lead to increased cell growth and spread to bone.
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Runx-2 is a potent and specific transcription factor that controls
mesenchymal–epithelial interaction in tooth development.256 Apparently,
Runx-2 activation is controlled by soluble growth factors, and on
activation it can regulate soluble growth factor secretion, which ulti-
mately controls the growth and differentiation of enamel tooth epithelium.
Based on this and other published data, we proposed that activation of
similar transcription factors such as Runx-2 in prostate cancer cells could
potentially enhance prostate cancer cell invasion and migration through
the induction of collagenase (eg, collagenase 3) and other metalloprotein-
ases. The concomitant induction of Runx-2, collagenase 3, and other
growth and differentiation supportive factors could enhance prostate
cancer survival and invasion. Similarly, the activation of the �V�3 and
�2V�1 integrin-ECM pathways may promote outside-in signals that
result in enhanced cell migration and invasion.

We proposed earlier that prostate cancer metastasis to bone is not a
random process. It involves the specific recognition of cancer cells by
bone as “self” and the production of bone-like proteins by cancer cells.
The expression of bone-like proteins by prostate cancer cells may allow
them to adhere, proliferate, and survive in the bone microenvironment
and participate in certain normal functions of bone cells, ie, bone
resorption.

Cancer cells express a bone-like phenotype early, when they are still in
the primary lesion. This raises the possibility that the expression of
bone-like proteins by cancer cells and reactive stroma may serve as a
prognostic biomarker for prostate cancer bone metastasis and possibly as
a predictor for cancer survival. By combining the expression of bone-like
proteins and the stromal reaction to epithelium, it is possible that novel
molecular markers can be developed both at the gene expression and
genetic level. Although the role of bone-like protein is unclear now, it is
possible that the activation of these processes may occur at the transcrip-
tion level. Transcriptional factor switching could be of fundamental
importance in determining the phenotype of cancer cells and might
influence the extent of the vicious cycle between tumor cells and bone
stroma. It is possible that specific targeting of transcriptional factors could
have benefit as cancer therapy. Interrupting the activation of bone-like
proteins by in tumor epithelium and bone stroma may prevent prostate
cancer cell adherence, proliferation, and survival in bone.
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