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Final Report 

W81XWH-06-1-0229 
P.I., Sharron X. Lin, Ph.D. 

Investigating the Functional Role of Prostate-Specific Membrane Antigen and Its 
Enzymatic Activity in Prostate Cancer Metastasis 

Inclusive dates of support 1/31/2006—1/31/2009, unfunded extension to 10/31/2009 
 

 
INTRODUCTION 
 
PCa metastasis is a multi-step process that involves a variety of molecules affecting the severity 
of the disease and the response to treatments (1-3). Prostate-specific membrane antigen (PSMA) 
has been recognized as the single most well-established and highly restricted membrane antigen 
for PCa and its expression is upregulated approximately 10-fold in advanced stages of metastasis 
and in hormone-refractory PCa (4-13). These observations indicate the importance of PSMA in 
PCa and its application in targeted clinical treatments. Little is known about the functional role 
of PSMA in PCa progression. Previously, we demonstrated that expression of PSMA resulted in 
morphologically better-spreading cells with redistributed F-actin and beta-1 integrin. Those 
molecules are known to play key roles in cell adhesion and motility. Furthermore, we observed 
motility changes in cells with their PSMA enzymatic activity inhibited by specific anti-PSMA 
antibody. These findings suggest a potential role of PSMA in adhesion and migration, the critical 
processes during PCa metastasis. Currently, there is no effective treatment for advanced PCa. 
This proposed study is aimed to establish the role of PSMA and its enzymatic activity in PCa cell 
adhesion and migration which can be used to develop novel strategies for diagnosis and 
therapeutic treatment for human metastatic PCa. 
 
BODY 
 
With the funding of the grant, at the original institute (Weill Medical College of Cornell University), we 
have successfully accomplished the goals proposed in the task 1 and part of the task 2 of the original 
approved Statement of Work. In the new institute (Harvard Medical School/MGH), we have continued 
to carry out the proposed work in tasks 2-3 of the approved Statement of Work.  
 
 
A. Statement of Work (SOW) 
 
The specific tasks of this project are: 
 
Task 1. To characterize the effect of PSMA expression on PCa cell motility and migration  
 
Experiments are designed to test whether increased expression of PSMA in higher-grade cancer 
is the result of its role in regulating cell motility and migration during PCa metastasis. Changes 
in cell motility and migration will be measured by in vitro 2D and 3D migration assays. Results 
from these studies will directly indicate the function of PSMA in the particular stages during PCa 
progression.  
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Task 2. To determine whether the enzymatic activity of PSMA directly regulates the adhesion 
and migration of PCa cells 
 
Cell attachment, detachment and migration assays will be performed in the presence or absence 
of J415, a specific anti-PSMA antibody with measurable inhibitory effect on PSMA enzymatic 
activity. In addition, a possible link between PSMA enzymatic activity and integrin activity and 
function will be examined using J415 and P4C10, a functional inhibitory anti-integrin antibody. 
Demonstrating a connection between PSMA enzymatic activity and integrin activity will 
advance our understanding of the regulatory machinery controlling PCa metastasis. 
 
With this founding from the Department of Defense Prostate Cancer Research Program, we have 
achieved each of the proposed tasks during the course of this project. We have been able to (1) 
monitor PSMA expression in live PCa cells, (2) examine its function in cell adhesion, (3) 
establish its role in cell migration, (4) identify fibronetin as a specific extracellular matrix for 
enhanced PSAM-positive cell attachment, (5) determine the association of PSMA with integrin, 
a key signaling molecule known to controlling cancer progression and metastasis and (6) 
characterize PSMA enzymatic activity in regulating PCa cell attachment and migration, 
indicating its role in prostate cancer invasion and metastasis.  
 
 
B. Background and our previous studies 
 
PCa metastasis is a multi-step process that involves a variety of molecules affecting the severity 
of the disease and the response to treatments. Increased expression of prostate specific membrane 
antigen (PSMA) and its enzymatic activity in late-stage and metastatic prostate cancer (PCa) 
suggest it may play an important role in prostate cancer (PCa) progression. PSMA has been 
recognized as the single most well-established and highly restricted membrane antigen for PCa 
and its expression is upregulated approximately 10-fold in advanced stages of metastasis and in 
hormone-refractory PCa. These observations indicate the importance of PSMA in PCa and its 
application in targeted clinical treatments. Results from our study have identified and 
characterized the role of PSMA and its enzymatic activities in cell adhesion and migration, 
critical in PCa metastasis. 
 
In the recently years, PSMA related study has been one of the focuses for PCa related research. 
However, its role in PCa progress is yet to be illustrated. We believe that, one of the most critical 
approaches to identify the role of PSMA is to monitor and examine its role in live prostate caner 
cells. With this DOD founding, previously, we successfully generated several photo-stable 
fluorescent probes (Cy3, Cy5, Alexa488, Alexa546 and Alexa633)-conjugated anti-PSMA mAbs 
(J591 and J415) which directly against the extracellular epitopes of PSMA (14-16). We 
examined the binding characteristics of these conjugated antibodies and confirmed their 
unchanged binding properties to live PSMA-positive PCa cells (data shown in Figure 1). With 
these probes, we were able to monitor PSMA localization and determine its specific role in PCa 
cells as proposed in this study. 
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Figure 1.   Binding and 
uptake of Cy3-anti-
PSMA Antibody in PC3, 
PC3-PSMA and LNCaP 
cells. PC3 cells (A and 
D), PC3-PSMA cells (B 
and E) and LNCaP cells (C 
and F) were incubated 
with fluorescence-
conjugated anti-PSMA 
antibody Cy3-J591 for 5 
min. Cells were rinsed 
with PBS three times. Live 
cell images were 
immediately collected to 
view the Cy3-J591 

labeling (A, B and C). DIC (Differential Interference Contrast) images of the same fields are 
shown in D, E, and F, respectively. Bar=10µm.  Result: Specific labeling of anti-PSMA 
antibody (Cy3-J591) was observed in PSMA-positive PC3-PSMA cells and LNCaP cells but not 
in PSMA-negative PC3 cells. 
 
 
To perform live cell experiment, one of the major obstacles was to achieve a reduced PSMA 
expression for an extended time period.  We were able to establish a protocol to reach 
approximately 90% reduction of PSMA expression by transfecting siRNA against PSMA in 
LNCaP cells. More importantly, with further modification of this protocol, the reduced PSMA 
expression in LNCaP cells was maintained for up to 2 weeks. Although various factors were 
critical for the improvement of siRNA transfection, we found the type of lipid carrier used for 
the transfection was the most critical. We found Dharmafect3 (Dharmacon) was the most 
suitable lipid carrier for achieving the highest efficiency in a prolonged period time for PSMA 
reduction in PSMA-positive LNCaP cells. The results of our work are shown in Figure 2. 
 
Enhanced siRNA transfection efficiency would greatly help to achieve the goals proposed in this 
study. One of the most important accomplishments during the first period of the funding is that 
we were able to significantly increase the efficiency of transfection with siRNA of PSMA in 
LNCaP cells. We established a protocol that not only could achieve an approximately 90% 
reduction of PSMA expression in LNCaP, but also we were able to further develop a conditional 
medium to allow LNCaP cell to maintain the reduced PSMA expression for up to 2-weeks. 
Usually, the effect of transient transfection peaks at 3-5 days after transfection before losing its 
targeted effect. Achieving a significant reduction of PSMA expression and especially 
maintaining PSMA expression at a reduced level enabled us to perform the critical functional 
studies that otherwise won’t be possible. This improved protocol achieving high transfection 
efficiency will have a broader impact on basic prostate cancer research, since LNCaP cell is one 
of the most commonly cell model systems used for prostate cancer research.   
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Figure 2.  Reduction of PSMA expression 
in LNCaP cells by Transfection of siRNA to 
PSMA.  LNCaP cells were transfected with 
siRNA of PSMA by incubation with a mixture 
of siRNA and Dharmafect3 for 5 hrs before 
switching to growth medium (or medium  
containing 1/3 of the transfection mixture) for 
indicated period of times. (A), Cell lysate was 

collected after siRNA transfection for 1 week or 2 weeks and western blot analysis was 
performed to evaluate PSMA expression. Cell lysate from untransfected LNCaP cells were used 
as control for normal PSMA levels in LNCaP cells. The level of actin is show for normalization 
(shown in Figure 2A).  FACS analysis was conducted in cells transfected siRNA of PSMA for 3 
days with different amount of Dharmafect3 (2-10µl) and the levels of PSMA expression were 
plotted (shown in Figure 2B-C). In Figure 2D, PSMA-positive LNCaP cells were transfected 
with siRNA of PSMA for 3 days with Dharmafect3. Cells were then incubated with Cy3-
conjugated anti-PSMA antibody J591 before rinses.  The staining of J591 in control (a and c) and 
in siRNA of PSMA transfected cells (b and d) was observed. Panel c-d showed the phase images 
of the corresponding fluorescence staining in a-b, respectively.  Results: Significant reduction of 
PSMA expressions, approximately 90%, was achieved in LNCaP cells transfected with siRNA of 
PSMA. This reduction of PSMA expression lasted for prolonged period of time.  
 
To understand whether PSMA plays a role in cell attachment and motility, we tested cell 
adhesion property of PSMA-positive LNCaP cells and PSMA-negative PC3 cells on dishes 
coated with a range of different substrate materials including: uncoated coverslips without 
coating or coated with poly-D-lysine, BSA, ECM, fibronectin (FN) and collagen. PCa cell 
adhesion properties were characterized by examining the morphology of cells and the numbers 
of cells adhered onto various matrix-coated dishes. By analyzing cell spreading assay an 
approach previously used to examine the extent of cell adhesion (20), we found that LNCaP 
attachment was greatly enhanced in dishes coated with FN. Shortly after plating, most of the 
LNCaP cells were firmly attached onto the FN-coated dishes with well-spread morphology but 
not onto other extracellular matrices coated dishes. No significant differences in cell adhesion 

D 
 

a 
 

b 
 

c d 
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were observed in PC3 cells plated on dishes coated with any of the above extracellular matrices. 
These results are shown in Figure 3. 
 

 
Figure 3.  
Increased 
LNCaP 
adhesion 
was 
observed in 
dishes 
coated with 
fibronectin. 
PSMA-
positive 
LNCaP cells 
(A-H) and 
PSMA- 

 
 
negative PC3 cells (I-L) were plated onto triplicates of uncoated dishes (A, E, and I) or dishes 
coated with 2% BSA (B, F, and J), 10µg/ml extracellular matrix (ECM) (C, G and K) or 10µg/ml 
fibronectin (FN) (D, H and L). Cells were plated for 60 min without wash (A-D) or washed with 
serum free RPMI medium 3 times (E-L). After washes, all the inadherent cells were rinsed away, 
leaving only the adherent cells for imaging collection. Bar=20µm.  Results:  Morphologically 
better spreading LNCaP cells were observed on FN-coated dishes (D) but not of cells plated on 
uncoated dishes or dishes coated with either BSA or ECM (A-C, respectively). Enhanced cell 
attachment and higher number of LNCaP cells were observed on FN-coated dishes after washes 
(H) when limited numbers of cells were left on uncoated dishes (E) or on dishes coated with 
either BSA or ECM (F-G, respectively). No significant differences in cell morphology, 
attachment and cell number were observed of PSMA-negative PC3 cells plated on any of the 
matrix materials tested (I-L) with or without washes. 
 
 
These findings suggest a potential interaction between PSMA and specific extracellular matrix 
molecules. It is known that interactions between integrin and extracellular matrix play a critical 
role in promoting various cellular functions including cancer progression. In our study, we 
observed that, among several different extracellular matrices tested, the changes in PSMA-
positive PCa cell adhesion were most significant on dishes coated with human fibronectin (FN).  
Based on the fact that fibronectin is a specific ligand for integrin alpha5-beta1, our results, for 
the first time, suggested a potential interaction between PSMA and integrin, a key factor shown 
to regulate many types of cancer progression but yet to be linked in prostate cancer progression.  
Characterizing the PSMA-positive cell adhesion, especially identifying fibronectin as a specific 
matrix to enhance the adhesion of LNCaP cells further suggest the role of PSMA in cell 
attachment and motility. These results will be helpful to select the optimal condition for the 
adhesion and motility assays proposed in this study. 
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It is possible that PSMA expression directly regulates cell adhesion therefore to modulate PCa 
migration, using in vitro cell model systems and live-cell imaging methods, we characterized the 
role of PSMA in cell motility and adhesion. We demonstrated, using wound-healing assay, that 
PSMA expression reduced cell motility. We monitored and recorded live cells motility of PC3 
and PC3-PSMA and observed a significant decrease in the distance of cell migration in PC3 cells 
expressing PSMA. These data is shown in Figure 4. 

 
Figure 4.  Expression of PSMA in 
PC3 cells reduces its cell motility. 
PC3 and PC3 cells stably transfected 
with PSMA (PC3-PSMA) were 
grown to confluent monolayer before 
wounding. Cells were recovered for 1 
hour after wounding in regular growth 
medium and DIC images were 
collected after 6 hrs in growth 
medium (A-D). Images in C and D 
were at a higher (3X) magnification 
comparing to the images in A and B. 
The lines indicated the edges of 
wounded area and the arrows pointed 
to the direction of cell migration. 
Bar=20µ!. Result: Expression of 
PSMA in PC3 cells slows cell 
migration. 

 
Actin cytoskeleton network is one of the main components controlling cell motility and it was 
shown to interact directly with the integrin-mediated cell signaling pathway. To explore the 
molecular mechanism involved in PSMA regulated cell adhesion and migration, we also 
investigated if the down stream targets for the integrin-fibronectin signaling were affected. We 
found PSMA expression had a dramatic effect on the cellular cytoskeleton network with a 
redistribution of the actin filament. Furthermore, we observed a redistribution of talin, the 
intermediary that links integrin to the cytoskeleton.  These results are shown in Figure 5. 

 
Figure 5.  Redistribution 
of actin filament network 
in cells expressing 
PSMA.  PC3 cells (A-C 
and G) and PC3-PSMA 
cells (D-F and H) were 
fixed and stained with 
Alexa488-phalloidin (A 
and D) for actin network, 
anti-alpha5-beta1 antibody 
for integrin alpha5-beta1 
(B, E) and anti-talin 

antibody (G, H) for the distribution of talin. Fields C and F showed the merged images of A-B 



Page 10 

and C-D, respectively. Results: Expressing PSMA in PC3 cells altered actin-filament network, 
integrin molecules and talin from polarized distribution to a fragmented and non-polarized 
distribution.  
 
Together, the above observations (shown in Figure 3-5) provided the direct evidences for the 
potential role of PSMA in PCa cell adhesion and migration. Identifying fibronectin as a specific 
matrix to enhance the adhesion of LNCaP cells further imply the role of PSMA in attachment 
and cell motility. Our data suggested that PSMA regulate cell adhesion by its interaction with the 
integrin signaling pathways and the actin cytoskeleton. This finding pointed to a new direction 
for the role of PSMA in prostate cancer progression and may lead to the development of new and 
targeted treatments for PCa patients.  
 
C. Results 
 
In this proposed study, we further characterize the effect of PSMA expression on PCa cell 
motility and migration. We illustrated the role of PSMA enzymatic activity on PCa cell adhesion 
and migration. Results from our study contributed to new insights into the function of PSMA in 
PCa progression and the knowledge may be used to develop novel strategies for targeted 
treatment for human metastatic PCa. Details of our findings (shown in figure 6-16) are given in 
the following sections which are numbered to correspond to the tasks stated in the SOW. 
 
1. Characterization of the effect of PSMA expression on PCa cell motility and migration  
 
It is known that cell adhesion and migration are tightly interconnected. To investigate the 
relationships between PSMA expression and cell attachment, using in vitro cell model systems 
and live-cell imaging methods, we began to characterize the role of PSMA in cell motility and 
migration. Using wound-healing assay and live cell imaging and confocal microscope 
approaches, we recorded cell motility of PC3 and PC3-PSMA (see Figure 6A-B). We found that 
when live cell migration of these cells was measured (see Figure 6C), a significant decrease in 
the distance of cell migration was observed in PC3 cells expression PSMA. There were very 
limited movements in PC3-PSMA cells. These results are consistent with our previous finding of 
altered F-actin in PC3 cells transfected with PSMA. Expression PSMA in PC3 cells led to 
redistribution of actin filaments, integrin and talin molecules from polarized to fragmented 
localization, indicating a transformation of motile cells into less motile but better adhered 
stationary cells (see Figure 5 of this report). These data suggest that PSMA may be involved in 
regulating cell adhesion and motility by interacting with the integrin and actin cytoskeleton 
network. 
 
 

 
 

 
 
 
 
 
 

PC3 cells PC3-PSMA cells 
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Figure 6.  Live cell motility of PC3 and PC3-PSMA cells  Live cell motility of PC3 (A) and 
PC3-PSMA (B) cells was recorded after wounding. Total recording time=30min. In C, the 
distances of cell migration of PC3 (n=17) and PC3-PSMA (n=16) shown in Figure 6A-B were 
measured on the migratory tracks produced by individual PC3 and PC3-PSMA cells shown in A-
B. The X-axis indicated the individual cells and the Y-axis showed the values of the relative 
migrating distances of individual cells during the recorded time.  Result: PSMA expression 
reduces PC3 cell motility. 
 
In an effort to develop a functional assay to examine the role of PSMA in PCa, we carried out a 
2D-wound healing live cell migration assay. We tested if changes in the expression of PSMA 
were sufficient to alter the PSMA-positive cell motility. As shown in Figure 7, we found that 
reduction of PSMA expression with siRNA led to significantly higher numbers of cells migrated 
for longer distance. Further tests conducted with different culture conditions provided additional 
evidences for this negative-correlation of PSMA expression and cell motility.  
 

Figure 7.  Reduction of PSMA expression 
increases cell motility.  Control LNCaP cells (A-B) 
and LNCaP cells transfected with siRNA-PSMA (C-
D) were grown to confluence before wounding. After 
wounding, cells were recovered for 1 hr in regular 
medium then shifted to serum-free medium for 48 hr 
before DIC images were collected (B, D). The dotted 
lines indicated the wounded edges and the arrows 
pointed to the direction of cell migrating. Bar=20µm. 
Result: Reduced expression of PSMA by siRNA 
increase LNCaP cell motility. Higher numbers of 

PC3 cells 
PC3 cells      PC3-PSMA cells C 
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cells with low PSMA expression migrated faster than those of control-untransfected LNCaP 
cells. 
We further monitor the effect of reduced PSMA expression on cell motility under different cell 
culture conditions (shown in Figure 8) or under condition that mixed population of LNCaP cells 
with various levels of PSMA expressions were formed, shown in Figure 9 of this report.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Reduction of PSMA 
expression increases PSMA- 
positive LNCaP cell motility  
Control LNCaP cells or LNCaP 

cells transfected with 
siRNA-PSMA were grown 

until confluence before wounding. 
After wounding, cells were 
recovered for 1 hour in regular 
growth medium then shifted to the  

 
various medium (10% FBS, serum-free medium or medium without folate) as indicated above. 
After 48 hours, the number of cells and the distance of cells migrated (data not shown) were 
measured and plotted. Result: Under all the culture conditions, significant increases of cell 
migration were observed in cells with reduced PSMA expression by siRNA-PSMA transfection, 
compared with those of control and non-transfected cells.  
 
 

    Figure 9.  Reduction of PSMA expression increases PSMA-
positive LNCaP cell motility.   LNCaP cells transfected with 
siRNA-PSMA were plated onto dishes with high local numbers 
of cells for colony formation. During the formation and 
expansion of colonies, a portion of cells started to move 
outward and appeared at the expanding “edges” of the colonies. 
PSMA expressions were observed with Alexa546-conjugated 
J591 (A) and the corresponding DIC images (B) of the same 
field of cells were collected.  Results: We observed that, at the 
expanding edges of the colonies, the majority of the cells that 
moving outward were the cells with reduced PSMA levels. On 

0
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40
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140
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the contrary, cells at the centers (cells with slow motility) showed high levels of PSMA 
expressions. 
 
Our findings indicated, instead of promoting cell motility, PSMA might function in facilitating 
cell adhesion. These results shown in Figure 6-9 are consistent with our previous findings that 
increased cell migration was observed in cells with reduced PSMA expressions. 
 
It is known that cells are connected through a network of molecules and the expression of PSMA 
on the cell surface not only makes it an attractive target for therapeutic treatment, but also 
presents its potential to play an important role in PCa progression. In an effort to investigate 
PSMA-associated molecular mechanisms that regulate PCa cell adhesion, we examined the 
potential relationships between the expression levels of PSMA and those of integrin alpha5beta1, 
one of the integrins recognized specifically by fibronectin. We found that PSMA Expressions 
correlated positively with the levels of integrin alpha5beta1 in PCa cells. Our data provides, for 
the first time, the evidence for the interaction between PSMA and integrin molecules. These 
results are shown in Figure 10 of this report. 
 

 
 
Figure 10.  Reduction of PSMA expression correlates with decreased integrin level in 
LNCaP cells.  LNCaP cells (A-D) transfected with siRNA-PSMA were fixed and labeled with 
monoclonal PSMA antibody Alexa546-J591 (A, C) and polyclonal alpha5 integrin antibody (B, 
D). Confocal images were collected after labeling. Single sections (A-B) and projected images 
(C-D) were shown. Arrows pointed to the siRNA-PSMA transfected cells.  Result: Reduction of 
PSMA expression by siRNA correlates with decreased integrin alpha5-beta1 levels in LNCaP 
cell, indicated by arrows. 
 
The activation of integrin molecules requires conformational change. To further characterize the 
potential interactions between PSMA and integrin alpha5beta1, we used a specific functional 
blocking anti-integrin alpha5beta1 antibody to examine the effect of integrin alpha5beta1 on 
PSMA-dependent cell adhesion. As shown in Figure 11, we found decreased numbers of PSMA-
positive LNCaP cells with weakened attachment in the present of the anti-integrin alpha5beta1 
antibody, while no effect on the adhesion of PSMA-negative PC3 cells was observed under the 
same experimental conditions. These data provide further evidence for the interactions between 
PSMA and integrin signaling pathway in PCa progression. These results were presented in the 
Figure 11 of this report. 
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Figure 11.  Cell attachment assay with functional blocking anti-integrin antibody 
LNCaP cells and PC3 cells were treated with 0-10µg/ml functional blocking anti-integrin 
antibody before for 15 min before plating onto FN coated coverslips for 60 min. After unattached 
cells were removed, the numbers and the percentage of cells attached on the dishes were 
counted, calculated and compared with the control untreated cells (set to be 100%). Result: 
Significant reduction of cell attachment was observed with PSMA-positive LNCaP cells but not 
with PSMA-negative PC3 cells when treated with functional blocking anti-integrin antibody. 
Such an effect was shown to be antibody concentration dependent.  
 
These results provided for the first time directly evidence linking PSMA to the integrin-
associated signaling pathway which is an important signaling pathway known to play a key role 
in the progression and metastasis of several types of cancers. Our observation placed this 
integrin-associated signaling pathway among other pathways identified for regulating PCa 
progression.  
 
2.  PSMA enzymatic activity and PCa cell adhesion and motility  
 
Functionally, PSMA has been classified as a glutamate carboxypeptidase II that possesses two 
unique enzymatic activities including NAALADase activity (cleaving terminal glutamate from 
the neurodipeptide, N-acetyl-aspartyl-glutamamte NAAG) and folate hydrolase activity that 
cleaves the terminal glutamate from g-linked polyglutamates. Despite of the variety of strategies 
used to find out the role of PSMA, the role of PSMA’s NAALADase or folate hydrolase activity 
in normal or tumor prostate is unknown. In this study, with the approaches that alters PSMA 
expression levels, we demonstrated that PSMA expression negatively regulated cell adhesion and 
that the integrin signaling pathway may associate with PSMA to regulate cell adhesion, 
consequently facilitating and promoting PCa progression. 
 
Next, we started to investigate if PSMA enzymatic activity was directly involved in PCa cell 
adhesion and motility. We used the anti-SPMA specific antibodies (J415 and J591) that bind to 
the extracellular domain of PSMA specifically and have shown great promise in the ongoing 
clinical trials. Both antibodies bind with high affinity to PSMA positive LNCaP cells in vitro 
(30). Humanized J591 has been tested in clinical trials and has demonstrated an ability to image 
all sites of metastasis, especially in bone with nearly 100% specificity and sensitivity (26-27). 
Other non-prostate sites of minimal expression are not imaged. Antibody J415 showed 72% 
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inhibitory effect on PSMA enzymatic activity determined by in vitro enzymatic activity assay. 
When J415 antibodies were used to inhibit PSMA enzymatic activity either in vitro or in 
xenograft models, significant growth inhibitory effect was observed (27-28). To examine the role 
of PSMA enzymatic activity in PCa cell adhesion and migration, we first measured the level of 
cellular PSMA enzymatic activity and determined the inhibitory effect of anti-PSMA antibody 
J415 on PSMA activity. As shown in Figure 12, when uptake of 3H-glutamate by LNCaP in the 
absence of J415 was defined as 100%, we found that uptake of 3H-glutamate by LNCaP in the 
presence of J591, J415, and 7E11 was reduced to 68%, 28%, and 86% respectively. No uptake of 
3H-glutamate by PSMA negative cells was observed. Anti-PSMA antibody J415 showed the 
most significant effect on inhibiting PSMA enzymatic activities in PSMA-positive-PCa cells.  
 

        Media                J591                  J415                 7E11 
 
Figure 12.   Inhibiting NAALADase activity of PSMA by mAbs  LNCaP cells (10x104) were 
plated on 24-well plates and grown for 2-3 days prior to initiating the experiments. Cells were 
rinsed in Krebs-Ringer buffer, and incubated with mAbs J591, J415, 7E11 at 10µg/ml in Krebs-
Ringer buffer at 370C for 30 min. 3H-NAAG were co-incubated along with the respective 
antibody at 0.8 µci/ml for 60 min at 370C. Cells were washed in Krebs-Ringer buffer, and lysed 
in 1N of NaOH. Cell lysates were counted in liquid scintillation counter. PSMA negative PC3 
cells were as control.   Results: 3H-NAAG is hydrolysed by PSMA to 3H-glutamate and N-
acetylaspartate. 3H-glutamate released from N-acetyl-L-aspartyl-L-glutamate was uptaken by 
LNCaP cells. Uptake of 3H-glutamate by LNCaP was as 100% in the absence of mAbs. Uptake 
of 3H-glutamate by LNCaP in the presence of J591, J415, and 7E11 was 68%, 28%, and 86% 
respectively. No uptake of 3H-glutamate by PC3 cells. 
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Using the anti-PSMA J415 antibody that showed to inhibit approximately 72% PSMA enzymatic 
activities, we monitored and characterized the role of PSMA enzymatic activity in PCa cell 
attachment. We found that reduced PSMA enzymatic activities led to significantly reduced 
number of PSMA-positive cells attached on to FN-coated dishes. These data suggest that PSMA 
enzymatic activity are involved in regulating PCa cell adhesion. These results are presented in 
Figure 13 and Figure 14 of this report. 
 

 
 
Figure 13.  Decreased cell attachment in cell treated with anti-PSMA antibody J451  
PSMA-positive LNCaP cell were plated onto dishes with no coating (Figure 13A) or coated with 
fibronectin (Figure 13 B-D). Cells were then incubated with serum-free medium without any 
antibody (Figure 13B), or with anti-PSMA antibody J591 (Figure 13C) or J451 (Figure 13D) for 
15 min at 37 degree before plated onto the dishes for 45 min. The cells were then rinsed with 
serum-free medium to remove any unattached cells before DIC images were collected as shown 
in Figure 13.  Results: Inhibiting PSMA enzymatic activities reduced cell adhesion.  
 

 
 
Figure 14.  Decreased cell attachment in cell treated with anti-PSMA antibody J451  
PSMA-positive LNCaP cell were plated onto dishes with no coating (Figure 14A) or coated with 
fibronectin (Figure 13 B-C). Cells were then incubated without antibody (Figure 14B), or anti-
PSMA antibody J451 (Figure 14C) for 15 min at 37 degree before plated onto the dishes for 60 
min. The cells were then rinsed with serum-free medium to remove any unattached cells before 
DIC images were collected. Results: Inhibiting PSMA enzymatic activities decreased cell 
adhesion.  
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The effect of reduced PSMA enzymatic activity on cell attachment was further examined with 
both PSMA-positive LNCaP cells and PSMA-negative PC3 cells for extended time intervals. 
Similar to the observation we had previously (shown in Figure 13-14), we found that inhibiting 
PSMA enzymatic activity resulted in reduced cell attachment onto FN-coated dishes. These data 
are shown in Figure 15 of this report. 
 

 
 30 Min 60 Min 2 hrs 24 hrs 

LNCaP 

    
     

PC3 

    
     

LNCaP 
+ J415 

(10 
ug/ml) 

    
 

 
 

Figure 15.  Reduction of  PSMA enzymatic activity by anti-PSMA inhibitory antibody J415 
decreases PSMA-positive LNCaP cell attachment   Equal numbers of LNCaP cells, PC3 cells 
and LNCaP cells treated with PSMA enzymatic inhibitory antibody J415 at 10mg/ml for 15min 
before plating were allowed to attach onto dishes for 30min, 60min, 2 hr and 24hrs as indicated. 
After removal of unattached cells by rinsing the dishes with serum-free medium, the attached 
cells were counted and images were collected. Representative fields for each condition indicated 
were shown. Result: Significantly reduced numbers of LNCaP cells incubated with J415 were 
attached onto dishes at all the time points when compared with that of control LNCaP cells. In 
addition, it appeared that LNCaP cells treated with J415 also displayed a less adherent and more 
rounded morphology when compared with that of control LNCaP cells.  
 
Together, these data presented in Figure 13-15 strongly suggest the involvement of PSMA 
enzymatic activity in regulating PSMA-positive PCa cell adhesion.  
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Once we observed the effect of PSMA enzymatic activities on cell adhesion, we next examined the 
effect of inhibiting PSMA enzymatic activity on PCa cell motility. These results are shown in Figure 16 
of this report. 
 

 
Figure 16.  Inhibition of 
PSMA enzymatic 
activity increases PSMA-
positive LNCaP cell 
motility.  PC3 (A and C) 
and LNCaP cells (B and 
D) were grown in regular 
medium until confluence 
before wounding. After 
wounding, cells were 
grown in medium without 
folate for 48 hr in the 
absence (A and B) or the 
presence (C and D) of 
anti-PSMA mAb J415 for 
48 hours. Results:  
Inhibition of PSMA 

enzymatic activity increases PSMA-positive cell migration.  
 
 
E 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
In Figure 16E, the numbers of cells migrated into the wounded area (Figure 16A-B) were 
considered as 100 % in the absence of J415.  The percentages of cells migrated into the wounded 
area in the presence of J415 were 105% for PC3 cell (Figure 16C) and 190% for LNCaP cells 
(Figure 16D). Result:  Inhibiting PSMA enzymatic activity by J415 increases LNCaP cell 
motility. 
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KEY RESEARCH ACCOMPLISHMENTS: 
 
 
1.   Demonstrated the difference in cell motility between PSMA-positive and negative cells. 
 
2.  Established that reduced PSMA expressions is sufficient to decrease LNCaP cell motility  
 
3.  Observed Reduced PSMA expression correlates with decreased integrin alpha5-beta1 levels. 
 
4.  Demonstrated the involvement of integrin in PSMA-positive PCa cell adhesion. 
 
5.  Observed PSMA enzymatic activity is significantly inhibited by anti-PSMA antibody. 
 
6.  Demonstrated the specificity of the effect of PSMA enzymatic activity on the adhesion of     

PSMA-positive cell. 
 
7.  Demonstrated the effect of Inhibition of PSMA enzymatic activity on PCa cell adhesion. 
 
8.  Demonstrated the effect of Inhibition of PSMA enzymatic activity on PCa cell motility. 
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REPORTABLE OUTCOMES: 
 
Published papers and manuscripts: 
 
1. Pan M, Maitin V, Parathath S, Andreo U, Lin SX, St Germain C, Yao Z, Maxfield FR, 
Williams KJ, Fisher EA. Presecretory oxidation, aggregation, and autophagic destruction of 
apoprotein-B: a pathway for late-stage quality control. Proc Natl Acad Sci USA. 2008 Apr. 
15;105(15):5862-7.2008. 
 
2. Zhang H, Zhang Y, Duan HO, Kirley SD, Lin SX, McDougal WS, Xiao H, Wu CL. TIP30 is 
associated with progression and metastasis of prostate cancer. Int J Cancer. 15;123(4):810-6. 
2008. 
 
Manuscript in preparations for submission and revision: 
 
1. Lin SX, Navarro V, Liu H, and Bander, NH.  A functional role of PSMA in prostate cancer 
cell migration.  Manuscript under revisions. 
 
2. Lin SX, Navarro V, Liu H, and Bander, NH.  PSMA is involved in cell adhesion by interacting 
with integrin in prostate cancer cells. Manuscript in preparation. 
 
Presentation and Abstract: 
 
1.  Lin, SX, Navarro V, Liu H and Bander NH. A Functional Role of Prostate-Specific 
Membrane Antigen in Prostate Cancer Metastasis.  AACR meeting at Washington DC, 2006. 

 
2. Lin, SX, Navarro V, Sae, K, Liu H and Bander NH. Investigating the Functional Role of 
Prostate-Specific Membrane Antigen and its Enzymatic Activity in Prostate Cancer Metastasis.  
IMPACT meeting, Atlanta GA, 2007. 
 
3.  Lin, S. X., John, I., Wu, S. L., Schoenfeld, D., Kirley, S., McDougal, W. S. and Wu, C. L.  
Association of TMPRSS2-ERG Fusion with Surgical Outcome in Clinically Localized Prostate 
Cancer. 2009.  SAC (MGH Scientific Advisory Committee) Scientific Poster presentation, 2009.   
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CONCLUSION 
 
The goal of the proposal is to investigate the function of PSMA in prostate cancer metastasis. We 
have made significant progress on several fronts, from establishing the role of PSMA in cells 
adhesion and motility to discovering and characterizing the relationships between PSMA and the 
integrin signaling pathway with the extracellular matrix and the actin cytoskeleton, as a result of 
this founding from the Department of Defense Prostate Cancer Research Program for this 
project.  PSMA will continue to be at the center of research and clinical applications for prostate 
cancer, due to the fact that it is not only is the single most well-established and highly restricted 
prostate epithelial cell membrane antigen but its expression progressively increases in higher 
grade cancers, in hormone-refractory prostate cancers and in metastatic diseases. 
 
Cell adhesion and migration are important components of the metastatic process by facilitating 
attachment to vascular endothelia, invasion and spreading into secondary tissue sites. 
Progression of PCa requires repeated adhesion to and detachment from the extracellular matrix 
microenvironment. And this event is known to be mediated by adhesion molecules. It become 
evident that well coordinated events that employ various adhesion molecules and receptors, like 
integrins and its downstream molecules and cytoskeleton components and their regulatory 
factors are critical in PCa cell motility. Tumor invasion occurs in response to the dysregulation 
of many of these modulatory points. In this study, for the first time, we provided direct evidences 
to link PSMA with the integrin signaling pathway.  Expression of PSMA in PCa cells altered the 
localization and expression of integrins, changes the distribution in actin and its related 
molecules. Such diversity of alterations essential to tumor invasion and metastasis accentuates 
the importance of understanding the functional role of PSMA in regulating this system.   
 
Since moving to Massachusetts General Hospital/Harvard Medical School, we have worked to 
complete the aims set in this proposed work. We also started to work with other research groups 
focusing on prostate cancer, therefore to expand the understanding of PSMA. We have started to 
collaborate with the Uro-Pathological research group at Massachusetts General Hospital/Harvard 
Medical School to investigate if PSMA expression contributes to the development of PCa 
heterogeneity which is the key factor leading to the complexity in PCa diagnosis and treatment. 
 
The outcome from our study will have a direct impact on the improvement of treatments 
including immunotherapy for human PCa. Knowledge about the action of PSMA in specific 
event during PCa metastasis will help to design better-targeted approaches for treating patients 
suffering from metastatic prostate cancer. Currently, monoclonal antibodies against PSMA tested 
in Phase I-II clinical trials have shown great potential. Identifying the functional role of PSMA in 
cell adhesion-related events will help to provide guidance for choosing the best suited antibody 
and the most appropriate toxins for conjugation, therefore to maximize the therapeutic efficacy 
and reduce side effects for human PCa immunotherapeutic treatment.
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Hepatic secretion of apolipoprotein-B (apoB), the major protein of
atherogenic lipoproteins, is regulated through posttranslational
degradation. We reported a degradation pathway, post-ER pre-
secretory proteolysis (PERPP), that is increased by reactive oxygen
species (ROS) generated within hepatocytes from dietary polyun-
saturated fatty acids (PUFA). We now report the molecular pro-
cesses by which PUFA-derived ROS regulate PERPP of apoB. ApoB
exits the ER; undergoes limited oxidant-dependent aggregation;
and then, upon exit from the Golgi, becomes extensively oxidized
and converted into large aggregates. The aggregates slowly
degrade by an autophagic process. None of the oxidized, aggre-
gated material leaves cells, thereby preventing export of apoB-
lipoproteins containing potentially toxic lipid peroxides. In sum-
mary, apoB secretory control via PERPP/autophagosomes is likely
a key component of normal and pathologic regulation of plasma
apoB levels, as well as a means for remarkably late-stage quality
control of a secreted protein.

Apolipoprotein-B100 (apoB), a 550-kDa glycoprotein, is an
essential component of atherogenic plasma lipoproteins

(1). Retention, or trapping, of apoB-lipoproteins within the
arterial wall is the key initiating event in the pathogenesis of
atherosclerosis, the major cause of death world-wide (2–4).
Thus, apoB-lipoprotein assembly and secretion, which are often
dysregulated (5, 6), attract considerable interest.

ApoB is constitutively synthesized in the liver, and its secretion
is controlled mainly through posttranslational destruction. Three
processes are known (1, 7, 8): (i) endoplasmic reticulum asso-
ciation degradation (ERAD) mediated by the proteasome and
stimulated by severe scarcity of lipids for transfer to apoB during
its translocation across the ER (1); (ii) post-ER presecretory
proteolysis (PERPP) (8), a nonproteasomal pathway provoked
by diverse metabolic factors in vitro and in vivo, including
intracellular lipid peroxidation (9–14); and (iii) receptor-
mediated degradation, also known as reuptake, which occurs via
interactions of nascent apoB-particles with LDL receptors (8, 10,
15–18) and heparan sulfate proteoglycans (17, 19).

We recently reported that dietary polyunsaturated fatty acids
(PUFAs), clinically important lipid-lowering agents, increase
presecretory apoB degradation and inhibit apoB secretion from
hepatocytes in vitro and in vivo (9). The effects of PUFAs require
their intracellular conversion into lipid peroxides that then
trigger the PERPP pathway. Both conventional !-6 PUFAs and
marine (fish oil) !-3 PUFAs, such as docosahexaenoic acid
(DHA), have this effect. Antioxidants inhibit apoB degradation
in PUFA-treated cells, and thereby enhance the secretion of
atherogenic apoB-lipoproteins in vitro and in vivo (9, 10). In the
current study, we sought to identify the novel molecular pro-
cesses by which PUFA-derived lipid peroxides trigger PERPP of
newly synthesized apoB.

Results
PUFA-Treatment of Hepatic Cells Provokes Newly Synthesized apoB to
Aggregate Before Its Destruction. Incubation of hepatocytes with
DHA or other PUFAs substantially lowers the total (intracel-
lular " secreted) recovery of labeled monomeric apoB (MW
#550 kDa) owing to stimulation of PERPP (7–9). To charac-
terize the degradative process, we tested approximately two
dozen inhibitors against members of the major classes of known
intracellular proteases. Surprisingly, none had any significant
effect on PUFA-induced loss of newly synthesized labeled
monomeric apoB (data not shown).

During these experiments, however, we noticed that PUFAs
consistently induced the appearance of material that was pre-
cipitated from cellular homogenates by anti-apoB antiserum but
exhibited retarded migration on SDS/PAGE relative to mono-
meric apoB. As shown in Fig. 1, in either rat primary hepatocytes
or rat hepatoma McArdle RH-7777 (McA) cells, DHA (com-
plexed to BSA) caused intracellular accumulation of immuno-
reactive material of high molecular weight in two regions of the
lanes: a compact collection within the very top of the stacking gel
[large aggregates (LAs)] and a dispersed population between the
monomeric apoB band and the interface of the stacking and
running gels [intermediate aggregates (IAs)]. ApoB aggregates
were not detected in the conditioned media (Fig. 1). Cells treated
with either BSA or BSA complexed with oleic acid (OA)
contained no or nearly no LAs and much lower amounts of IAs
than in DHA-treated cells (Fig. 1).

Homogenates of DHA-treated cells are enriched in lipid
peroxides (9) that might artifactually alter apoB after cell lysis.
Thus, we prepared homogenates of cells that had been treated
with BSA and [35S]methionine (met)/cysteine (cys) in the ab-
sence of added fatty acids, i.e., in which little aggregated material
should be present. These labeled homogenates were mixed 1:1
either with buffer or with unlabeled homogenates from BSA- or
DHA-treated cells, and then subjected to immunoprecipitation
and SDS/PAGE. No LAs and no increase in IAs were detected
in these mixed homogenates (data not shown). Thus, the aggre-
gates form in intact cells, not after homogenization.

Intracellular abundance of radio-labeled LAs or IAs was
directly related to the DHA concentration and a corresponding

Author contributions: M.P., F.R.M., K.J.W., and E.A.F. designed research; M.P., V.M., S.P.,
U.A., and S.X.L. performed research; C.S.G. and Z.Y. contributed new reagents/analytic
tools; M.P., K.J.W., and E.A.F. analyzed data; and M.P., K.J.W., and E.A.F. wrote the paper.

The authors declare no conflict of interest.
!To whom correspondence may be addressed. E-mail: k!williams@mail.jci.tju.edu or
edward.fisher@med.nyu.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0707460104/DC1.

© 2008 by The National Academy of Sciences of the USA

5862–5867 " PNAS " April 15, 2008 " vol. 105 " no. 15 www.pnas.org#cgi#doi#10.1073#pnas.0707460104

http://www.pnas.org/cgi/content/full/0707460104/DC1
http://www.pnas.org/cgi/content/full/0707460104/DC1


loss of apoB from the medium (Fig. 2). Quantification of
intracellular plus extracellular band intensities demonstrated a
remarkably consistent total signal across the DHA concentra-
tion range, indicating that the accumulated immunoreactive
material inside the cells accounts for the loss of secreted apoB
(Fig. 2, line graph).

Two key non-marine PUFAs, arachidonic (ARA) and linole-
nic (LNA) acids, also inhibit apoB secretion through ROS-
dependent PERPP (9). Incubation with either of these fatty acids
provoked robust intracellular formation of apoB aggregates
[supporting information (SI) Fig. 7]. LNA is unusually potent at
inhibiting apoB secretion in vitro via PERPP (9), and dietary
intake of this fatty acid is linked to low plasma triglyceride levels
and decreased cardiovascular risk (20). Of interest, it provoked

the conversion of essentially all monomeric apoB into LAs and
IAs by 120 min of chase (SI Fig. 7).

We next performed pulse–chase time courses on DHA-
treated McA cells (Fig. 3). During longer chase incubations
(Fig. 3B), labeled LAs and IAs eventually disappear from the
intracellular plus secreted pool. As in Fig. 1, apoB-aggregates
do not appear in the medium during 3-h or longer (data not
shown) incubations. Taken together, these data indicate that
conversion of newly synthesized monomeric apoB into IAs and
LAs is required for PUFA-stimulated degradation of the
protein.

Large Aggregates Contain apoB That Is Oxidized, and Their Formation
Requires Lipid Peroxidation. We focused on the chemical nature of
LAs because they are the most extensively aggregated form
(Figs. 1–3) and apparently a proximal substrate for degradation
(Fig. 3B). First, LAs were isolated and analyzed by mass spec-
troscopy. Peptide sequences from all rat proteins identified as
statistically significant are given in SI Table 1. All these se-
quences corresponded to rat apoB, except for three rat apoA-I
peptides. Six distinct apoB peptides appeared beyond residue
2179, which is definitive evidence for rat apoB100. Thus, LAs are
composed primarily of apoB, with small amounts of apoA-I, a
minor component of rat VLDL. No other rat proteins in LAs
were detected by this method.

Because ROS play a crucial role in PERPP (9), we assessed
oxidative modifications in aggregated apoB. LAs showed
strong anti-MDA reactivity, demonstrating oxidized epitopes,
whereas IAs and monomeric apoB showed no detectable
anti-MDA reactivity (Fig. 4). To establish a causal connection
between oxidation and the intracellular formation of apoB
aggregates, McA cells were incubated for 2.5 h in [35S]met/cys
in the presence of BSA alone, or with DHA, without or with
lipid antioxidants or the iron chelator desferrioxamine (DFX).
As we report in ref. 9, antioxidants or DFX blocked intracel-
lular TBARS generation and increased the secretion of mo-
nomeric apoB (data not shown). Importantly, these treatments
also inhibited the formation of both LAs and IAs (Fig. 4C).
The effect on the amount of LAs was more pronounced,
consistent with this species containing the most heavily oxi-
dized apoB (Fig. 4B).

Intracellular Trafficking Is Required for apoB Aggregates to Form.
Because lipid peroxides trigger intracellular apoB aggregation in
intact cells (Fig. 4C) but not in cellular homogenates, we
hypothesized a role for intracellular trafficking in LA or IA
formation. To test this idea, we blocked apoB exit from the ER,
using a combination of brefeldin A and nocodazole (BFA/Noc)
(21), which we showed to inhibit PERPP (10). Importantly,
BFA/Noc only moderately decreased the intracellular content of
lipid peroxides in DHA-treated cells (DHA, 81.4 ! 4.3; DHA

Fig. 1. DHA induces intracellular aggregation of apoB and blocks its secre-
tion, whereas BSA and OA allow release of monomeric apoB into the medium.
Primary rat hepatocytes (A) or McA cells (B) were pretreated for 1 h in medium
supplemented with BSA without fatty acids or with DHA or OA (0.6 mM,
complexed to BSA) as indicated, and then metabolically labeled to steady-
state. Cell lysates (Cell) and medium (Medium) were subjected to anti-apoB
immunoprecipitation and SDS/PAGE. Displayed are fluorograms of labeled
immunoreactive material. LA, large aggregates; IA, intermediate aggregates;
apoB100, monomeric apoB. The line to the left of each fluorogram indicates
the interface between the stacking and running gels. Each LA band pene-
trated into the top of the stacking gel.

Fig. 2. Dose-response to DHA. (Top and Middle) McA cells were pretreated
for 1 h with the indicated concentrations of DHA and then metabolically
labeled to steady-state. Cell lysates and media were subjected to anti-apoB
immunoprecipitation and SDS/PAGE. Displayed are resulting fluorograms.
Abbreviations and other indicators are as in Fig. 1. (Bottom) Intensities of the
bands of LAs, IAs, and cellular and secreted monomeric apoB at each DHA
concentration from the above fluorograms were determined by densitome-
try. Sums (cells plus media) were calculated taking into account the difference
in exposure time of the two fluorograms (24 h and 12 h, respectively). Data are
displayed in arbitrary units (AU).

Fig. 3. DHA-induced intracellular aggregates form from monomeric apoB
and then gradually disappear over time. McA cells were pretreated for 1 h with
DHA/BSA complexes, pulse-labeled for 15 min, and chased for the indicated
times. Cell lysates and the corresponding conditioned media were combined
1:1, and apoB contents were analyzed by anti-apoB immunoprecipitation and
SDS/PAGE. Fluorograms are shown from short-term (A) and long-term (B)
chases. Abbreviations and other indicators are as in Fig. 1.
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plus BFA/Noc, 53.3 ! 4.4 pmol of MDA equivalents per
milligram of cell protein; P " 0.01), but nearly completely
blocked the formation of LAs and IAs (Fig. 5A). The newly
synthesized apoB remained almost entirely monomeric.

Next, we blocked apoB exit from the Golgi in DHA-treated
cells. Surprisingly, the standard inhibitor, monensin (5 !M),
decreased cellular TBARS by nearly 50%. IAs continued to form
in the presence of monensin, but the inhibitor dramatically
reduced the level of LAs (SI Fig. 8). To avoid this large effect on
ROS, we used a second method: cooling the cells to 20°C, which
allows trafficking into, but not out of, the Golgi (22, 23). As a
control, cooling OA-treated cells to 20°C blocked all secretion of
35S-labeled apoB (see Fig. 5C). Importantly, cooling DHA-
treated McA cells to 20°C did not lower the cellular content of
lipid peroxides (DHA at 37°C, 60.1 ! 3.7 vs. DHA at 20°C,
80.7 ! 6.1 pmol of MDA equivalents per milligram of cell
protein), although, similar to monensin, it allowed continued
formation of IAs, but nearly completely inhibited the appear-
ance of LAs (Fig. 5B). Bringing the cooled DHA-treated cells
from 20°C to 37°C allowed labeled intracellular apoB to be
chased into LAs, whereas warming OA-treated cells allowed the
intracellular apoB to be chased into the medium in monomeric
form (Fig. 5C). To verify that impaired formation of LAs at 20°C
is not a nonspecific consequence of low temperature, we found
that DHA-treated cells cooled to 24°C, which allows proteins to
exit from the Golgi (22, 24), formed abundant IAs and LAs (data

not shown). Taken together, these results indicate that both IA
and LA formation requires lipid peroxidation (Fig. 4C) and
trafficking out of the ER (Fig. 5A) but that LA formation further
requires trafficking out of the Golgi (Fig. 5B).

Degradation of LAs by the Autophagosomal/Lysosomal System. As
shown in Fig. 3B, LAs gradually disappeared over several hours.
We now revisited the efficacy of several protease inhibitors, none
of which was effective at blocking the disappearance of mono-
meric apoB from DHA-treated cells. Lactacystin, an inhibitor of
the proteasome, failed to protect LAs (Fig. 6A). In contrast,
E64d, an inhibitor of lysosomal/endosomal cathepsins, signifi-
cantly prolonged the decay of the LA signal (Fig. 6B).

The protective effect of E64d implied a lysosomal process, and
so we turned our attention to autophagosomes, which transport
damaged cytosolic proteins and organelles into lysosomes for
degradation (25–27). Autophagosomes were recently shown by
Ohsaki et al. (28) to be colocalized with a small population of
apoB molecules in human Huh-7 hepatoma cells after inhibition
of the proteasome (28) and in preliminary reports by Thorne–
Tjomsland et al. (29) and Tran et al. (30) to be induced in hepatic
cells treated with #-3 fatty acids, perhaps consistent with the
known induction of autophagy under prooxidative conditions
(25). Addition of 3-methyladenine, which inhibits a PI3-kinase
required for autophagosome formation (25, 26), significantly
protected LAs in metabolically labeled DHA-treated cells while
increasing the IA signal (Fig. 6B). This result may explain our
prior finding of a role for PI3-kinases in PERPP (8). Likewise,
we found that rapamycin, which stimulates autophagosomes by
inhibiting the negative regulator mTOR (25, 26), significantly
facilitated the degradation of LAs (Fig. 6C). None of these
inhibitors affected the cellular content of lipid peroxides (data
not shown).

To strengthen the relationship between apoB degradation and

Fig. 5. DHA-induced apoB aggregation requires intracellular trafficking.
McA cells were preincubated for 1 h with BSA, DHA, or OA as indicated and
then metabolically labeled by a short pulse followed by a chase. Pulse and
chase temperatures were 37°C unless otherwise specified. Displayed are flu-
orograms after anti-apoB immunoprecipitation/SDS/PAGE of cells lysed at the
end of the indicated chase periods. (A) Effect of blocking apoB exit from the
ER. The pulse was 15 min, and the chase was 120 min. To block ER exit, added
were nocodazole (Noc) (4 !g/ml, administered 30 min before labeling and
then present in the medium thereafter) and brefeldin A (BFA) (2 !g/ml,
administered at the start of the chase). (B) Effect of cooling to block apoB exit
from the Golgi. The pulse was 5 min followed by an 8-min chase to reach the
peak of 35S incorporation into apoB. The chase was 75 min at 37°C or 20°C, as
indicated. (C) Effect of releasing the temperature block. The pulse was 15 min
at 20°C. After an initial chase of 60 min at 20°C (Chase 1), the cells in one group
of wells were lysed, whereas the rest were extended for another 60 min of
chase at either at 20°C or 37°C as indicated (Chase 2).

Fig. 4. DHA-induced large aggregates of apoB contain oxidized epitopes
and require lipid peroxidation for formation. (A) McA cells were incubated for
1 h with BSA or DHA/BSA complexes and then metabolically labeled to
steady-state. Cellular lysates and media were subjected to anti-apoB immu-
noprecipitation and SDS/PAGE and then analyzed by fluorography. (B) Lysates
from cells treated in parallel, but without the radioactive label, were analyzed
by Western blot, using an antibody against MDA. Lane 1, positive control; lane
2, conditioned medium from DHA-treated cells; lanes 3 and 4, lysates of
BSA-treated cells; lanes 5 and 6, lysates of DHA-treated cells. Other abbrevi-
ations and indicators are as in Fig. 1. (C) McA cells were treated with DHA alone
or in combination with the indicated lipid anti-oxidants [100 !M Trolox; 150
!M vitamin E (Vit E)] or iron chelator (100 !M DFX). Cells were then meta-
bolically labeled to steady-state. Displayed is a fluorogram after anti-apoB
immunoprecipitation/SDS/PAGE analysis of cell lysates.
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autophagy, colocalization studies in McA cells were performed
taking a standard approach of first expressing, by transient
transfection, a GFP-tagged version of the autophagosomal pro-
tein LC-3 (31). Then, the transfected McA cells were incubated
with BSA complexed to either OA or DHA for 4 h, after which
the cells were fixed, permeabilized, and incubated with rabbit
anti-apoB antiserum, followed by Texas red-conjugated goat
anti-rabbit secondary antiserum. In DHA-incubated cells, laser
confocal microscopy revealed areas of colocalization of LC3-
GFP and apoB, as illustrated by the yellow-orange structures in
representative cells incubated with DHA (Fig. 6D i and l).

Other evidence (presented in SI Figs. 9–12) in support of a
role for autophagy in PUFA-stimulated apoB aggregation and
degradation was as follows: (i) immunofluorescent microscopy
consistent with movement of apoB species into autophagosomes
in DHA-treated McA cells: the intracellular apoB signal became
concentrated in a juxtanuclear localization (as also seen in Fig.
6D), consistent with the subcellular distribution of autophago-
somes and lysosomes (SI Fig. 9); (ii) the coimmunoprecipitation
of LC3 and LAs, and smaller amounts of IAs and monomeric
apoB, in DHA-incubated McA cells, with the degree of inter-
action decreased by DFX cotreatment (SI Fig. 10); (iii) increased
recovery of the lipidated form of LC3 (LC3-II) in DHA-
incubated McA cells (SI Fig. 11); and (iv) increased apoB
recovery in DHA-treated McA cells that had been transfected
with siRNA directed against the essential autophagy protein
Atg7 (SI Fig. 12).

Discussion
Based on the present results, we conclude that in hepatic cells
lipid peroxides derived from PUFAs provoke limited oxidative
modification and aggregation of apoB after its exit from the ER

but before it leaves the Golgi. Extensive oxidation and massive
aggregation of apoB then occurs but requires trafficking out of
the Golgi. Little or none of the oxidized aggregated material
leaves the cells. Instead, it is disposed of by autophagosome-
lysosomes. The presence of detectable amounts of intracellular
apoB-aggregates, even without PUFA supplementation (Figs. 1,
2, and 5), extends our earlier demonstrations of ROS-dependent
control of apoB secretion in the basal state, indicating broad
physiologic importance (9, 10). Thus, the PERPP pathway
appears to be not only a major regulator of hepatic apoB
secretion but also a means for remarkably late-stage quality
control of an endogenous protein after it has left the ER.

Prior studies on quality control in the secretory pathway have
focused on preventing the exit of malfolded proteins from the
ER (reviewed in ref. 32). In contrast, studies on autophagosomes
have emphasized their importance in degradation of the cytosol,
including long-lived proteins, superf luous or damaged or-
ganelles, and overflow from ERAD (25–27). We doubt that
autophagic degradation of apoB is a consequence of ERAD
being overwhelmed, because analysis of LAs by mass spectros-
copy did not detect ubiquitin. Rather, the autophagic process
appears to represent a role in secretory regulation of apoB
independent from ERAD, as suggested in refs. 30 and 33. The
reason may be that PUFAs, an essential part of the diets of
herbivores and omnivores, are readily converted into lipid
peroxides inside cells. Although one physiologic response to
PUFA-rich diets is the induction of anti-oxidant enzymes in the
liver (34), our results suggest that another physiologic response
is the aggregation and then destruction of a portion of newly
synthesized apoB.

This selective destruction of some of the apoB late in the
secretory pathway (Fig. 5) is consistent with demonstrations that

Fig. 6. Involvement of autophagosomes/lysosomes in intracellular degradation of apoB. (A–C) McA cells were preincubated with DHA for 60 min and then pulse
labeled 37°C for 15 min, followed by a 3-h chase at 37°C to give enough time for labeled LAs to degrade (see Fig. 3). At the end of chase, cells were subjected
to anti-apoB immunoprecipitation, SDS/PAGE, and fluorography. Typical fluorograms are displayed at Left. (Right) Quantifications of intensities of LA bands
under different conditions (means ! SEM, n " 4). (A) Effect of proteasomal inhibition. Lactacystin (Lac) (10 !M) was added 30 min before labeling and kept
present in the medium thereafter. The two columns were not significantly different. (B) Effect of inhibiting the autophagosome/lysosome system. Ten millimolar
3MA or 10 !M E64d was administered at the start of chase. The columns were significantly different (P # 0.001). *, P # 0.01 versus the DHA control. (C) Effect
of stimulation of autophagosomes. Rapamycin (Rap) (250 nM) was added at the start of the chase period. *, P # 0.0001. (D) McA cells were transfected with an
expression plasmid for LC3-GFP. After 24 h, the cells were incubated with either OA (a–f) or DHA (g–l) for 4 h, after which they were fixed and permeabilzed,
and apoB was detected by indirect immunofluorescence (primary antibody, anti-apoB; secondary, goat anti-rabbit conjugated to Texas red). Nuclei were stained
blue by DAPI. Laser confocal microscopy of representative cells are shown. Note the colocalization of apoB and LC3 (yellow-orange structures) in the
DHA-incubated cells in the juxtanuclear region, which is consistent with the subcellular distribution of autophagosomes and lysosomes.
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full lipidation of apoB-lipoproteins to VLDL buoyancy occurs
post-ER (35–37). Also, given the conspicuous physical barriers
against translocating large, extensively lipidated apoB-
lipoproteins out of the secretory pathway, which would be
required for the proteasome to have access to them, the auto-
phagosomal/lysosomal system may be the only plausible mech-
anism for late-stage quality control of these particles. Although
we have implicated autophagy in apoB-PERPP and have local-
ized the later steps of the pathway to the Golgi and beyond, still
to be determined are the source (e.g., mitochondria, microsomal
cytochrome P450 enzymes, and peroxisomes) of the modifying
free radicals and where and how they first encounter apoB.

Besides protecting the liver from potentially toxic aggregates
(38), destruction of these particles may also prevent the export
of lipid peroxides on VLDL to triglyceride-consuming, but
oxidant-sensitive, tissues in the periphery, such as cardiac muscle
(39). Thus, lipid peroxidation is kept within the liver, where it is
safe, even beneficial (40), and away from potentially vulnerable
peripheral organs. Reverse transport of oxidized or oxidizable
lipids from periphery to liver could serve a similar function
(9, 41).

Regardless of teleologic explanations, hepatocytes have
adapted an ancient eukaryotic process, autophagy, to the
quality control of a comparatively recent structure, the large,
lipidated, post-ER apoB-lipoprotein, especially in response to
metabolic perturbation. ApoB may be particularly susceptible
to modification by lipid peroxides inside hepatocytes, both
because it would be assembled into close contact with them
and because the unique structure of apoB facilitates its
aggregation under a wide range of physiologic (e.g., Figs. 1 and
2), pathogenic, and even artificial stimuli that do not affect
other proteins to the same extent (4, 42–47). Its remarkable
susceptibility to aggregation allows a normal hypolipidemic
response to dietary PUFAs and other stimuli (Fig. 1 and refs.
8–11 and 14) but unfortunately may also contribute to the
aggregation, retention, and atherogenicity of apoB-
lipoproteins once they reach the vessel wall (2, 4). Defects in
PERPP, then, might produce significant health risks through
hepatic oversecretion of highly atherogenic apoB-lipoproteins,
a key feature of the metabolic syndrome.

Taken together, the data here and in previous reports suggest
that under typical conditions, apoB escapes ERAD (8), but then
autophagy serves as a quality control process for handling
adverse modifications of apoB and VLDL that occur late in the
secretory pathway as consequences of the normal processing of
PUFAs and their intracellular peroxidized byproducts. Secretory
control via PERPP/autophagosomes likely represents a key
component of normal and pathologic regulation of plasma apoB
levels, given that PUFAs are a major component of the heart-
healthy lifestyle owing to their lipid-lowering properties (40) and
that many diseases of apoB oversecretion have become a major
health problem (6).

Experimental Procedures
General Materials. Male Sprague–Dawley rats were purchased from The
Jackson Laboratory. Unless otherwise specified, reagents were from Sigma.
[35S]methionine/cysteine ([35S]met/cys) was from Perkin–Elmer. Collage-
nase was from Worthington Biochemical. Rabbit polyclonal antiserum
against rat apoB was developed in the authors’ laboratory. Complete
protease inhibitor mixture with EDTA was from Roche. Autofluor was from
National Diagnostics. McA cells were obtained from the American Type
Culture Collection.

Cell Culture. Rat primary hepatocytes were prepared as in ref. 8, using a
protocol approved by the Institutional Animal Care Committee. Hepatocytes
were plated in six-well plates precoated with type I collagen and maintained
in Waymouth’s medium (Waymouth’s MB 752/1 containing 1% streptomycin/
penicillin, 1% L-glutamine, 0.2% BSA, and 0.1 nM insulin). After 12–14 h
incubation, the primary hepatocytes were subjected to study protocols.

McA cells were plated in six-well plates or 100-mm Petrie dishes and
maintained in complete DMEM, which was changed every 3 days. When cells
reached !90% confluence, they were used for the experiments.

Culture media were supplemented with fatty acids, typically at a final
concentration of 0.6 mM given as a complex with BSA (fatty acid:BSA molar
ratio " 5:1), as described (e.g., ref. 48). PUFAs to stimulate PERPP were DHA,
ARA, and LNA (8, 9). OA complexed to BSA, or BSA (0.12 mM) without fatty
acids, served as controls. Unless otherwise noted, cells were incubated at 37°C
in 5% CO2. For inhibition of protein trafficking, the temperature in some
experiments was lowered to either 20°C (22, 23) or 24°C.

Metabolic Labeling. Steady-state labeling of hepatic proteins. After the pretreat-
ments described in the figure legends, endogenous proteins were metaboli-
cally labeled to steady-state (49) by incubating hepatocytes at 37°C for 3 h in
met/cys-free DMEM-complete (met/cys-free high-glucose DMEM with 0.5%
FBS, 0.5% horse serum, 1% streptomycin/penicillin, and 1% L-glutamine)
supplemented with 100 !Ci [35S]met/cys per ml of medium and various com-
pounds indicated in Results.
Pulse–chase studies. After the pretreatments described in the figure legends,
cellular proteins were metabolically labeled with met/cys-free DMEM-
complete (see above) supplemented with 200–400 !Ci [35S]met/cys per milli-
liter of medium and various compounds indicated in Results. The temperature
and duration of labeling and the chase periods varied according the experi-
mental goals and are shown in the appropriate figure legends.

After the labeling period, the media were removed, and the cells were
washed twice with PBS at the same temperature as the chase incubation and
then incubated with excess unlabeled met (10 mM)/cys (3 mM) in chase
medium (for primary hepatocytes, Waymouth’s MB 752/1 containing 1%
streptomycin/penicillin, 1% L-glutamine, 0.2% BSA, and 0.1 nM insulin; for
McA cells, high-glucose DMEM containing 0.5% FBS, 0.5% horse serum, 1%
penicillin/streptomycin, and 1% L-glutamine).

Immunoprecipitation, Electrophoresis, and Fluorography. Plates or dishes of
cells were placed on ice. Media were collected and supplemented with PMSF
(1 mM). Cells were washed three times with cold PBS. Cell lysis buffer [10 mM
PBS (pH 7.4), 125 mM NaCl, 36 mM lithium dodecyl sulfate, 24 mM deoxy-
cholate, and 1% Triton X-100] freshly supplemented with protease inhibitor
mixture and 1 mM PMSF was used to lyse cells. Both cellular lysates and media
were spun at 10,000 # g for 5 min to remove debris. One percent of each lysate
and medium sample was treated with trichloroacetic acid (TCA) at 4°C, and the
precipitates were resuspended and counted to quantify total 35S-labeled
proteins (8). The remaining lysate and medium samples were subjected to
apoB immunoprecipitation.

As previously, we focused on apoB100, because it is the form of apoB that is
secreted from human liver and is the predominant form of rat hepatic apoB on
large, lipid-rich lipoproteins (50), the targets of PERPP (8). In addition, the
effect of PUFAs on total apoB48 recovery has been small in prior and the
present studies (data not shown), owing to its under-representation in large
lipid-rich particles (8, 48). As indicated in Results, depending on the experi-
ment, either the total amount of labeled apoB100 (intracellular plus secreted)
or the separate recoveries from cells or conditional media were determined by
immunoprecipitation followed by SDS/PAGE/fluorography/densitometry, as
described in ref. 9.

Detection of MDA-Modified apoB. Cellular content of lipid peroxides was
determined by measuring thiobarbituric acid-reactive substances (TBARS) as
described in ref. 9. Results are expressed as malondialdehyde (MDA) equiva-
lents normalized to cellular protein mass (DC protein assay kit; Bio Rad).

For immunodetection of oxidatively modified intracellular apoB, cells were
incubated for 4 h in DMEM supplemented with 0.5% FBS, 0.5% horse serum,
1% L-glutamine, and 1% penicillin/streptomycin with 0.12 mM BSA or 0.6 mM
DHA. After the preincubation, steady-state labeling with [35S]met/cys was
done as above but in the presence of the corresponding BSA and DHA
treatments.

At the end of the labeling period, treatment media were collected, cells
were washed twice with PBS, and lysed. 35S-labeled apoB was then immuno-
precipitated from cell lysates.

Aliquots of immunoprecipitates (normalized according to total TCA-
precipitable counts) were resolved on two separate gels. One gel was sub-
jected to fluorography, and the other was used to transfer proteins to Poly-
screen PVDF membrane (Perkin–Elmer). Rabbit anti-MDA (Alpha Diagnostic)
primary antibody (1:1,000) was followed by anti-rabbit IgG-peroxidase
(1:10,000; Sigma). Detection was by Western Lightning Chemiluminescence
reagent plus kit (Perkin–Elmer). MDA-Ovalbumin (Alpha Diagnostic) was the
positive control.
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Colocalization Studies. McA cells were transfected with an expression plasmid for
LC3-GFP [a generous gift from T. Yoshimori (National Institute of Genetics,
Mishima, Japan)] using the TransIT reagent (Mirus Bio), following the manufac-
turer’s protocol. After 24 h, cells were then replated on collagen-coated cham-
bered slides. After 2 h to allow attachment, cells were then incubated for 4 h at
37°CwithBSAcomplexedtoeitherOA(0.6mM)orDHA(0.6mM).Cellswerefixed
with 3.3% paraformaldehyde and then permeabilized with 0.1% Triton X-100.
Cells were incubated with rabbit anti-rat apoB serum (1:250). After wash-
ing, cells were next incubated with Texas red-conjugated goat anti-rabbit
secondary antibody (1:250; Jackson ImmunoResearch). Nuclei were stained
with DAPI (Vector Laboratories). Cells were imaged with a Zeiss 510 Meta
laser scanning confocal microscope with a 63! Plan-Apochromat NA 1.4
objective and the digitized files processed by Adobe Photoshop 5.5.

Statistical Analyses. Unless otherwise noted, quantitative results are displayed
as mean " SEM, n # 4. For most comparisons, two-tailed t tests were used. For
comparisons involving several groups, ANOVA was initially used, and, when
indicated, pairwise comparisons of each experimental group versus the con-
trol group were performed using the Dunnett q$ statistic (51).
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TIP30 is associated with progression and metastasis of prostate cancer

Hui Zhang1,2, Yifen Zhang1,2, Hai Ou Duan1,2, Sandra D. Kirley2, Sharron X. Lin2, W. Scott McDougal2,
Hua Xiao3 and Chin-Lee Wu1,2*
1Department of Pathology, Massachusetts General Hospital and Harvard Medical School, Boston, MA
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3Department of Physiology and Pathology, Michigan State University, East Lansing, MI

Tat-interacting protein 30 (TIP30), a transcriptional repressor for
ERa-mediated transcription, possesses several characteristics of a
tumor suppressor in certain human and mouse cells. It is reported
that deletion of TIP30 gene preferentially increases tumorigenesis
in the female knockout mice. Here, we analyzed TIP30 gene
expression in the databases of several DNA microarray studies of
human prostate cancer and show that TIP30 is specifically overex-
pressed in metastatic prostate cancers. We demonstrate that
TIP30 nuclear expression is associated with prostate cancer pro-
gression and metastasis by immunohistochemical analysis in pri-
mary and metastatic prostate cancers. Consistent with these data,
we also show that knockdown of TIP30 expression, through use of
a short hairpin RNA-expressing plasmid, suppresses the cellular
growth of PC3 and LNCaP prostate cancer cells. Ectopic overex-
pression of TIP30 stimulates metastatic potential of prostate can-
cer cells in an in vitro invasion assay, whereas knockdown of
TIP30 inhibits the prostate cancer cells invasion. Finally, we dem-
onstrate that ectopic overexpression of TIP30 enhances androgen
receptor mediated transcription, whereas knockdown of TIP30
results in a decreased transcription activity. These data provide
evidence that TIP30 plays a role in prostate cancer progression
and that TIP30 overexpression may promote prostate cancer cell
growth and metastasis.
' 2008 Wiley-Liss, Inc.
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Prostate cancer is the most common noncutaneous cancer of
men in the United States. In 2007, 218,890 new cases and 27,050
deaths from prostate cancer were predicted in the USA (National
Cancer Institute, http://www.cancer.gov/cancertopics/types/pros-
tate). Its development proceeds through a series of defined states,
including prostatic intraepithelial neoplasia, organ-confined pros-
tate cancer, locally invasive cancer and metastatic cancer. The
organ-confined prostate cancers are potentially curable with sur-
gery and/or radiation. On the other hand, locally advanced tumors
and metastatic prostate cancers are difficult to treat. The current
treatment of metastatic prostate cancer is the use of androgen
ablation because the growth of prostate cancer cells is dependent
on the androgen hormone. However, this treatment sometime fails
to cure the disease as the prostate cancer often becomes andro-
gen-independent. It is believed that abnormal expression of
components in the androgen-receptor-signaling pathway may con-
tribute not only to the initiation but also to the progression of
prostate cancers. Indeed, several transcriptional coactivators for
the androgen receptor (AR) are implicated in the development
and progression of prostate cancer.1–3 However, the roles of AR
coactivators in the promotion of prostate cancer metastasis are
currently unknown.

A number of DNA microarray studies of gene expression in
human prostate carcinomas reveal overexpression of a set of genes
in metastatic prostate cancers, including hepsin4,5 and the metasta-
sis-associated gene 1 (MTA1).6 Hepsin mRNA is upregulated in
90% of prostate tumors and exclusively expressed in tumor cells.5

Overexpression of hepsin in prostate epithelium in vivo causes dis-
organization of the basement membrane.7 In a mouse model of
nonmetastasizing prostate cancer, hepsin overexpression also
causes disorganization of the basement membrane and promotes
primary prostate cancer progression and metastasis to liver,
lung, and bone.7 MTA1 is selectively overexpressed in metastatic

prostate cancer compared with clinically localized prostate cancer
and benign prostate tissue.8

TIP30 (Tat-interacting protein 30), also called CC3 or Htatip2,
was identified as a transcriptional cofactor that enhances Tat-
mediated transcription.9 The TIP30/CC3 gene was independently
identified by differential display analysis of mRNA from the
highly metastatic human small cell lung carcinoma (SCLC) cell
line when compared with the less metastatic SCLC cell lines.10

Introduction of the TIP30/CC3 gene into a variant SCLC (v-
SCLC) cell line that did not express the TIP30/CC3 gene resulted
in a significant suppression of its metastatic potential. Intravenous
delivery of the TIP30 gene to melanoma-bearing mice via a cati-
onic liposome-DNA complex significantly reduced metastases.11

TIP30 has been proposed to function as a metastasis suppressor via
its ability to promote apoptosis and inhibit angiogenesis.10,12–14

Consistent with this hypothesis, ectopic expression of TIP30 was
found to elevate the expression of a subset of proapoptotic genes14

and angiogenic inhibitors and to downregulate the expression of
certain angiogenic stimulators.13 Moreover, deletion of 1 or both
alleles of Tip30 resulted in spontaneous development of hepatocel-
lular carcinoma and other tumors in mice.15 Therefore, TIP30
played an inhibitory role in tumorigenesis in liver and lung cells.
Unlike the finding in liver and lung cancer cells, a DNA microar-
ray study on prostate cancer specimens suggested that TIP30
mRNA was overexpressed in prostate cancers.5 Thus, we sought
to further investigate whether TIP30 expression is associated with
prostate cancer progression.

In this study, we characterized for the first time the role of
TIP30 in prostate cancer. Expression microarray data were further
analyzed to compare TIP30 gene expression in benign prostate tis-
sues, clinically localized and metastatic prostate cancers. These
analyses were validated with immunohistochemistry in human
prostate cancer tissue samples. The effect of TIP30 on prostate
cancer cell growth, metastatic/invasive potential and androgen re-
ceptor mediated transcription was analyzed. Our results indicate a
stimulatory role of TIP30 in the growth, progression and metasta-
sis of prostate cancer cells. Finally, the findings combined with
previous studies on TIP30 provide an interesting model of the
TIP30 with opposing effect on androgen/estrogen receptors and
prostate/breast cancers.
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Material and methods

Data collection

The clone ID of TIP30 in the DNA microarray data of the study
carried out by Dhanasekaran et al.5 is 589751. The clone ID of
TIP30 in the DNA microarray data of the study carried out by
Holzbeierlein et al.16 is 38824.

Immunohistochemistry

Affinity-purified anti-TIP30 rabbit polyclonal antibody was
purified as described previously.9 Tissue specimens were obtained
from the pathology archive of Massachusetts General Hospital
with permission given by the institutional human study committee.
Formalin-fixed, paraffin-embedded tissue sections of radical pros-
tatectomy specimens were stained with affinity-purified anti-
TIP30 antisera at a 1:400 dilution using a microwave-enhanced
avidin-biotin-staining ABC (Vector Labs, Burlingame, CA)
method.17,18 Negative control sections were immunostained under
the same condition substituting preabsorbed antisera and preim-
mune rabbit antisera for primary antibodies. The stained slides
were analyzed visually by 2 trained pathologists (CLW, YZ). Posi-
tive stain of TIP30 was defined as dark brown signals in the nuclei
in the majority (>50%) of the tumor cells.

Generation of TIP30 overexpression and knockdown stable
cell lines

Prostate cancer cell lines PC3 and LNCaP (ATCC, Manassas,
VA) were grown in DMEM with 4.5 g/l of glucose and 10% FBS
and used to generate TIP30 overexpressing or knockdown stable
cell lines. To generate a stable TIP30 overexpressing PC3 cell line
the pCIN4-TIP30 vector14 was transfected into PC-3 cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, Ca). Transfected colo-
nies were selected by growth in 1 mg/ml G418 (Meditech, Hern-
don, VA) and grown into stable clones then screened for TIP30
expression levels by Western blot. Control cells were made by
transfecting the pCIN4 vector (Invitrogen) alone. To generate
TIP30 knockdown PC3 and LNCaP cell lines the shRNA con-
structs were established using a pSilencerTM 4.1-CMV neo kit
(Ambion, Austin, TX). The shRNA target sequence of TIP30
gene, 50-AATGGCTGGTTAGAAAGTTCTT-30 (from No. 542 nt
to No. 563 nt of TIP30 gene), was designed with a free software
provided by Ambion. PC3 and LNCaP cells were transfected
using Lipofectamine 2,000. After neomycin (1 mg/ml) selection,
multiple clones were obtained and individual clones were picked
and screened for reduced expression of TIP30 by Western blot
analysis. The control pSilencer vector that expresses a scrambled
control shRNA was also transfected into PC3 and LNCaP cells to
generate stable control cell lines.

Determination of cell growth rate

The growth rates of PC3 control, PC3/TIP30/shRNA, LNCaP
control, and LNCaP/TIP30/shRNA cells were determined by seed-
ing 1 3 104 cells/well into 24-well tissue culture (TC) plate and
counting the cells in quadruplicate for up to 11 days. The media
was replaced every 3rd day. The growth rate for each cell line was
determined from the exponential growth phase of the cells. Data
are expressed as 6 SD.

In vitro invasion assay

Invasion assays were performed using a BD BioCoat Matrigel
invasion chamber according to the manufacture’s instruction (BD
Biosciences Discovery Labware, Bedford, MA). 1 3 104 cells in
500 ll of DMEM medium were seeded in the upper chamber, and
750 ll of DMEM medium with 10% FBS was added to lower
chamber in 24-well TC plate. Cells were incubated at 37!C for
22 hr, then fixed and stained with the Diff-Quik stain set (Dade
Behring, Newark, DE) according to the manufacture’s instruction.
Cells remaining on the underside of the membrane were counted.
The experiments were run in triplicate and the results were aver-
aged. Data was expressed as the percent of invasion through the

Matrigel Matrix and membrane relative to the migration through
the control membrane. The ‘‘Invasion Index’’ was expressed as the
ratio of the percent invasion of a test cell over the percent invasion
of a control cell.

Transient transfection and androgen receptor mediated
transcription assay

The AR expression vector was constructed by inserting its cor-
responding cDNA sequence into pcDNA3.1.19 The luciferase re-
porter contained the androgen response element ahead of the E4
basal promoter and the luciferase gene.19 Both plasmid constructs
were kindly provided by Dr. Z. Wang from the MD Anderson Can-
cer Center (Houston, TX). The pCIN4-TIP3014 expression vector
was described previously. PC3 and LNCaP cells were transfected
with plasmid DNA using the Lipofectamine 2,000 transfection rea-
gent. Briefly, 3 3 105 cells were plated onto each well of 24-well
plates !24 hr before transfection and were transfected with 1 lg
of total amount of DNA, which was adjusted with pCIN4. Trans-
fections were conducted in Opti-MEM I Reduced Serum Medium
(Invitrogen); 5 hr later, the medium was replaced with phenol-free
DMEM plus charcoal-treated 10% FBS (Hyclone, Logan, UT)
containing 10 nM R1881 (Perkin Elmer, Waltham, MA) for PC3
cells or 1 nM R1881 for LNCaP cells. Cells were cultured for
another 48 hr and harvested for the dual luciferase assay (Promega,
Madison, WI). In all experiments, a plasmid pRL-CMV for
expressing Renilla Luciferase was used as a control for transfec-
tion efficiency, and activities of firefly and Renilla luciferase were
measured with Promega Dual-Luciferase reporter system, normal-
ized, and expressed as relative luciferase light units.

Results
TIP30 gene is overexpressed in metastatic and recurrent human
prostate carcinomas
A number of DNA microarray studies have been performed to

analyze the gene expression profile in prostate cancers.4,5,6,16 Dha-
nasekaran et al. profiled and analyzed gene expression in normal
prostate tissue, benign prostatic hyperplasia (BPH), localized and
metastatic prostate cancer.5 Their analysis indicated that gene
expression of TIP30 was markedly upregulated in 8 out of 11 met-
astatic prostate cancers (73%), whereas expression of the TIP30
gene was unchanged in normal prostate tissue, BPH or localized
prostate cancer. In the study published by Holzbeierlein et al., the
gene expression in normal prostate tissue, primary prostate cancer,
recurrent prostate cancer, hormone (goserelin and flutamide)
treated primary prostate cancer, and metastatic prostate cancer
was profiled.16 We further analyzed the data and compared the
specific expression patterns of TIP30 gene in these different pros-
tate tissues. Consistent with the previous report, the gene expres-
sion of TIP30 was upregulated in recurrent and metastatic prostate
cancers but not in primary or hormone therapy treated prostate
cancers (Fig. 1). The analysis of TIP30 gene expression from the
DNA microarray data indicated that the TIP30 gene was overex-
pressed in the metastatic prostate cancer.

FIGURE 1 – TIP30 gene expression in normal and various prostate
cancer (Pca) tissues. The RNA expression data were kindly provided
by Dr. William L. Gerald. The relative intensity of TIP30 expression
in the different tissues was plotted.
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Immunohistological analysis of TIP30 expression in primary and
metastatic prostate cancers

To study TIP30 expression in primary localized and metastatic
prostate cancers, we performed immunohistochemical analysis
using an affinity purified rabbit anti-TIP30 antibody on primary
human prostate cancer radical prostatectomy specimens. We
included Gleason score 6 cancer and higher grade (Gleason score
7 and above) cancers for this analysis which represent the vast ma-
jority of prostate cancers. Fifty-six localized Gleason score 6 pros-
tate cancers, 68 localized higher-grade prostate cancers (Gleason
scores 7 or above), and 25 metastatic prostate cancers were tested.
TIP30 is expressed in the nuclei of basal cells and is negative in
the nuclei of luminal cells of normal prostate acinar structures
(Fig. 2b panel a, upper left). TIP30 expression was different
among the different cancer groups (Fig. 2a and 2b). In localized
Gleason score 6 cancers, 4 out of the 56 cases studied (7%) dem-
onstrated positive TIP30 nuclear expression (Fig. 2b panel a, bot-
tom right), compared to the adjacent normal luminal epithelium in
prostate (Fig. 2b panel a, upper left). In the higher Gleason score
(!7) group of localized prostate cancers, 34 of the 68 cases (50%)
showed positive nuclear staining. In the metastatic prostate can-
cers, 23 of the 25 cases (92%) showed positive nuclear staining
(Fig. 2a and 2b panel b). To confirm the tissue section finding,
when both endogenous and exogenous expressions of TIP30 were
examined in cultured prostate cancer cells, the majority of TIP30
staining was found in the nucleus of both LNCaP and PC3 cells
(data no shown). These data suggested that expression of TIP30 is
associated with progression and metastasis of prostate cancer.

Regulation of prostate cancer cell growth by TIP30

To investigate the potential biological function of TIP30 in
prostate cancer cells, we knocked down (KD) the TIP30 expres-

sion in both the PC3 and LNCaP cells by shRNA (short hairpin
RNA) using pSilencerTM 4.1-CMV neo kit and analyzed the
expression levels and growth characteristics of the transfected
cells compared with their parental controls. Multiple individual
clones were established and we observed significantly reduced
cell growth in all the clones with reduced TIP30 expression by
TIP30 shRNA (data not shown). Figure 3a (panel a) illustrates the
expression of TIP30 in the TIP30/shRNA compared with the con-
trol cells on a Western blot probed with antibody to TIP30. Fig-
ure 3a panel b showed that the TIP30 expression in PC3/TIP30/
shRNA and LNCaP/TIP30/shRNA cells was significantly
decreased. The densitometric analysis normalizing TIP30 protein
relative to cellular actin protein showed that TIP30 expression
in PC3/TIP30/shRNA cells and LNCaP/TIP30/shRNA cells de-
creased to 61% and 48% respectively when compared to their con-
trol cells.

To study the effect of TIP30 on cell proliferation, cell growth of
PC3/TIP30/shRNA and LNCaP/TIP30/shRNA cells were deter-
mined and compared with that of their control cells (Fig. 3b and
3c). The doubling time of PC3/TIP30/shRNA cells was increased
to 71 hr when compared with that of PC3 vector control cells
(53 hr). The doubling time of LNCaP/TIP30/shRNA cells was
increased to 65 hr when compared with that of LNCaP vector con-
trol cells (29 hr). These results indicated that TIP30 has a stimula-
tory role in cell growth of prostate cancer cells.

The effect of TIP30 expression on prostate cancer cell invasion

TIP30 expression is increased in higher grade and metastatic
prostate cancer cells. We hypothesized that TIP30 may be associ-
ated with cell invasion of prostate cancer and tested this hypothe-
sis in an in vitro system. A cell invasion test was performed using
a Matrigel invasion chamber, an accepted assay correlated with

FIGURE 2 – (a) Immunohistochemical analysis of TIP30 expression in localized primary (Gleason score 6 cancer and Gleason score !7) and
metastatic prostate cancers. N5 sample number/group. The bar graph illustrates the percentage of specimens that demonstrated positive staining
in each group. (b) Immunostaining of TIP30 in primary localized (panel a) and metastatic (panel b) prostate cancers. The upper left gland in
Fig. 2(b) (panel a) is an adjacent normal prostatic acinar structure. The smaller cancer acinar glands are in the right bottom part of Fig. 2(b)
(panel a). Metastatic prostate cancer cells in Fig. 2(b) (panel b) showed prominent TIP30 nuclear staining.
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metastatic potential in vitro,20,21 to study the effect of TIP30 on
the metastasis of prostate cancer cells. The percent invasion of
TIP30 KD cells was compared to that of their parent control cells
(Fig. 4a). The invasion index of PC3/TIP30/shRNA cells was 70%
to PC3 control cells and the invasion index of LNCaP/TIP30/
shRNA cells was 41% to LNCaP control cells, indicating that
knockdown of TIP30 in the cancer cells reduced the cell invasive
ability. The TIP30 effect on invasion was also studied in prostate
cancer cell line overexpressing TIP30. PC3 cells overexpressing
TIP30 (PC3/TIP30) were established with transfection of pCIN4-
TIP3014 into PC3 cells. The control PC3 cell (PC3 vector) was
also obtained by stably transfecting the pCIN4 vector alone. The
overexpression of TIP30 in PC3 cell was confirmed by Western
blot (Fig. 4b insert). The percent invasion of PC3/TIP30 cells was
compared with PC3 vector cells. Two different concentrations of
serum were used to test whether there was any alteration in cell
motility. In the lower chamber filled with DMEM containing 10 or
5% FBS, the invasion index of PC3/TIP30 cells was 147 or 213%
to PC3 vector control cells, respectively. These results indicated
that overexpression of TIP30 in prostate cancer cells increased the

cell invasion ability. Together, these observations indicated that
TIP30 stimulates invasiveness and thus the metastatic potential of
prostate cancer cells.

TIP30 enhances androgen receptor mediated
transcription activity

The immunohistochemical study showed that TIP30 had a
strong nuclear expression in higher-grade localized prostate can-
cers and in most metastatic prostate cancers, implying that TIP30
may play a role in nuclear regulation. TIP30 functions as a tran-
scriptional regulator for ERa-mediated transcription.22 Given the
similarity between androgen and estrogen receptors and the role
of androgen receptor (AR) in prostate cancer, we tested the possi-
bility that TIP30 may regulate AR mediated transcription activity
in prostate cancer. PC3 cells were transiently transfected with lu-
ciferase reporter driven human PSA promoter fragment16 and
pCDNA-AR, along with pCDNA-TIP30 expression vectors, as
indicated in Figure 5a. Cells were grown in the presence of 1 nM
DHT for 48 hr after transfection, and then harvested for dual

FIGURE 3 – [a (panel a)], Western
blot analysis of TIP30 expression in
TIP30 KD prostate cancer cells and
their parent control cells containing
vector alone. a (panel b), Densitomet-
ric analysis of immunoblot. Relative
expression ratio of TIP30 expression to
b-actin expression in TIP30 KD cells
to that of their control cells. The rela-
tive expression ratio of TIP30 in con-
trol cells was given to 1. (b), Compari-
son of growth rate by cell number
counting between PC3 control cells
and PC3/TIP30/shRNA cells. (c),
Comparison of growth rate between
LNCaP control cells and LNCaP/
TIP30/shRNA cells.
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luciferase activity assay. Along with increasing amount of co-
transfected TIP30, the promoter activity increased correspond-
ingly, and this effect was androgen-dependent. To confirm the
TIP30 activation of AR-mediated transcription, we tested
whether knockdown TIP30 expression would result in a decrease
of AR-mediated transcription activity. As shown in Figure 5b,
cells were transiently transfected with 4 3 ARE-E4-luc reporter
plasmid. In co-transfection with AR, the transcription activity of
PC3/TIP30/shRNA cells was reduced to 75% of the PC3 control
cells, while the relative transcription activity of LNCaP/TIP30/
shRNA cells decreased to 32% of LNCaP control cells as
expected. The luciferase reporter system in the study was not
sensitive enough to determine the luciferase activity without the
transfection of AR. Renilla Luciferase was used as a control for
transfection efficiency and cell proliferation. Thus the effect of
TIP30 on AR activation is not the result of TIP30 effect on cell
growth. Together, these results indicate that TIP30 plays a role in
AR-mediated transcription.

Discussion

The goal of this study was to understand the role of TIP30 in
prostate cancer. A number of studies have been documented on
gene expression profiles of human metastatic prostate cancer.
TIP30 is one of the genes on the reported heatmaps that distin-
guish metastatic prostate cancer from clinically localized prostate
cancer. In this study, we presented evidence that the expression of
TIP30 protein in prostate epithelial cells was specifically upregu-
lated in human higher grade prostate cancer (Gleason score !7)
and metastatic prostate cancers. Inhibition of TIP30 by shRNA
caused reduced proliferation of 2 tested prostate cancer cell lines.
Overexpression of TIP30 led to an increased invasion capacity of
these cell lines. Finally, we showed evidence that the effect of
TIP30 in prostate cancer might be in part through its influence on
AR transactivation of its target genes.

TIP30 was previously identified as a putative metastasis sup-
pressor that inhibits metastasis of variant small cell lung carci-
noma (v-SCLC).10 Functional studies supported that overexpres-
sion of TIP30 in NIH3T3 and v-SCLC cells inhibited cell growth
by predisposing cells to apoptosis.13 The TIP302/2 mice have a
high incidence of hepatocellular carcinoma, breast tumors and
other tumors with metastases to multiple tissues, indicating that

FIGURE 4 – (a), Comparison of the capacity of cell invasion
between TIP30 KD cells and its control PC3 and LNCaP cells. Data
were expressed as the percent invasion through the matrigel matrix
and membrane relative to the migration through the control mem-
brane. (b), Comparison of the capacity of cell invasion between PC3/
TIP30 and control cells under different concentration of serum as che-
moattractant. Western blot insert shows TIP30 expression in PC3/
TIP30 (lane 1) and PC3 with expression vector (lane 2). The left side
group represented the percent invasion of cells grown in the case of
lower chamber with DMEM containing 10% FBS. The right side
group represented the percent invasion of cells into the lower chamber
having 5% FBS in DMEM.

FIGURE 5 – (a), Effect of TIP30 overexpression on AR-mediated
transcription. PC3 cells were transiently transfected with luciferase re-
porter driven by a 6.4 kb of human PSA promoter fragment and
pCDNA-AR (100 ng), along with pCDNA-TIP30 expression vectors
at 300, 500, and 700 ng. Cells were grown in the presence (1) or ab-
sence (2) of 1 nM DHT for 48 hr after transfection, and then har-
vested for dual luciferase activity assay. (b), Comparison of AR-medi-
ated transcription activity of TIP30 KD cells with control cells. The
stable shRNA expression cells were transfected with 200 ng of 4 3
ARE-E4-luc report plasmid and pCDNA-AR. After transfection, cells
were grown in the presence of 10 nM R1881 (for PC3 cells) or 1 nM
R1881 (for LNCaP cells) and then harvested for luciferase activity
assays. Relative luciferase activity represented the percentage of lucif-
erase activity of TIP30 KD cells to that of the vector control cells.

814 ZHANG ET AL.



TIP30 deficiency increases susceptibility to tumorigenesis.15

Recent studies show that inhibition of TIP30 expression greatly
enhanced the potential of breast cancer cell invasion,23 and TIP30
deletion promotes proliferation of primary mammary epithelial
cells (MEC) and results in rapid immortalization of MECs.24

TIP30 overexpression represses ERa-mediated c-myc transcrip-
tion, whereas TIP30 deficiency enhances c-myc transcription.22

TIP30 mutations not only loss the function of tumor suppression
but also gain functions such as acceleration of tumorigenesis by
altering the expression of the N-cadherin gene.25 Those could be
the mechanisms by which TIP30 influences tumorigenesis. Inter-
estingly, throughout this study, we found that alteration of TIP30
had effects on both LNCaP and PC3 prostate cancer cells. How-
ever, when examining cell growth and invasion, much greater
effects were consistently observed in androgen-sensitive LNCaP
cells when compared with that in androgen-insensitive PC3 cells
(Figs. 3 and 4). When reduction of AR-mediated transcription ac-
tivity was measured, the relative transcription activity was reduced
to 32% in LNCaP cells but only reduced to 75% in PC3 cells.
Although our data indicate the potential involvement of TIP30 in
AR-mediated pathways to regulate prostate cancer metastasis, our
data did not exclude the possibility of TIP30 regulating other path-
ways to promote prostate cancer metastasis. In fact the expression
of TIP30 in androgen insensitive PC3 cells suggests that signals
other than AR-mediated pathway may interact with TIP30 to facil-
itate prostate cancer progression. More work is needed to further
elucidate these interactions. Our findings of the role of TIP30 in
the development of prostate cancer showed that TIP30 promoted
the growth of prostate cancer cells, enhanced metastatic potential
of prostate cancer cells, and enhanced AR-mediated transcription,
suggesting that TIP30 has a distinct role in prostate tissue and
plays a bifunctional role in tumorigenesis.

A few genes that play bifunctional tumor suppressor/oncogene
role in tumorigenesis have been reported. Transforming growth
factor-beta (TGF-b) through its unique transmembrane receptor
serine-threonine kinases, posses both tumor suppressor and onco-
genic activities, playing a complex role in carcinogenesis.26 Tu-
mor cells often escape from the antiproliferative effects of TGF-b
by mutational inactivation or dysregulated expression of compo-

nents in its signaling pathway. Decreased receptor function and
altered ratios of the TGF-b type I and type II receptors found in
many tumor cells compromise the tumor suppressor activities of
TGF-b and enable its oncogenic functions. The complex of TGF-
b and endoglin, an important modulator of TGF-b1 signaling, was
elevated markedly in breast cancer patients who developed metas-
tasis and/or died of the disease.27 On the other hand, overexpres-
sion of betaglycan, an endoglin homologue, in human breast can-
cer MCF-7 cells increased the autocrine activity of TGF-b and
reduced the clonogenicity of the cells in soft agar.28 In another
human breast cancer line, MDA-MB-231, it resulted in reduced
tumorigenicity in vivo.29 Furthermore, estrogens are believed to
play critical role in prostate cancer progression and estrogen re-
ceptor-b was shown to be regulated in a reversible and cancer
stage-specific fashion. Its expressions decreased during localized
prostate cancer progression (from lower to higher grade) but
increased in metastatic prostate cancer.30,31

Our data suggested that TIP30 may play a stimulatory role in
the pathways of cancer cell progression and metastasis in prostate
cells that is different from lung and breast cells, raising an interest
to identify the downstream target genes of TIP30 in this disease.
Previous studies have shown that several DNA-repair and metasta-
sis-related genes (including RPA70, NM23-H2 and RAP) in small
lung carcinoma cells are induced by TIP3014 and c-myc expression
in breast cells is inhibited by TIP30.22 Here, we demonstrated that
TIP30 in prostate cancer cells enhanced AR-mediated transcrip-
tion activity, which is required for prostate cancer development
and progression. It is tempting to speculate that TIP30 might act
as a coactivator in AR-mediated transcription. Nevertheless, the
validation of the speculation requires further experimentation.
Unraveling the role of TIP30 might provide novel connections
between regulatory networks for prostate cancer metastasis and
help the development of new strategy for therapeutic treatment for
human cancer.
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