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Abstract
Prostate specific membrane antigen (PSMA) is a transmembrane protein highly expressed in
advanced and metastatic prostate cancers. The pathological consequence of elevated PSMA
expression in not known. Here, we report that PSMA is localized to a membrane compartment in the
vicinity of mitotic spindle poles and associates with the anaphase-promoting complex (APC). PSMA
expressing cells prematurely degrade cyclin B and exit mitosis due to increased APC activity and
incomplete inactivation of APC by the spindle assembly checkpoint. Further, expression of PSMA
in a karyotypically stable cell line induces aneuploidy. Thus, these findings provide the first evidence
that PSMA has a causal role in the induction of aneuploidy and might play an etiological role in the
progression of prostate cancer.
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INTRODUCTION
Prostate specific membrane antigen (PSMA) is localized to secretory cells within the prostatic
epithelium and is upregulated in advanced prostate carcinoma and metastatic disease (1).
PSMA is a type II transmembrane protein with a short, N-terminal cytoplasmic tail, a single
transmembrane domain and a large extracellular C-terminal domain and exhibits both N-
acetylated alpha-linked acidic peptidase (NAALADase) and folate hydrolase activities (1,2).
While the physiological and pathological functions of PSMA remain unclear, it is of particular
interest that PSMA expression is a universal feature of prostate carcinoma. PSMA expression
increases with tumor aggressiveness with greatest levels being found in high-grade tumors,
metastatic lesions and androgen-independent disease (3). This salient association between
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PSMA expression levels and tumor stage alludes to a potential etiological role for PSMA in
the pathogenesis and progression of prostate cancer.

Progression through mitosis relies on a complex series of precisely coordinated events that is
primarily regulated by the periodic rise and fall of mitotic B-type cyclin levels. During the late
stages of G2, elevated levels of the mitotic B-type cyclins permit cellular alterations associated
with mitosis, such as nuclear envelope breakdown and chromosome condensation. As these
cells enter into mitosis, the newly replicated centrosomes migrate to opposing ends of the cell
to serve as the mitotic spindle poles. The spindle poles nucleate a dense array of microtubules
that attach in a bipolar manner to the kinetochores on the condensed chromosomes (4,5). As
the condensed chromosomes attach to spindle microtubules and become properly aligned at
the metaphase plate, a large multi-subunit ubiquitin ligase known as the anaphase promoting
complex (APC) becomes activated and degrades cyclin B (5,6). The degradation of cyclin B
allows the cells to exit mitosis and enter a subsequent round of the cell cycle (7).

While the principle function of spindle poles was previously believed to be limited to nucleation
of microtubules, more recent evidence alludes to additional roles in signal transduction and
cell cycle regulation. It is now evident that centrosomes play a crucial role in the timing of
mitotic events, such as the cyclin B degradation in early Drosophila embryos and exit of
cytokinesis in animal cells (8,9). Immunofluorescence analysis has also demonstrated that APC
accumulates at the centrosomes and that the spindle poles are where the ubiquitination of cyclin
B is initiated (10). Furthermore, several proteins involved in spindle assembly checkpoint
(SAC) function and temporal regulation of mitosis have also been localized to the centrosomes
and spindle poles, including Mad2, Bub2, and Bfa1 (11-14).

The activity of APC is highly regulated by checkpoint mechanisms that prevent APC activation
and entry into anaphase (15,16). Several mutations and epigenetic defects affecting mitotic
checkpoint components, including RASSF1A, Bub1, BubR1, and Mad2, Mad1, have all been
identified in various forms of solid and hematological malignancies (17-22). Premature
activation of APC would provide less time for proper chromosome attachment and alignment
and would thus reduce the fidelity of chromosomal segregation into daughter cells. This type
of chromosomal instability (CIN) is by far the most frequent form of genetic instability among
solid tumor cells and manifests in gross gains or losses of one or more chromosomes, a
condition known as aneuploidy. Aneuploidy is apparent during the earliest stages of malignant
transformation, has been implicated as a driving force in the process of tumorigenesis
(17-19,21,22) and may have a central etiological role in inducing the complex phenotypes
associated with cancer by altering the expression and balance of literally thousands of structural
and regulatory genes.

In this study, we demonstrate that PSMA, a membrane protein, is localized to a membrane
compartment in the vicinity of centrosomes at the spindle poles and associates with APC
leading to premature activation of APC and induction of aneuploidy. These studies suggest
that PSMA has a causal role in the progression of prostate cancer.

MATERIALS AND METHODS
Cell Lines and Immunofluorescence

PC3 cells expressing PSMA (PC3-PSMA) cells (23,24), and Madin-Darby Canine Kidney
(MDCK) cells expressing PSMA (MDCK-PSMA) or a deletion construct lacking amino acids
103-750 of the extracellular domain of PSMA (MDCK-PSMA-Δ103-750) (25,26) were
described previously. A cytoplasmic tail deletion construct of PSMA (PSMA-ΔCD) (27) was
stably expressed in MDCK cells (25). For HCT-116 cells expressing PSMA (HCT-PSMA),
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PSMA was cloned from LNCaP cells and lentivirus harboring PSMA was transduced.
HCT-116 cells expressing GFP (HCT-GFP) cells were generated as control.

Immunofluorescence analysis was performed as described (25,27) using monoclonal antibody
(mAb) J591 against the extracellular domain of PSMA (28) and rabbit anti-pericentrin
(Covance Research Products, Princeton, NJ). Diamino-2-phenylindole dihydrochloride
(DAPI) was used to visualize nuclei and chromosomes. Micrographs were taken with an
Axiophot microscope (Zeiss, Jena, Germany) equipped with a triple filter (DAPI/fluorescein
isothiocyanate (FITC)/Texas Red).

Cell Synchronization and Cell Cycle Analysis
A G2/M block was induced with 100 nM nocodazole for 10 hours and mitotic cells were
harvested by trypsinization and gentle tapping of the culture dish. The mitotic block was
released and at each indicated time point, cells were harvested and fixed in 70% ethanol. DNA
was stained with 100 μg/ml propidium iodide (PI) and 20 μg/ml ribonuclease A in hypotonic
citrate buffer. Samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences,San
Jose, CA) as described (29). Analysis of multivariate data was performed with CELLQuest™
software (BD Biosciences) and DNA histograms generated with ModFit LT™ software (Verity
Software House).

Immunoblot Analysis and in vitro APC Assay
100 μg of total protein from synchronized and mitotic block-released PC3 and PC3-PSMA
cells lysed in 95 mM NaCl, 25 mM Tris, pH 7.4, 0.5 mM EDTA, 2% SDS, 1 mM
phenylmethylsulfonyl fluoride, and 5 μg/ml each of antipain, leupeptin, and pepstatin (protease
inhibitor cocktail) were used for immunoblot analysis using anti-cyclin B1 (Santa Cruz
Biotechnology Inc, Santa Cruz, CA). Proteins were detected by enhanced chemiluminescence
(ECL) and quantified by densitometry. Immunoblot analysis of non-synchronized and G2/M
PC3 and PC3-PSMA cells were performed using anti-Mad2, BubR1, Cdc20 (30) and Cdc27
(BD Transduction Laboratories, San Jose, CA) antibodies.

In vitro APC assays were performed using an in vitro transcribed and translated N-terminal
fragment of cyclin B1 (cyclin B1-N1-102) as substrate. Amino acids 1-102 of cyclin B1 were
amplified by PCR and subcloned into pCDNA3. 35S-methionine labeled cyclin B1-N1-102 was
obtained using the TNT quick-coupled Transcription/Translation system (Promega, Madison,
WI). Cell pellets of synchronized PC3 and PC3-PSMA cells were snap frozen in liquid nitrogen
and cell lysates were prepared by incubating for 30 minutes in an ice-cold hypotonic buffer
(20 mM Hepes pH 7.6, 20 mM NaF, 1.5 mM MgCl2, 1 mM DTT, 5 mM KCl, 20 mM β-
glycerophosphate, 250 μM NaVO3, 1 mM PMSF, and EDTA-free protease inhibitors) followed
by brief homogenization. 30 μg of total protein from cell lysate supernatants (1 hour
centrifugation at 13,000 rpm at 4°C in a micro centrifuge) were added to reaction buffer
containing 20 mM Tris pH 7.5, 20 mM NaCl, 5 mM MgCl2, 5 mM ATP-γ-S, 20 μg/ml MG-132,
0.5 μg Ubc10, 20 μM ubiquitin, 1 μm ubiquitin aldehyde, protease inhibitors, and 2 μl of in
vitro translated 35S-cyclin B1-N1-102. Reactions were incubated at 37 °C for 60 minutes.
Samples were separated by SDS-PAGE (4-15% gradient gel), enhanced with salicylate, and
subjected to autoradiography.

Co-Immunoprecipitations and in vitro Binding Assays
Cell lysates of non-synchronized cells or from PSMA-positive prostate tumor tissue lysates
were prepared in 20 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 % Triton-
X-100, 1 mM β-glycerolphosphate, 1 mM NaVO3, 2.5 mM Na-pyrophosphate, 50 mM NaF,
and protease inhibitor cocktail. Cdc 27 was immunoprecipitated using goat anti-Cdc 27 (Santa
Cruz Biotechnology Inc.) and PSMA with mAb J591 for 16 hours at 4°C. Co-
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immunoprecipitating proteins were detected by immunoblotting. In vitro pull-down assays
from PC3 cells were performed using a purified GST-PSMA fusion protein as described
(24). A monoclonal anti-Cdc27 antibody (BD Transduction Laboratories) was used to detect
Cdc27 in both co-immunoprecipitates and GST pull-downs.

Cytogenetics and Fluorescence in situ Hybridization (FISH)
Early passages from HCT cells were analyzed by standard cytogenetics. About 25 metaphases
were analyzed and karyotyped to determine chromosome number and structure consistency.
FISH was used to determine the aneuploidy in cells obtained from a series of cell-passages
(2,15,34, and 45) of HCT-PSMA and HCT-GFP cells. In order to establish a generalized
mechanism of chromosome number variation, FISH analyses with DNA-probes specific for
the centromeres of chromosome 3, 7, 17, and 9p21 region, respectively were used (Abbott-
Vysis, Abbott Park, IL). These probes are labeled variously as a cocktail for Multicolor FISH
analysis (Urovysion probe panel). Cells that easily detached were fixed and hybridized with
the Urovysion probe panel following the manufacturer’s recommendation. Interphase cells
with multicolor probe signals were examined under a fluorescent microscope (Axiophot, Zeiss)
equipped with appropriate filters. Approximately, 1000 nuclei were analyzed for each passage
and cell-type.

Immuno-Electron Microscopy
Cells fixed in ice-cold methanol were incubated with mAb J591 as described for
immunofluorescence, washed, and then incubated with 10 nm gold-conjugated anti-mouse
secondary antibody. After washing, cells were fixed in 2.5% glutaraldehyde in cacodylate
buffer, scraped off the plate and cell pellets were processed by conventional electron
microscope procedures.

RESULTS
To elucidate whether expression of PSMA itself has a role in prostate cancer progression, full-
length protein was expressed in PC3 cells (PC3-PSMA), a prostate cancer cell line devoid of
endogenous PSMA (23). In addition to its plasma membrane localization (24), PSMA was
distinctly evident in the vicinity of mitotic spindle poles around centrosomes (Fig. 1).
Localization to the mitotic spindle pole regions was also observed in stable clones of MDCK
cells expressing PSMA (MDCK-PSMA-1) (25) (Fig.1). Strikingly, cells with multiple
centrosomes showed PSMA localized around each additional centrosome in both PC3-PSMA
and MDCK-PSMA cells (Fig. 1, inserts). Localization to the spindle pole region was contingent
upon the cytoplasmic tail of PSMA, as removal of this domain (PSMA-ΔCD) resulted in the
loss of localization around the centrosomes with expression primarily limited to the plasma
membrane (27) and trans Golgi network (Fig. 1). Furthermore, a PSMA deletion mutant lacking
most of its extracellular domain (MDCK-PSMA-Δ103-750) (26) showed distinct localization
in the vicinity of mitotic spindle poles (Fig. 1) indicating that the glutamate carboxy peptidase
activity of PSMA which is localized to the extracellular domain (1) is not necessary for its
spindle pole localization. Immunogold electron microscopy further confirmed localization of
PSMA around the centrosomes at the spindle pole region. At higher magnification a distinct
labeling proximal to membranes in the centrosomal region was visible (Fig. 2).

Given the function of spindle poles in cell division, we hypothesized that localization of PSMA
in the vicinity of spindle poles is associated with a role in mitosis. Cells were synchronized in
mitosis by nocodazole and cell cycle progression after its removal was monitored by flow
cytometry (Table 1 and Fig. 3). Nocodazole treatment blocked over 90% of cells in G2/M with
a DNA content of 4N, for both PC3 and MDCK cells, irrespective of PSMA expression,
suggesting efficient synchronization of cells in G2/M (Fig. 3). PC3-PSMA cells and two
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independent clones of MDCK-PSMA cells (MDCK-PSMA-1 and MDCK-PSMA-2) exited
mitosis in an accelerated manner compared to control cells that do not express PSMA (Fig. 3,
PC3 and MDCK-pCDNA3, respectively). Strikingly, MDCK-PSMA-ΔCD cells entered G1
slower than either MDCK-PSMA clone, but with a rate closer to that shown by MDCK-
pCDNA3 (empty vector) cells (Fig. 3). The MDCK cells exhibited slower recovery from
nocodazole release, necessitating the observation of later time points. Furthermore, MDCK-
PSMA-Δ103-750 cells entered G1 faster than MDCK-pCDNA3 cells and similar to MDCK-
PSMA cells (Fig. 3). Taken together, these results demonstrated that the cytoplasmic tail is
essential for PSMA localization to the mitotic spindle pole region and accelerated exit from
mitosis.

Entry and exit from mitosis are regulated primarily through control of (cyclin dependent kinase)
CDK1 activity via ubiquitin-mediated proteolysis of cyclin B (7,31). As the chromosomes
attach to spindle microtubules and become properly aligned at the metaphase plate, APC
becomes activated and targets key substrates, including cyclin B, for degradation (32,33). The
mitotic spindle checkpoint halts the action of APC and acts to restrain cells from entering
anaphase (16). We hypothesized that accelerated exit from mitosis of PSMA expressing cells
is due to impaired spindle checkpoint with increased APC activity leading to premature
degradation of cyclin B. In PC3-PSMA cells, during nocodazole arrest and following mitotic
release, cyclin B1 levels were consistently lower than in control PC3 cells (Fig. 4A), suggesting
increased activity and/or incomplete inactivation of the APC in PSMA expressing cells. To
test this possibility, we developed an in vitro assay to monitor APC’s ubiquitin ligase activity
on cyclin B. Since APC is a large protein complex consisting of >10 subunits and the active
enzyme has not been successfully purified in vitro (34,35), we used total cell lysates as the
source of APC. Since UbcH10 is the specific ubiquitin-conjugating enzyme (E2) for APC
substrates and no other activity has been ascribed to this enzyme, our APC assay specifically
detects APC activity. Furthermore, in mitotic HeLa cell lysates ubiquitination of cyclin B1 was
greatly amplified by the addition of increasing amounts of UbcH10 and inhibited by dominant
negative UbcH10 (our unpublished data). Relative to PC3 cells, the APC ubiquitin ligase
activity for cyclin B was substantially higher at 0, 60, and 120 minutes after release from
nocodazole block in PC3-PSMA cells (Fig. 4B). Therefore, increased APC activity in
nocodazole blocked PC3-PSMA cells indicated that APC is incompletely inactivated by the
mitotic spindle checkpoint, and confirmed our hypothesis that PSMA expression leads to a
weakened SAC function in prostate cancer cells.

The APC function is monitored by a complex pattern of regulation (32).Mad2 and BubR1 are
well-characterized negative regulators of APC (6), while Cdc20 activates APC function (36).
However, immunoblot analysis revealed that asynchronous populations of PC3 and PC3-
PSMA cells expressed similar levels of the APC regulators Mad2, BubR1, and Cdc20, and of
the core subunit of the APC, Cdc27 (Fig. 5A). The levels of BubR1, Cdc20, and Cdc27 were
all increased to a similar extent in mitotically active PC3 cells independent of PSMA
expression. Due to phosphorylation, Cdc27 and BubR1 showed multiple bands with the
banding pattern and intensity of these bands being comparable in PC3 and PC3-PSMA cells
(Fig. 5A). Co-immunoprecipitation analysis using anti-Cdc27 antibody revealed similar levels
of Mad2, BubR1, and Cdc20 associated with APC in both PC3 and PC3-PSMA cells (Fig. 5B)
and in addition, Mad2, BubR1 or Cdc20 were not detected in PSMA immunoprecipitates (data
not shown), making it unlikely that PSMA activates APC by altering association of these
regulators with APC.

We then tested whether PSMA associates with the core APC complex. We observed that in
both PC3-PSMA and MDCK-PSMA cells Cdc27 co-immunoprecipitated with PSMA (Fig.
5C, left panel) but not with the cytoplasmic tail deletion mutant of PSMA in MDCK-PSMA-
ΔCD cells confirming that the cytoplasmic tail mediates the association of PSMA with APC.
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These results were further verified by in vitro pull-down assays from PC3-PSMA cell lysates
using a GST-fusion protein containing the cytoplasmic tail of PSMA (GST-PSMA-CD) (Fig.
5C, right panel). We were also able to co-immunoprecipitate PSMA and Cdc27 in lysates made
from six PSMA-positive tumor tissue samples (Fig. 5D). Taken together, these results
demonstrated that the cytoplasmic tail of PSMA associates with Cdc27 in both cultured cells
and in prostate tumor tissues and this association results in an increased APC activity in PSMA
expressing cells.

The elevated APC activity in PSMA expressing cells resulting in premature degradation of
cyclin B1 would provide less time for chromosome segregation, increasing the likelihood of
aneuploidy. In order to assess the significance of PSMA expression on genomic stability, we
expressed PSMA in HCT-116 cells (HCT-PSMA). Derived from colorectal carcinoma, the
HCT-116 cell line possesses a nearly diploid karyotype and is an established model for studying
chromosomal instability (37). The diploid karyotype of this cell line was confirmed by standard
karyotype analysis (our unpublished data). Moreover, since aneuploidy is an irreversible event
and since prostate cancer cells expressing PSMA such as LNCaP are aneuploid, RNAi mediated
knockdown of PSMA in these cells is less likely to provide information as to whether PSMA
expression is associated with aneuploidy. Therefore, HCT-116 cells were used as a model to
test whether PSMA expression induces aneuploidy. PSMA co-localized with centrosomes in
HCT-PSMA cells, and these cells exited mitosis faster than control HCT-GFP cells (Table 1).
Fluorescence in situ hybridization (FISH) was done using probes specific for chromosomes 3,
7, 17 centromeres, and 9p21 region, respectively. No chromosomal abnormalities were
observed between HCT-PSMA and HCT-GFP cells at passage 2 (Fig. 6B). However, at higher
passage numbers of 15, 34, and 45, all these chromosomes showed various degrees of
aneuploidy in HCT-PSMA cells (Fig. 6C-G). The frequency of aneuploidy increased with
passage number, and by passage 45 there was significant increase in the number of aneuploidy
in PSMA expressing cells (P<0.001, chi square = 13.25; n=1000). In addition, clear evidence
of micronuclei formation was observed (Fig. 6E, arrow, and F) which provided further evidence
for chromosomal instability (38).

DISCUSSION
In this study, we report that PSMA is localized to a membrane compartment in the vicinity of
the mitotic spindle poles. The J591 monoclonal antibody against PSMA used in this study has
been extensively used for immunofluoresecence, immunogold labeling, immunoblot and
immunoprecipitation analyses cited in numerous publications (24,26-28,39). This antibody
detects a single band in immunoblot and immunoprecipitation analysis (25,28) and cells
lacking PSMA expression do not reveal any background staining (27,39). Therefore, the
staining observed around the centrosomes is specific to the localization of PSMA at this site.

Although PSMA is localized to a compartment around the centrosomes, it is important to note
that PSMA is not a core centrosomal component. Treatment of cells with nocodazole
completely abrogated PSMA localization around the centrosome (our unpublished data), unlike
core centrosomal components that still associate with centrosomes following nocodazole
treatment. We suggest that PSMA is localized to a membrane compartment around the
centrosomes at the vicinity of spindle poles. Recent studies have indicated that important
regulators of endocytic traffic, such as clathrin (40,41), myosin Vb and rab11 (42), as well as
cargo molecules, such as the polymeric IgA receptor (42) are localized to the spindle poles.
PSMA is internalized via clathrin coated pits (28) and expression of K44A dynamin which
inhibits clathrin-dependent endocytosis prevents internalization of PSMA (27). These results
are consistent with the idea of the presence of a membrane compartment in the vicinity of the
spindle poles that is involved in clathrin-mediated endocytosis. At this point it is not known
whether the PSMA localized to the spindle pole is internalized from the plasma membrane or
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delivered to this site via a biosynthetic route. The origin and nature of this compartment and
how PSMA is targeted to this membrane compartment will be addressed in future studies.
Interestingly, LNCaP cells that express high levels of endogenous PSMA and which have been
widely used as a model in prostate cancer research did not reveal PSMA localization around
centrosomes. Further analysis in this cell line revealed that this cell line has defects in the
organization of key membrane compartments such as Golgi apparatus and endosomes (our
unpublished observations). Studies are in progress to address the difference in the localization
of PSMA in LNCaP cells.

We have demonstrated that PSMA expressing cells exit mitosis prematurely. While the effects
on cell cycle are small, they are reproducible and significant and have been confirmed in
multiple cell lines. Cells expressing the cytoplasmic tail deletion mutant of PSMA progress
through the cell cycle similar to control cells without PSMA expression, and PSMA-ΔCD does
not associate with APC establishing further specificity to our experiments. It is important to
note that PSMA association with APC probably does not inhibit the spindle checkpoint per
se, but rather partially uncouples APC activity either directly or indirectly from spindle
checkpoint control. Several reports have described spindle checkpoint proteins such as early
mitotic inhibitor (Emi1) and tumor suppressor RASSF1A to inhibit APC by interacting with
the activator Cdc20 (22,36,43). Recently, the oncoprotein Tax of the human T lymphotropic
virus type 1 (HTLV-1) has been shown to activate APC by directly binding to Cdc20 and
leaving the spindle checkpoint intact (44). A protein called Xnf7 is unusual in that it inhibits
the APC by interaction with Cdc27 (45). Here we presented evidence for a protein that mediates
APC activation by interaction with Cdc27 and impairing the mitotic spindle checkpoint. This
could be achieved by maintaining high concentrations of the dynamic active APC complex at
the spindle poles, a site for initiation of cyclin B1 ubiquitination during mitosis (46). A
mechanism for inactivating SAC has recently been ascribed to the non-degrading
ubiquitination of the mitotic activator subunit Cdc20 by the APC in conjunction with the E2
UbcH10, causing disassociation of checkpoint proteins from Cdc20 (47). Perhaps the increased
APC activity observed in the PSMA expressing cells is sufficient to impair SAC activity.
Conversely, the deubiquitinating enzyme USP44 deubiquitinates Cdc20 and drives the
assembly of the inhibitory SAC complexes (48). PSMA could potentially act at any of these
steps to increase APC activity. Consequently, the spindle checkpoint would be impaired in
performing its function to keep APC inactive. Treatment of cells with strong inhibitors of the
spindle checkpoint such as Hesperadin or ZM447439 (Aurora kinase inhibitor) results in these
cells entering endoreduplication cycles and exhibiting polyploidy within 24-48 hours. In
contrast, in PSMA expressing cells aneuploidy is not observed until the 15th passage. The effect
is subtle and we believe more relevant to the biological evolution of aneuploidy in a tumor
cell.

PSMA is not expressed at high levels in normal prostatic epithelial cells. However, expression
is significantly elevated during the progression of cancer, with the greatest levels observed in
high-grade tumors, metastatic lesions, and androgen independent disease. Thus, increased
expression of PSMA directly correlates with the aggressiveness of the disease. Low expression
of PSMA per se might not constitute a factor leading to aneuploidy, since low levels of PSMA
are found in benign prostate tumors and some normal non-prostatic tissues (1,2). Our data
strongly suggest that upon increased expression of PSMA, the ability of its cytoplasmic tail to
associate with the APC complex dysregulates APC function leading to aneuploidy in cancer
cells. Thus, PSMA function might not be required for normal cell cycle progression but its
elevated expression and mislocalization at the spindle pole region and association with APC
is an accidental and pathological consequence in cancer cells leading to aneuploidy. An
understanding of the putative oncogenic role of PSMA could have major implications for the
management and therapy of prostate cancer. Targeted therapies against PSMA expressing
prostate cancer cells are already being evaluated for their potential to treat prostate cancer
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(49). Since PSMA expression is closely associated with aneuploidy, such anti-PSMA
therapeutic strategies might have the advantage of specifically targeting the most aggressive
and aneuploid cells.
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Figure 1.
Localization of PSMA at the mitotic spindle poles. Note distinct colocalization of PSMA
(green) with centrosomes (red) at the mitotic spindle poles in PC3-PSMA, MDCK-PSMA-1,
and MDCK-PSMA-Δ103-750 cells but not in MDCK-PSMA-ΔCD cells. Scale bars, 8 μm.
PSMA, prostate-specific membrane antigen.
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Figure 2.
Immunoelectron microscopy showing PSMA localization around the centrosomes. A, Shows
a cartoon of the electron micrograph shown in B. A, B, The arrows indicate centriolar cylinders
and the asterisks indicate the gold particles (10 nm) decorating PSMA. One of the spindle poles
is shown in this image. The condensed chromatin from metaphase chromosomes is indicated
by an arrowhead in this mitotic cell. Insets in B are magnified images of regions corresponding
to arrows in B. In C the magnification facilitates visualization of gold particles on membrane
like structures indicated by arrows. Bars in A-C, 0.5 μm. PSMA, prostate-specific membrane
antigen.
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Figure 3.
Analysis of the cell cycle progression in PSMA expressing cells after release of the mitotic
block. Cells were blocked in mitosis as described in Materials and Methods. The mitotic block
was released for 60, 90, and 120 minutes for PC3 clones (A, B) and 2, 4, and 8 hours for MDCK
clones (C-G) and analyzed for cell cycle progression. Profiles shown are representative of the
data shown in Table 1.

Rajasekaran et al. Page 13

Mol Cancer Ther. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Cyclin B1 levels and APC activation and association with PSMA. A, Immunoblot analysis of
cyclin B1 in PC3 and PC3-PSMA cells after release of the mitotic block. Data represent the
means ± SD of two independent experiments. B, In vitro APC ubiquitin ligase activity assay
in PC3 and PC3-PSMA cells after 60 and 120 min release from nocodazole block.
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Figure 5.
Association of PSMA with APC. A, Immunoblot analysis of Mad2, BubR1, Cdc20, and Cdc27
in interphase (I) and Mitotic (M) cells. B, Co-immunoprecipitation of Mad2, BubR1, and
Cdc20 with Cdc27 in PC3 and PC3-PSMA cells. Equal amounts of Cdc 27 used in the
immunoprecipitation (IP) was confirmed by immunoblotting. C, Co-immunoprecipitation of
PSMA with Cdc27 (left top) and Cdc27 co-immunoprecipitating PSMA (left bottom) in PC3-
PSMA and MDCK-PSMA cells. Note Cdc27 does not co-immunoprecipitate with PSMA-
ΔCD. Affinity precipitation of Cdc27 by GST-PSMA from PC3 cell lysate (right). D, Co-
immunoprecipitation of Cdc27 with PSMA in prostate cancer tissues (top). PSMA levels in
same tissues are shown (bottom).
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Figure 6.
PSMA expressing human cells are genetically unstable. HCT-PSMA and HCT-GFP cells were
analyzed by multicolor FISH with Chromosome 3 labeled with Spectrum Red (CEP3),
Chromosome 7 with Spectrum Green (CEP7), Chromosome 17 with Spectrum Aqua (CEP 17),
and 9p21 region (p16 gene) with Spectrum Gold. Control HCT-GFP cells at passage 45 (A),
and HCT-PSMA cells at passage 2 (B), are diploid whereas HCT-PSMA cells at passage 15
(C), 34 (D), and 45 (E) show aneuploidy. Micronucleus formation (E, arrow and F) and
abnormal metaphase, (G) in HCT-PSMA cells at passage 45 are shown.
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Table 1
Cell cycle progression in nocodazole blocked cells

Cell lines % of cells in G1 ± SEM after release of nocodazole block

PC3
PC3-PSMA

Time (minutes)
60 90 120

3 ± 1
25 ± 2

43 ± 3
52 ± 1

69 ± 3
79 ± 1

MDCK-pCDNA3
MDCK-PSMA-1
MDCK-PSMA-2
MDCK-PSMA-ΔCD
MDCK-PSMA-Δ103-750

Time (hours)
2 4 8

25 ± 1
43 ± 1
57 ± 2
25 ± 1
22 ± 1

29 ± 1
53 ± 3
64 ± 2
39 ± 1
43 ± 0

41 ± 2
64 ± 1
81 ± 3
52 ± 1
68 ± 3

HCT-GFP
HCT-PSMA

Time (hours)
1 2 4

6 ± 1
11 ± 1

22 ± 0
43 ± 1

28 ± 2
47 ± 3

Data represent the means ± SEM of two (PC3, HCT) and three (MDCK) independent experiments.
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